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ne History of Instrumentation is VERY Entertaining

% Alook at the history of instrumentation in particle physics

- complementary view on the history of particle physics, which is
traditionally told from a theoretical point of view

% The importance and recognition of inventions in the field of
instrumentation is proven by the fact that

- several Nobel Prices in physics were awarded mainly or exclusively
for the development of detection technologies

Nobel Prizes in instrumentation (“tracking concepts”):
o 1927: C.T.R. Wilson, Cloud Chamber
** 1960: Donald Glaser, Bubble Chamber

% 1992: Georges Charpak, Multi-Wire Proportional Chamber




Timeline of Particle Physics and Instrumentation
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Modern Particle Physics Detectors Overview
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Particle Physics Detectors: Major Components

= Tracking Detector (or Tracker) = momentum measurement

—=closest to interaction point: vertex detector (often silicon pixels)
“measures primary interaction vertex and secondary vertices from decay particles

—=main or central tracking detector
“measures momentum by curvature in magnetic field
“two technologies: solid state detectors, Si strips (CMS) or gaseous detectors (ALICE)

& Calorimeters = energy measurement

—=electro-magnetic calorimeters
“measures energy of light EM particles (electrons, positrons, photons) based on
electro-magnetic showers by bremsstrahlung and pair production
“two concepts: homogeneous (CMS) or sampling (ATLAS)

—=hadron calorimeters
“measures energy of heavy (hadronic) particles (pions, kaons, protons, neutrons)
based on nuclear showers created by nuclear interactions

& Muon Detectors = momentum measurement for muons (more precise)
—=ogutermost detector layer, basically a tracking detector



A Typical Today's Particle Detector

& Cut-away view of CMS Experiment

Key:
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Tracker Calorimeter Coil Muon Detector and iron return yoke



[he General Purpose Detector: Particle ldentification Methods

Constituent Vertex Track PID Ecal Hcal Muon
electron primary l gl =l - -
Photon y primary — — g — —
u, d, gluon primary gl - el g - e aG
Neutrino v — — — — — —
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PID = Particle ID MIP = Minimum

(TOF, Cherenkov, dE/dXx) lonizing Particle



Momentum measurement
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Registration of lonization: Tracking in Gas and Solid State Detectors

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

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

% Cloud Chamber: Charges create drops = photography.
% Bubble Chamber: Charges create bubbles = photography.
< Emulsion: Charges “blacked’ the film.

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

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

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



Charged
particle

H. Geiger 1927

—waltage

+ woltage

The Geiger counter, later further developed and
then called Geiger-Miiller counter

First electrical signal from a particle !!!

E. Rutherford and H. Geiger, Proc. Royall Soc. A81 (1908) 141
H. Geiiger and W. Miillller, Phys. Zeiits. 29 (1928) 839



Classic Particle Tracking Detector: Cloud Chamber
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¢ Cloud chamber (1911 by Charles T. R. Wilson, Noble Prize 1927)

- chamber with over-saturated water vapour .
originally developed to study formation of rain clouds
- charged particles leave trails of ions

water is condensing aound ions

- Visible track as line of small water droplets



Discovery of a Positron e+ from Cosmic Rays

1932 C.D. Anderson :

» Particle with positive
curvature and minimum
ionisation (droplets size)

» Track length is at least 10
times greater than the
possible length of a proton
path of this curvature

» Energy loss in a 6 mm of Pb:
compatible with that of electron

Hypothesis (discovery !) :
» particle with mass ~m,
and charge +1, the positron

% First anti-particle

BOGE

N\.. energy in lead:
"X\ narrower curvature

CARL D. ANDERSON

S Cloud chamber
| ¢+ +magnetic field

Positron loses

y

“N23 MeV at exit

positron of

S ; i lead plat
Fic. 1. A 63 million volt itron (Hp=2.1310¢f gauss-cm) passing through a 6 mm p
and emerging as a 23 mi]]ionp?rilt positron (Hp=7.5 3 10 gauss-cm). The length of this latter patl
is at least ten times greater than the possible length of a proton path of this curvature.

Discovery of the positron by Cloud Chamber
(1932 by Carl Anderson, Noble Prize 1936)



Nuclear Emulsion ([)

¢ Pioneered by Marietta Blau between [Marietta Blau
1923 - 1938 (ho Nobel Prize) r. -

- photographic emulsion layer, 10 - 200 um thick,
uniform grains of 0.1 - 0.3 pym size

- very high resolution for particle tracks

analysis of developed emulsion by microscope

nuclear disintegration
from cosmic rays,
observed1937 for the

first time

¢ Since early 20™ century

- important role of photography to
study radioactivity

- but capability to make individual
tracks visible not seen until nuclear
emulsion technique was developed

A At A A



Nuclear Emulsion (I1)

CeC|I Powell

¢ Discovery of the pion in cosmic rays by
Cecil Powell 1947 (Nobel Prize 1950)

¢ Discovery of the kaon 1949 (G. Rochester)

electron
pion stops and decays f
a
muon stopls 7'.1_‘*‘,.-p|0n
and decays ) \ il
1"\
S\ other pion decayg, i
muon has always same length (energy)
4 — 2-body c_lecayar—n.wu Ll
,__..J...,’L.....,.-,____.* A v.-._’__r._....ﬂ_—- \—/"‘M }-:;»




Nuclear Emulsion (I11)

CNGS beam

¢ Still used in actual experiments with highest
precision requirements over a large volume

73gkm

— —— . T E—

-V beam sent from CERN to Gran Sasso Underground lab [[{liE1VAVEPS 1))

-= OPERA experiment is searching for v, appearance after neutrino oscill. vV, Vg

need to reconstruct t decays (v, + N -t + X) (few ~100 pm track length)

235'000 “bricks” (1.7 ktons) of lead + emulsion sheets
T decay

bricks 6,
f:d i L4 kin
4 5 2 o
= I $ 531 i [
':':"\"Tij"-- =
i e
S ‘]“ —
e R ‘ Pb B ‘
fiintg | %
Emulsion layers Plast

- - - A
| automatic emulsion scanning

i ‘.-;_-._T:
o —

OPERA at Gran Sasso v, interaction




Bubble Chamber ([)

1952 by Donald Glaser, Noble Prize 1960 |
(4.8 x 1.85 m?) chamber with liquid (H,) at boiling point (“superheated”

Similar principle as cloud chamber:

» Instead of supersaturating a gas with a vapor Y
one would superheat the liquid.

> A particle leave a trail of ions along its path - make a &
liquid boil, and form gas bubbles around ions

was used for discovery of the “neutral current” ale e
"'" (1973 by Gargamelle Collaboratlon no NoblePrlze) ‘

CERN

U] ]



Bubble Chamber ([l

BEBC (Big European Bubble Chamber) at CERN, 1973 - 1984
- largest bubble chamber ever built (and the last big one...), d 3.7 m
- 6.3 million photographs taken, 3000 km of developed film

- now displayed in permanent exhibition at CERN
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_.'_-‘1-.;_ Il' = : I._ ) I'.‘ wa 21 I{(
BEBC | 1 T L EVENT 294/0995 1 /f
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production of D* meson
with long decay chain




Advantages:

liquid (hydrogen) is
BOTH detector medium
AND target

high precision
(~ 5 um)

Disadvantages:

- NO TRIGGER ->
has to be in superheated
state when particle is

entering

LOW RATE CAPABILITY
Need FASTER
detector (electronics !)

Bubble Chamber

Liquid hydrogen “bubble chamber”

The hydrogen acts as a target (for
8| incoming particles) and a

B | i LIE - -

LU | detection medium




Spark Chamber

Muon or
Electron

The Spark Chamber was developed in the early 60ies.

A Plastic Scintillator
[ - = 1

_ Schwartz, Steinberger and Lederman used it in

\% L 2':, discovery of the muon neutrino
.= == .

R _ | Discovery of Muon
Neutrino by Spark

Plastic Scintillator A | | Chamber
S ' i, QU (1962 by Lederman,

Coincidence == ; o)) R ([T i Schwartz

Circuit | " : /

oW I g1 | Stainberger;
Beam of the energetic protons to produce [ 1 W Noble Prize 1988)

n-mesons showers
—>Decaying into muons and neutrinos

Only neutrino could pass through a 5,000-
ton 13-m thick steel wall into gas detector
(“Spark Counter”) .

A tiny fraction of neutrinos react in the
detector (90 layers of aluminum plates, 10
tons) giving rise to muon spark trails 2
existence of muon-neutrinos.

Single muon event from
ofigiral publication

Welvin Schwartz in front of the epark chambar
Leed o discover the muon neutring



Multi-Wire Proportional Chamber (MWPC): Electronics Imaging Device
G o e
\ e |

The 1st “Large Wire Chamber”:

Georges Charpak with Fabio
Sauli, Jean Claude Santiard

The invention revolutionized
particle detection and
High Energy Physics, which
passed from the manual
to the electronic era.

MWPC:

1968 by Georges
Charpak;
Noble Prize 1992



Tracking Detectors: History and Trends

& Cloud Chambers, Nuclear Emulsions + Geiger-Miiller tubes

- dominated until the early 1950s: Cloud Chambers now very popular in
public exhibitions related to particle physics

& Bubble Chambers had their peak time between 1960 and 1985
- last big bubble chamber was BEBC at CERN
& Since 1970s: Wire Chambers (MWPCs and drift chambers) started

to dominate

& Since late 1980s: Solid state detectors
are in common use

- started as small sized vertex detectors
(at LEP and SLC)

- now ~200 m?2 Si-surface in CMS tracker L

& Most recent trend: hybrid detectors

- combining both gaseous and solid
state technologies

4

. Bubble chamber

L proport. |
chamber(s)
Charpak

1968

~Glaser \

Silicon detectors

i —

e
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*

drift
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1990
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2000



Momentum measurement
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Detector Systems: Perfect Detector

...should reconstruct any interaction of any type with 100% etficiency
and unlimited resolution (get “4-momenta” of basic physics interaction)
efficiency:
not all particles are detected, some leave the detector without any trace

(neutrinos), some escape through not sensitive detector areas (holes, cracks
for e.g. water cooling and gas pipes, cables, electronics, mechanics)

_ Geometrical concepts
Fixed target geometry Collider Geometry

“Magnet spectrometer” “4n multi purpose detector”

traget tracking muon filter
3

et T
|- }T}S‘ﬁzlur

beam magnet calorimeter endcap endcap
(dipole)
Limited solid angle dQ coverage “full” dQ coverage

rel. easy access (cables, maintenance) very restricted access



Momentum Measurement in a Magnetic Field

Charged particles are deflected by magnetic fields

- homogeneous B-field — particle follows a circle with radius r

‘p, (Gevie) =03 B[] -rimf ‘ ——_ | measuement of p,via

\ measutring the radius

- this is just the momentum component 1 to the B-field
transverse momentum p;

- no particle deflection parallel to magnetic field

- if particle has longitudinal momentum component
— particle follows a helix

total momentum p to be
Pirans A p m measured via dip angle A
| 1 =g kil
plong




Momentum of particle is
decomposed in transverse Let’s give some order of magnitude

and longitudinal components -
5 P P, =1GeV B=2T R=16Tm
PJ_='I(}GE:L" B=2T R =16.Tm

s sagitta

;\ L length

s=R(l —cozax)

(p,0) plane is used to determine
the transverse momentum p,

4 a> I
m P, = Pcos)\ = 0.3BR 2~ 8R
~
(p,2) plane is used to extract For a track length of Im :
dip angle
v 1 P =1GeV s=T4cm

PJ_ — 10GeV 5 =0.74 em




Intermezzo: an interesting formula of classical
electrodynamics

X =0.5 E(MJ)°-6°

E is the stored energy : E=B2V/2p,

From G. Calderini

where V is the volume : V ~ ntR2d

Answer: (believe it or not !)

X is the cost of the solenoid in MS

Unfortunately solenoids with large B and large L are very expensive
The cost depends on the stored energy

As a cross-check, the CMS solenoid stores 2.6 x 10° J and costed
about 100MS (source: G. Tonelli)



Momentum Measurement in a Magnetic Field

@ In real applications usually only slightly
bent track segments are measured
® Figure of merit: Sagitta
Segmentofacircle: s = r —

85
With the radius-momentum-B-field relation: . — _PT . _ 03BL?
=938 T S 8 pr

In general, for many measurement points:

o) = e TN

= Je larger the magnetic field B, the length L and the number of measurement points,
and the better the spacial resolution, the better is the momentum resolution
ex.. N=7,L=0.5 B =2T, o(x) =20 um, pt =5 GeV/c:
Apt/pt=0.5%,r=83m,s=3.75mm
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Today’s Tracki ng Detectors and Technologies

Gaseous Detectors: |
* Wire Chambers, RP¢
* Micro-Pattern Gas I

e L
= SRy

:“‘-.qr

’,,/ 1d e (81 @f@CtOfS

. M str1 f xaxel Detectors

f 3D ch p ogyan?l’m_“ |

3 major technologies of tracking
detectors

% Gaseous detectors
- ionization in gas
typically ~100 e-/cm, not sufficient to create

significant signal height above noise for
standard amplifiers

- requires gas amplication ~10% to
get enough signal over noise

% Silicon detectors
- electron - hole pairs in

solid state material

typically ~100 e-- hole pairs/um

300 um thick detector creates high
enough signal w/o gas amplification

*¢» Fiber trackers

- scintillating fibers
scintillation light detected with photon detectors
(sensitive to single electrons)
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Gaseous
Detectors

TIME
PROJECTION

CHERENKOV
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: PPC
Geiger Counter
H.Gei;?::ar'.ﬂ.f.h'lul:ellm 1928 ) Parallel Plate Counter
o Y

Proportional Counter Pestov
Counter RPC

V.Pestov 1982 o 3
e Resistive Plate Chambers
R.Santonico R.Cardarelli 1981

Multiwire Proportional Chamber &

3

G.Charpak et al 1968 TPC |
' Time Projection Chamber [
D.R.Nygren et al 1974 —

Microstrip Gas Chambers
A.Oed 1988

} Gas Electron Multiplier
F.Sauli 1997

uM

Micromegas
L.Giomataris et al 1996

och, 2004 Wire Ch'”bér ,. j :
Ebicch. amber Confe



In the Family of Gaseous Detectors with a glorious tradition

1t Revolution: The invention of the MWPC revolutionized particle detection and
HEP, which passed from the manual (optical) to the electronic era.

1908: FIRST WIRE COUNTER USED BY RUTHERFORD 1968 MULTIWIRE PROPORTIONAL CEIAMBER
IN THE STUDY OF NATURAL RADIOACTIVITY

— 450em  ——

G

“
™~
¥

Firing Tube Detecting Vessel

E. Rutherford and H. Geiger,
Proc. Royal Soc. A81 (1908) 141 Nobel Prize in Chemlstry in 1908

1928: GEIGER COUNTER
SINGLE ELECTRON SENSITIVITY

Nobel Prize in 1992
G. Charpak, Proc. Int. Symp. Nuclear

. Electromcs (Versailles 10-13 SeBt 1968=

1st revolution: |

Fto 2-omm stewl ball sdldzeed
to TZ4a hBrass wirg

UK Science Museum

iacquer /'U} s = Lo g ”:.m_?

wulduw

lingar
amplifier

Walther Bothe
Nobel Prize in
1954 for the
“coincidence
method”

o G I-v ==

certimmebers

H. Geiger and W. Miiller,
Phys. Zeits. 29 (1928) 839

Calude
Santiard
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Gaseous Detectors: lonization Statistics

TOTAL IONIZATION:

» Primary electron-ion pairs

—> Coulomb interactions of charged

particles with molecules

- typically ~ 30 primary ionization

clusters /cm in gas at 1 bar

» Secondary ionization: clusters
and delta-electrons = on average
90 electrons/cm in gas at 1 bar

Primary
ionization

"0d

\&\
by

TOTAL
ionization
= primary +
secondary
ionization

The actual number of primary electron/ion pairs
(n,) is Poisson distributed:

(n,)mre(mp) O lonization x-Section
i Ne : Electron density
! L : Thickness

(np)y=L/XN  XN=1/(n.or)

P(ny, (np)) =

60 C T T T T T T T T u
5 °
50 [ Xe
r 2
) a0 WieV) ]
Number of primary 7 ¢ \ By |
. . . r ®
electron/ion pairs in il
C 26 CoHgoH ]
frequently used gases: 20} bl 2 0 ]
[ CoHy ]
10 aaN‘a Ar @ 1
CH CHa 18
ok Hat | L TR iE
0 10 20 30 40 50

Nprim (cmM~1 atm~1)

Detection efficiency of a perfect detector is limited to:

- for thin (L) layers € can be significantly lower than 1

_n GAS (STP) thickness ¢ (%)
&= 1- e’ Helium I mm 45
2 mm 70
<n}'3> — L/)\ Argon 1 mm 91.8
2 mm 99.3




lonization Statistics: Table for most common gases

Properties of noble and molecular gases at normal temperature and pressure (NTP: 20° C, one
atm). Ex, E;: first excitation, ionization energy; W;: average energy per ion pair; dE/dx|min, N,
Nr: differential energy loss, primary and total number of electron-ion pairs per cm, for unit-
charge minimume-ionizing particles. Values often differ, depending on the source, and those
in the table should be taken only as approximate (Sauli and Titov 2010)

He 0.179 19.8 24.6 41.3 0.32 3.5 8
Ne 0.839 16.7 21.6 37 1.45 13 40
Ar 1.66 1.6 15.7 26 2.53 25 97
Xe 5.495 8.4 12.1 22 6.87 41 312
CHgy 0.667 8.8 12.6 30 1.61 28 54
CoHs 1.26 8.2 1.5 26 2.91 48 112
1C4H10 2.49 6.5 10.6 26 5.67 90 220
CO, 1.84 7.0 13.8 34 3.35 35 100
CF4 3.78 10.0 16.0 54 6.38 63 120

Total ionization (Ny)~ 3 times primary ionization (Np)

Nt ~ 100 e-ion pairs during ionization process (typical number for 1 cm of gas) is not
easy to detect = typical noise of modern pixel ASICs is ~ 100e- (ENC)
Need to increase number of e-ion pairs =2 ... ® ... how ??? - GAS AMPLIFICATION



lonization Loss Distribution (brief reminder)

Number of interactions (ionizations) per unit length
IS Poisson-distributed (typically 20-30 interactions/cm at 1 bar)
Number of created electrons per unit length is NOT

- most of the time: one single electron per interaction is created,
this is the ideal case!

— |less often but more severe: more than one electron is created,
can be a few, 10s, 100s, 1000s...

- LARGE fluctuations in number of created electrons!

Usually, all detectors measure CHARGE deposited
by a track (charge ~ number of electrons)

— sensitive to LARGE fluctuations -> makes dE/dx resolution bad

This is the fundamental, central problem of all dE/dx
measurements



lonization Loss Distribution (brief reminder)

« Cluster size fluctuations cause large variations of
energy loss from track to track

~ Typical detector measures energy loss
many times along track (samples) 40000

50000

120 samples

(1 ¢m sampl. length)

30000

- Landau distribution

large broad peak (single or few el. clusters)

-  soft collisions, interaction with whole gas molecule
-= small energy transfer

looong tail (multi el. clusters, d-electrons)
-  hard collisions, semi-free shell electrons, large energy transter

« How to get best estimate of “mean” energy loss?
- Most commonly used: “Truncated Mean” (robust)

—~ Other methods:

Max.-Likelihood fit (but more sensitive to changes of Landau shape)
Inverse transformation: mean of (11'5qrt[(dEJ'dx)i])'1

2000 L looong tail

10000 [~

0 P
0 100 200 300 400

electrons per cm
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dE/dx Measurement from DELPHI TPC
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Transport of Electrons and lons in Gases

ELECTRIC FIELD E = 0: THERMAL DIFFUSION

Maxwell energy distribution:

15

F(g)=Cee KT <g>~ kT~ 0.025 eV

o
®  RMS of charge diffusion: o, =+/2Dt

Cathode (-HV)

DDDDDDDD

T Diffusion Anode Wire
@

Drift




Selection of Gas Mixture: Quenching

¢ Slight problem in gas avalance
- Argon atoms can be ionized but also can be brought into excited states

- EXited Argon atoms can only de-exite by emission of high-UV photons

Argon [(1997)
100 PR EERTT | Lo b aiaa i s aaaul i a aasanl A RTT)

consequence: UV photons ‘\3
(>11.6 eV) hit surface 1166V

of metals (cathode) AN

© EHASTIC and free new electrons, cathode
b SUM OF EXCITATIQN ionization energy of Cu =7.7 eV
M I,’;/-‘\ \\\ %
§ ;’/\ g
% | r/ - 3 CO, [NAKAMURA)
9 % 100 Lo tiuyy)| e—— PR BT BT
T T T T e o 8 VERY unstable g Y’;f\
ENERGY EV. ﬁ ope ration ;_E; ol ]
. o DN
¢ Solution : ~ /\
- Add gases with many vibrational and : N\ \ .
. o brati 4
rotational energy levels: CO,, CH, 5ok erds =
: . e _ =
- Absorption of UV photons over a wide i — .......fX.L.f.é{feL. Nels ] 2
energy range; dissipation by collisions ENERGY EV. 5



Selection of Gas Mixture: Dritt Velocity

¢ Large range of drift velocities in gases: 1 ....

Large drift velocities are obtained by adding polyatomic gas

10 cm/ps

(CH,, CO,, CE,) to Ar = electrons cool due to energy transfer = ;’“‘*;ﬂ iy

to rotational/ vibrational modes of the polyatomic gas

= T J N\ m——e =y

¢ Typical categories

- “slow” gases, e.g. CO, mixtures

—;
[=]

Drift velocity {cir

1-2 cm/ps, almost linear dependence on E-field

- “fast” gases, e.g. CF, mixtures s~

~10 cm/ps or more

LHC detectors need fast gases = short drift time
to collect all electrons until next bunch crossing

A-CH; 90-10

——

(25 ns) or at least within a few bunch crossings only | "o 500

- “saturated” gases, e.g. CH; mixtures

have maximum of drift velocity at certain E-field -

widely used: Ar/CH,4 (90/10)

1000 1500 2000

E/P (V/cm.Atm)

variety of gases allows
multlple comblnatlons
lots of black magjic!

gases with drift velocity maximum are rather convienient: drift

velocity less sensitive to E-field variations and almost constant

F. Sauli, IEEE Short Course on Radiation Detection and Measurement,

Norfolk (Virginia) November 10-11, 2002



Single (Multi) Wire Proportional Counter

Thin anode wire (~20-50um) coaxial with cathode: ~Avalanche development in the high electric
field (~ 250 kV/cm) around a thin wire

Cathode (multiplication region ~ 100 um):
radlus b
GeoreEs CHArPAK, Nobel Lecture, December 8,
CVp 1 1992

E(r)= 1

— 4q/d -
27e, I 5 E

N
AN
§= 1/
Anode §§: e ' ]
radius a 2 % @ '%: Drift region in Drift region in |
< § g p variable field constant field
Different stages in the gas amplification g107E N8 £ -
. i F NE w : -
process next to the anode wire. Y §,§ E Field along ]
N ]
- \\M Field al .
\ 5 s |
1072— ‘

0.001 0.01 0.1 1

Distance from centre of wire (cm)

Electrons to anode

(fast)

ﬁﬁmhode e,
(slow) |

CLOUD TRACK PICTU OF NGLE ELECTRON AVALANCHE
m |
h
‘
[
‘
(T




High Voltage

Operation Modes of Gaseous Detectors

Recombination before collection (I)
- ions recombine before collected

Ionization Mode (I])

- tull charge ionization charge;
- no charge multiplication yet; gain ~ 1

Proportional Mode (I1la)

- multiplication of ionization

- signal proportional to ionization

- measurement of dE/dx

- secondary avalanches need quenching;

- gain = 10* - 10°
Limited Proportional Mode (IIIb)

(saturated, streamer)

- secondary avalanches created by
photoemission from primary ones;
- signal no longer proportional to
ionization > requires strong
quenchers or pulsed HV; gain ~ 101°

Geiger Mode (IV)

- massive photoemission; full length of
the anode wire affected;
- discharge stopped by HV cut

Number of lons collected

10

12

—

.chamber,

Recombination
before collection
lonization

Region of limited
proportionality \'

Proportional
counter

I1

|
Geiger-Miiller
1_counter 1

region

Discharge }

1-——--—--r-

500
Voltage (V)

750



Wire Chamber: Electron Avalanches on the Wire

Proportional region: A~103-104

Semi proportional region: A~104-10°
(space charge effect)

Saturation region: A >10°
Independent the number of primary
electrons.

Streamer region: A >107
Avalanche along the particle track.

Limited Geiger region:

Avalanche propagated by UV photons.

Geiger region: A~10°
Avalanche along the entire wire.

LHC

1970ies

1950ies

Ladunjslawine

Ladungslawine

? :: Draht

Ladupgslawine

__Draht

o Ladungslawinen
{ Draht

Ladungslawinen

Draht
Ei\ﬁ._J [_j [_ |

—

__‘h

Ladungslawinen py.p,,

SN



Wire Chamber — Sighal Formation

¢ Signal formation is DIFFERENT to what you may think of

+

jl_ -

s
X

a b c

- Electrons from avalance are

_ collected within a very short time
(few ns)
Nt - Contribution of electrons to wire
d &

JV_289

signal is rather small (few % only)

¢ Main part of the signal comes v

from the IONS

- lons drift back to cathode over
long distance (several mm or cm)

toons | #EeL =y
M

300 ns

signal after electronics shaping
(RC high-pass filter with different
time constants)

and time (many ps or even ms) [

- Moving ion charge creates signal - /
via influence (mirror charge in 0 100 /200 300 400 500
conductor) t (ns)

pure signal (no electronics shaping)
from ions drifting away from anode wire




Multi-Wire Proportional Chamber (MWPC)

High-rate MWPC with digital readout:

Spatial resolution is limited to o, ~ s/sqrt(12) ~ 300 pm

TWO-DIMENSIONAL MWPC READOUT CATHODE
INDUCED CHARGE (Charpak and Sauli, 1973)

e

e

e e e
e e

Spatial resolution determined by: Signal / Noise Ratio
Typical (i.e. ‘very good’) values: S ~ 20000 e: noise ~ 1000e
Space resolution < 100 pm

Resolution of MWPCs limited by wire spacing

better resolution = shorter wire spacing = more (and more) wires...



First Large Experiment with MWPCs

1972-1983: SPLIT FIELD MAGNET DETECTOR
40 LARGE AREA MWPCs AT CERN ISR:




Dritt Chambers

FIRST DRIFT CHAMBER OPERATION (H. WALENTA ~ 1971)
HIGH ACCURACY DRIFT CHAMBERS (Charpak-Breskin-Sauli ~ 1973-75)

THE ELECTRONS DRIFT TIME PROVIDES THE DISTANCE OF THE TRACK FROM THE ANODE:

T l . .
“ W Measure drift time tp o ooy ! ! !
I ' i [need to know to; fast scintillator, beam timing]
(Hfr Determine location of original T i
| ionization: -
r=x9gtvp-tp
40
ANODE y=wyo+wvp-tp 1 _ |
. . E I 4 o Ar 903 1sobulune T°
/" ( If drift velocity changes 20 et . F .
| f along path: tn i R B .
— . A Ar 89 " 3 S
FIELD = / D dt o I gArg " % ! t ! -
‘ 0 0 A0G . 800 1200 600 2000 2400
In any case: drift field  [v/cm]
Need well-defined drift field ...
5 1 1 n 2D i
oo = - C— — o2
The spatialiresolution is not limited to the cell size v 64N2 ) 22 Vg const
1% ionization statistics I I diffusion I I electrcl)nics
&-electrons

Factors atfecting spatial resolution: ool

» Distribution of primary ionization =
» Diffusion i} \ T - ]
» Readout electronics 40:\“\: B :::“f/—/“ T clectromes
» Electric field (gas amplification) 20—/,>< Corimary statietios .
» Range of ‘delta electrons’ o | : . .

s} 10] 15 20



Nobel Prize: W, Z - Discovery at UA1/UA2 (1983)

UA1 used the largest imaging drift Particle trajectories in the CERN-UA1
chamber of its day 3D Wire Chamber
(5.8 m long, 2.3 m in diameter) Discovery of W and Z bosons
C. Rubbia & S. Van der Meer Nobel 1984

It can now be seen in the CERN
Microcosm Exhibition

R it


http://en.wikipedia.org/wiki/Drift_chamber

Time Projection Chamber (TPC)

The TPC is a gas-filled cylindrical chamber with 1 or 2 endplates (D. Nygren, 1974)

Readout

) TPC principle Particle
Separate two regions: e A
e Long drift along z ~ 1-3 m; =
e Amplification at the end plate =/ 1S
Challenges: £ At B d]
Long drift time; limited rate capability \ gas volume central electrode (~50 kV)

readout plane



TPC Characteristics

* Track point recorded in 3-D

(2-D channels in x-y) x (1-D channel in z = v ;4 X ty,is)

e Particle identification by dE/dx

long ionization track, segmented in 100-200 measurements

-at BNL 'RHI’C ion collider

Powerfull tool for:

» Lepton Colliders

» Modern heavy ion collisions

» Liquid and high pressure noble gases for
neutrino and dark matter physics program

| dEidxVs.P

012510 T Y

§ i | | STARionTPC
8 o1\ L1 BNLRHIC
i I\ \ X

En.mi \\

P (GeVic)
STAR ALICE ILC
Inner radius (cm) 50 85 32
Outer radius (cm) 200 250 170
Length {cm) 2*210 2*250 2*250
Charge collection wire wire MPGD
Pad size (mm) 28*11.5| 4*%5 2*8B
6.2*19.5( 6*10(15)
Total # pads 140000 | 560000 | 1200000
Magnetic field [T] 0.5 0.5 4
Gas Mixture ArfCH4 Ne/CO2 |Ar/CH4/CO2
(90:10) (90:10) (93:5:2)
Drift Field [V/cm] 135 400 230
Total drift time (ps) 38 88 50
Diffusion ot(pum/\Yem)| 230 220 70
Diffusion o, (nm/Ycm)| 360 220 300
Resolution in rgum) | 500-2000 | 300-2000 | 70-150
Resolution inrz(um) |1000-3000| 600-2000 | 500-800
dE/dx resolution [%] 7 7 <5
Tracking efficiency[%]| 80 95 98




Muon Detectors

Muon detectors are tracking detectors (e.g. wire chambers)
- they form the outer shell of the (LHC) detectors
- they are not only sensitive to muons (but to all charged particles)!

- just by “definition”: if a particle has reached the muon detector
it's considered to be a muon

all other particles should have been absorbed in the calorimeters

Cha"enge for muon detectors ATLAS Muon Detector Elements

- large surface to cover (outer shell)

- keep mechanical positioning

stable over time O
. £ .
Aluminum tubes with central "
AT LAS wire filled with 3 bar gas

- 1200 chambers with 5500 m?

- also good knowledge of

(inhomogeneous) magnetic . |
f. I d d d Amplifier Discriminator /
I€ld neede ATLAS MDT R(tube) =15mm

CalibrateEl Radius-Timg
L 1 correlation /

Radius



Conceptual View of Resistive Plate Chambers (RPC)
¢ There are also gaseous detectors without wires

- two resistive plates (~10° Qcm) with a small gas gap (2 mm) and large
high voltage (12 kV) on outside electrodes

- strong E-field: operation in “streamer mode”

gas avalance already starting in gas gap (no wires involved)
developing of “streamers” (blob with lots of charge, almost like a spark)
signal on external read-out strips via influence (segmented for position resolution)

streamer/discharge is “self-quenching”: stops when near-by resistive electrodes are
locally discharged (E-field breaks down)

Advantages: simple device,
good to cover large areas,
HV VERY fast!!!

readout strips

resistive electrode

gas gap f T |

|V

used as trigger devices
2 mm in LHC experiments,
time resolution ~ 50 - 100 ps

resistive electrode GND
2 - = Disadvantages: Choice of resistive material

readontstips = + surface quality crucial,

affects “dark” trigger rate

Bakelite, glass



Gaseous Detectors in LHC Experiments

MDT (drift RPC, TGC

(straws) tubes), CSC (thin gap
chambers)
CMS - - - - - Drift tubes, RPC, CSC
CSC
TOTEM GEM GEM -
LHCb - Straw - - - MWPC MWPC, GEM |-
Tubes
ALICE - TPC TOF(MRPC), - - Muon pad RPC
(MWPC) PMD, HPMID chambers
(RICH-pad
chamber), TRD

(MWPC)

Straw tubes

=i =4

Gaseous detectors are still the first choice whenever the large-area
¥ coverage (e.g. muon systems) with low material budget is required




X-ray Imaging (Radiography)

GEM for 2D Imaging:
Wire Chamber Radiography: Using the lower GEM signal, the readout can be

self-triggered with energy discrimination:

-COORDIMATE

9 keV absorption radiography,

. 3
M| (0 U MEEEEaRRD iy e o | W v Twien =

Position resolution ~ 250 um

A. Bressan et al, Nucl. Instr. and Meth. A 425(1999)254
F. Sauli, Nucl. Instr. and Meth.A 461(2001)47

G. Charpak, Eur. Phys. J. C 34, 77-83 (2004)

F. Sauli, http://www.cern.ch/GDD

Position resolution ~ 100 um
(limited by photoelectron range in the gas)



Micro-Pattern Gaseous Detector Technologies for Future Physics Projects

MWPC VS MSG%’PC—MSGCRQ(ES

%]

» Micromegas Drljt Chambe#\ Rate Capability:

> GEM misL

Relative gain _,
ju

\}\MSGC

0.8

» Thick-GEM, Hole-Type and RETGEM

N

» MPDG with CMOS pixel ASICs (“InGrid”) :
» Micro-Pixel Chamber (uPIC) ) S SO T et (:";T_Z'SJ)

Micromegas GEM THGEM MHSP

X-ray Cathode Plane
Cathode Mesh sesssssssgeesssssssnns te
Conversion Gap © ED""

h"m MHSP Top

toplepthgde \ c:athude Strip
s

ony anode

Tmnsfcr G-ap " [ E Z ga /Mﬁ Stﬂp
THGEM 2 [i]@ )

Cnf Catiode / e
W=

E lonhon Kegon

1idfen
[ NicoMsh i S—
8 g o LR N I T 1 .

OG@O

Induction Gap MS region Hole reglon I E

Anode Meshesmannssnnssssnnsnnnns

ICathnde Plane




Micro-Strip Gas Chamber (MSGC)

MSGC

vd x-ray /
M T
i 1/
* charged a2
°,particle }
g
: : {
L] .
4 A
5 =
i t a ) |Va Ye Ya
| |
i | |
| |
100 pm 100 pum | | l0pm
ﬁ - - - - L]
1

-
-
-

Rate capability limit due to space
charge overcome by increased
I ., am litying cell granularityzecuscc raes
l H%l ) A s o :
ﬁgﬁ‘»ﬁ '. % T{‘iuﬁ; !%‘%ﬁ 3 gl AT - $ ITg ]
| . | % 1 ey ; r |
A b : \F{\ \MSGC ]
cathode anode cathode 08
[ MWI%\ I\g
0.6 [
Typical distance between = Typical distance . A=3x10%
wires limited to 1 mm between anodes 200 mm o4
due to mechanical and thanks to semiconductor _
electrostatic forces etching technology 02 |
L Rate (mm'2.5'1):

A. Oed, Nucl. Instr. and Meth. A263 (1988) 351. 10° 10° 10* 10° 10° 10’



MICRODISCHARGES mi

Owing to very small distance between
anode and cathode the transition from
proportional mode to streamer can be
followed by spark, discharge, if the
avalanche size exceeds
RAETHER’S LIMIT
Q ~ 107 — 108 electrons

MSGC Discharge Problems

Discharge is very fast (~ns)
Ditficult to predict or prevent

IEN———————E

FULL BREAKDOWN



GEM (Gas Electron Multiplier)

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

A difference of potentials of ~ 500V is |+
applied between the two GEM electrodes.

€ Y ™

—~>the primary electrons released by the e-
ionizing particle, drift towards the holes @ GGl "Z T &
where the high e.lec’.cric field triggers the EESEES Y €Y Induction gap
electron multiplication process. = ==
¢ FI9 ¢y @ $
oy gy A o

» Electrons are collected on patterned
readout board.

> A fast signal can be detected on the lower
GEM electrode for triggering or energy
discrimination.

» All readout electrodes are at ground potential.

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




MPGD Simulation Tools (Avalanche Simulation in GEM)

) + _
Animation of the avalanche process Incommg K t=0.05ns

(monitor in ns-time electron/ion
drifting and multiplication in GEM): %

electrons are blue, ions are red, the
GEM mesh is orange

« ANSYS: field model
* Magboltz 8.9.6: relevant
cross sections of electron-

matter interactions

e Garfeld++: simulate
electron avalanches

http://cern.ch/garfieldpp/examples/gemgain



http://cern.ch/garfieldpp/examples/gemgain

Gas Electron Multiplier (GEM) = , 53wl nmasssissn 583

Full decoupling of amplification stage (GEM)
and readout stage (PCB, anode)

/

Driftcathode | ! A Ga| n
| I\ DRIFT 3Imm

GEM| mumpssssssssss.. | ~20
:II, ,!l\.- TRANSFER 1 I3mm

GEM 2 i we o i o O W W ~20
Y TRANSFER 2 —

s 1l ‘.,';- “"20

GEM3 m NS S EEEEEEN
% ‘.‘N.“OI_I.IT.(“‘I‘IOI\‘ I*
Readout PCB . _—— ~8000
300;:71- S00um -

Ammplifier

Amplification and readout structures can be optimized independently !

Compass




MICro MEsh GAseous Structure (MICROMEGAS)

Micromesh Gaseous Chamber:
micromesh supported
by 50-100 um insulating pillars

Multiplication (up to 10° or more)
takes place between the anode and
the mesh and the charge is collected
on the anode (one stage)

7777 7777 7 T ] i/ ]
. /55555 ) 5555 ZZ Z 7 7
iy i/ i, A/ ./ /) - [/ /. L2/
iy By i/ A A/ S/ S/ S S/ ) =/ e A/ S/ /S S/ /] ] ] e
/'._--------- A L L ) L L A A A
7 _4& Z

Small gap: fast collection of ions

A A/ A/ A A L/ S, S S,
] A/ A, A £/, S/ ) a7
V7 o 7 @ 7 &
W7 7 7 7 Z 77 7
W 7/ 7 7z 7 7 & 7 Z 7

{2 & 2L XL LA

50 -100um

—
T o i) ) S/ ] ] S L, /], ) e ) S ey, —

.

50-100pm

Y. Giomataris et al, NIM A376(1996)29



MPGD-Based Gaseous Photomultipliers (GPM)

GEM Gaseous Photomultipliers (GEM+Csl photocathode) to detect single photoelectrons

Multi-GEM Gaseous Photomultipliers:

\/
0’0

* o0

%

0’0

Counts

Semitransparent
Photocathode (PC)

Largely reduced photon feedback

(can operate in pure noble gas & CF,) _>

Fast signals [ns] 2 good timing an
Excellent localization response -
Able to operate at cryogenic T -

| csi~500A

4

= 1
=

==

Single Photon Time Resolution:
22°————

200/ CFa
770 torr

3 GEM .
oc=1.6ns

150

100

50|

ol , . ,

45 55 65 Fi+
time (ns)

Micromegas: ¢ ~ 0.7 ns with MIPs

600

500 -

Reflective
Photocathode (PC)
Cs1~2500A '
L % ¢ O 9 3 ‘\_
o a

Single Photon Position Accuracy:

P 2001m ]
3 A Intrinsic accuracy

300 [ |
] | | ., Beam ~ 100 um

- g o
e SN .%&&.{ =

5 6 7 8 9
r

E.Nappi, NIMA471 (2001) 18; T. Meinschad et al, NIM A535 (2004) 324; D.Mormann et al., NIMA504 (2003) 93



X-ray Imaging (Radiography)

GEM for 2D Imaging:
Wire Chamber Radiography: Using the lower GEM signal, the readout can be

self-triggered with energy discrimination:

-COORDIMATE

9 keV absorption radiography,

. 3
M| (0 U MEEEEaRRD iy e o | W v Twien =

Position resolution ~ 250 um

A. Bressan et al, Nucl. Instr. and Meth. A 425(1999)254
F. Sauli, Nucl. Instr. and Meth.A 461(2001)47

G. Charpak, Eur. Phys. J. C 34, 77-83 (2004)

F. Sauli, http://www.cern.ch/GDD

Position resolution ~ 100 um
(limited by photoelectron range in the gas)



A Scintillating GEM for Dose Imaging in Radiotherapy

Scintillation light (optical) & charge Readout:

@5 GEM1 GEM2 §

cathode

aluminized
Mylar

window

Signal (a.u.)

N

===l =]=}=]=]=]=|

Ar-CF,
(96-4%)
1 atm

35 mm

N AANNRRNANANNAY

-

lonization chamber

= GEM-light

Depth (mm)

Scintillation Gas Light signal (CCD) at
transparent -
window . type gain |16y proton dose (ADU)
mirror Screen 2670
(Gd-025:Th)
Ar/CO2 (90:10) | 3000 270
Ar/CF ,(90:10) | 1400 2350
CCD ArfCF4(95:5) 1300 4000
camera Ar/CF, (97,5:2,5)| 770 2000

Light output for 138 MeV protons:

(only 4% smaller than ionization chamber signal)

50

100 200 300 400 500 600 700
E. Sevaralli et al., Scintillating GEM for 2D Dosimetry
in a-beam, submitted to IEEE TINS
S Fetal et al.. NIMAS513 (2003) 42



Optical Imaging of a GEM Detector

Scintillation light (optical readout) in a Bragg peak Scintillation image of
multiple GEM detector recorded by a for a-particles  a-particle
CCD camera R O S e R

Light yield is proportional to the amount of
secondary (avalanche) electrons

a PARTICLES

N inferactions in 2He

F. Fraga et al, Nucl. Instr. and Meth. A478 (2002) 357
F. Fraga et al, IEEE Trans. Nucl. Sci.,49(1) (2002) 281
F. Sauli, http://www.cern.ch/GDD




MPGD Technologies for Imaging Applications: Optical Readout

HV —|:I—|:I-|—-|:
' Ar/CFa 80/20
= 10mm
Hvz ::IZIIZIIZIIZIIZIIZIIZIIZIIZIgmm
e mmmmmmmme e e — e — - o
HVs — 3 J_ =
£ L .

10-13cm

w/ or w/o filter Fluoroscopy:

w/ or w/o +dioptre lens

25mm 1/0.95 lens
or spectrograph

w/ or w/o spacer

CCD camera

Qlmaging Retigagf

CCD: 26882 e
ADC: 148
e 00 e 2
read noise A oN e .\‘-(\a%\ SO\\I ed
trigger: extel y i
- oo g\0% er®
08 5 ge”
Ar-GF, 80-20 o) : =
0o e
2 O T iar Fisia 2 _ % .
2 o4H ® 200viem Ae:] |
E 4 500 Vicm i o
o3sg * lodoviem Ed
03; 4000 Viem . ‘
ks 2 CT and
. | 3 D Imaging:
0.15F
E ]
04~
o.osi— : ‘ "
R . - 1esnatl, CERN-PH-GDD group:

Rl https://indico.cern.ch/event/496113/session/1/contribution/3



Historical Roadmap of the MPGD T@@hrm@ﬂ@gu@s and RDS1 @@ﬂﬂ@b@ﬁ’atu@n

MicroMEGAS (CEA Saclay, Y. Giomataris) RD51
GEM (CERN, F. Sauli) collaboration

o
’(

Capillary plate (Yamagata U., H. Sakurai)

MSGC (ILL, A. Oed)

» Many of the Micro-Pattern Gaseous Detector Technologies were introduced before
the RD51 Collaboration was founded

» With more techniques becoming available (or affordable), new detection concepts
are being introduced and the existing ones are substantially improved



The main objective is to advance MPGD technological development and
associated electronic-readout systems, for applications in basic and applied
research”: http://rd51-public.web.cern.ch/rd51-public

iz ®
¢ Il‘Jnu.-] ’1‘):9: :4 - ; -(ﬁ Turk !1“ @
@@ O ’. I. @ Afgh t r@ Sm‘@wa @J@
.‘. 3 A A el Loy Pak @
@ L ey G@
C@mu C ‘ Malays
E ‘:m' > o, Gt k;prmmqﬁ g rlrluion;:nn :
i .I\ . al ) I: Tanzania Rende sea Lok Pagxli;d:w
'.u. MG pg NnmlhmB : H:ub.:tlm. iogiae Yrdil
; e Palag!uay -2 @ GN, . i cean I Ao,
Large Scale R&L) program to advance
MPGD Technologies e More than 80 groups
| * More than 400 people

Access to the MPGD “know- how”

Foster Industrial Production

e National and International Laboratories
» National Institutes and Universities


http://rd51-public.web.cern.ch/rd51-public

The Rise of Micro-Pattern Gas Detector Technologies
Wire Chambers, TPC, RPC > MPGD (GEM, Micromegas) = InGrid (3D)

YESTERDAY: |N'|'EGRA'|'|ON> TODAY: |N‘|‘EGRAT|ON> .
MWPC / ‘ . TR N - o
Drift Chamber 5 -
i o

MICD Chagae Advances in photolithography -
VIV . .
o : Large Area MPGDs (~ m? unit size)
» Active
(Size of s -Ixlm? g e - - - - - - |
Large Scald yes yes g 16404 ! ! ! | ! -
éf 1.E+03 . .
» Radiation Hartiess Similar to Si-strip det. | Similar to Si-strip. det.
1.E+02 - 1
» High-Rate Capability ~ 50 MHz/cm? Res MM:~10 MHz/cm?
1.E+01 a®
» Spatial resolution <30 um <30 um o /:I a
ang. dep.: uTPC ang. dep.: pTPC 1.E+00 / By Size of the
. : : o o 1.E-01 : single GEM/
» Tracking efficiency 99% 98% _ MM Detector
» Timing Resolution ~3-bns (MIP) & CF, | 3-5ns (MIP) & CE, 1.6-02 , , : — , ,
1995 2000 2005 2010 2015 2020 2025 2030
<1-2ns(UV -1phe) | 0.2-05ns (UV-1 phee) Year




Momentum measurement

Trac king

Multiple scattering

Bethe-Bloch formula
/ Landau tails
5“
lonization of gases
-
Wire chambers Q}

Drift and diffusion in gases
Drift chamber

£l
Micro gas detectors &

i
Silicon as a detectibri'medium

iy

. -
Silicon detettors strips/pixels

‘{,i"

Tracking Defectors

¢ “Classic” Detectors (historical touch...)
« Momentum Measurements

« Gaseous Chambers
e

Silicon Detectors




DELPHI Experiment

Silicon D@t@@t@&’g In Pa[ﬁt H@PhyS@S

Strip and hybrid pixel detectors are mature technologles employed in almost every
exper1ment in high energy physics.




1983: First Silicon Strip Detector in HEP

NA11/NA3 eriment at CERN —Measure Lifetime anqh M;_'_{is ()¢

w1

L] Ilp' : &
Cw
diode strips on 24 x 36mm2 Iactll:l:vlq area 1

s 250-500 thick bulk material
% 4.5 pm resoltiti




Why Silicon Detectors — Discovery of Top Quark Discovery at Tevatron (1995)

1980’s: The post era of the Z and W discovery, after the observation of Jets at UA1 and

UA2 at CERN - “To proceed with high energy particle physics, one has to tag the
flavour of the quarks!”

+ 4 . ven ot “1.1 neutring . jat &3 jut #1
Top Quark Production at Tevatron WISE A1 e ES Ié [
(t tbar > bW bbarW): VO ot agged y SV LR "}
fit top mass is 170 +- 10 GeV ; S

e", Missing E;, jet #4 from top LEGO view

jets 1.2.3 from top ( 2&3 from W )
4 \ jetm g SVX tags
ton —» skl = Antiproton : 1] ( note scales )
— -9 — t [y \ ot
Trggxk':-:gﬂ‘:'igw :ﬂ:ar'.' Socondary
Fig. 4.23 A “Golden™ tevent. i decaying imo Wb, Wb, wfere one W decays leplonically witl
the signature lepton 10 plus missing energy. the secom imo gff resulling in i
together with e imtial two lagged b ele In total ongeplon, four peis, two agged I I
 eerey were reconstructed [151)
b-jet identification is crucial,
making use of 1.5 ps b lifetime: L
—>flight distance few 100 um - Secondary vertex

. .. Primary vertex ®
- need hit precision ~ 10 um i

=0



SCIENTI FIC W:%s The Silicon Microstrip
AME RIC AN — Detector

- Produced with the same tools used to create integrated
What found the top quark. circuits, these detectors recently helped to find the top quark
Archaeology in peril. and are central to other crucial experiments

The Niels Bohr mysteries. : :
by Alan M. Litke and Andreas S. Schwarz

‘ 45> Clouds of tobacco smoke continue
their spread, despite warnings.
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9'770036"873022
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Silicon Detectors has transformed the way we look at particles

2010s: SiD concept for ILC
* Si vertexing

* Si tracking

* Si calorimetry

1950-1970: Pre-Silicon Era-
photo of ionization trails

1990: Si-vertex detector
& gaseous tracking (TPC)

N ALEPH =

It might look like we are actually seeing less now,
but we can see a lot more than in pre-silicon era !

From Microelectronics to Nanoelectronics:

Detectors are more and more based on semi-conductor technology
- from vertex elements (20 um feature size) to Si-calorimetry (ILC)



n:? e

Why are Silicon D@ﬁ@@ﬁ@fS SU@h a SU@@@SS ?

Enormous beneflt (compared to gaseous detectors)
- Huge technological advances of silicon technology in the IT industry
- Pattern and structure are industry standard

Planar

HYBRID

Hybrid 3D

Ll

s TTEEE
& __.’L:?i ____['mAPS

SestatetS
{chronoplxelm _P;i
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Why Silicon for Tracking Detectors

e Low ionisation energy (few eV per e-hole pair) compared to gas detectors (20-40 eV
per e-ion pair) or scintillators (400-1000 eV to create a photon)

* A condensed medium is obligatory for precision <10 microns (diffusion of electron
cloud in gaseous detectors ~ tens of microns)

e Silicon band gap of 1.1 eV is ‘just right’. Silicon delivers ~80 electron-hole pairs per
micron of track, but kT at room temperature is only 0.026 eV, so dark current
generation is modest

Property Si Ge GaAs Diamant
Zz 14 32 31,/33 6

A 25,1 T2.0 144.6 12.0
Band gap [eV] 1.12 0.66 1.42 5.5
radiation length X, [em] 9.4 2.3 2.3 18.8
mean energy to generate eh pair [4:1-‘4.-'] 3.6 2.9 1.1 ~ 13
mean E-loss dE/dx [MeV /em] 3.9 7-5 7.7 3.8
mean signal produced [e= /pm] 110 260 173 ~ 5l
intrinsic charge carrier concentration n, [em=3] | 1.5 1019 | 24.10¥ | 1.8-10° < 10°
electron mobility [em*/Vs] 1500 3900 8500 1800
hole mobility [em?/Vs] 450 1900 400 1200




The pn junction (diode): basic principles

A pn junction consists of n and p doped substrates:

« Doping is the replacement of a small number of atoms in the lattice
by atoms of neighboring columns from the atomic table (with one
valence electron more or less compared to the basic material).
Typical doping concentrations for Si detectors are ~10!2 atoms/cm?
(10'* und 10'® atoms/cm? for CMOS elements).

* These doping atoms create energy levels within the band gap and
therefore alter the conductivity.

* An undoped semiconductor is called an intrinsic semiconductor
* A doped semiconductor is called an extrinsic semiconductor.
* In an intrinsic semiconductor for each conduction electron there

exists the corresponding hole. In extrinsic semiconductors there is a
surplus of electrons or holes.



Basic Solid State Physics: n-doping

Doping with element 5 atom (e.g. P, As, Sb). The 5% electron is weakly bound
The released conduction electron

The doping atom is called donor
leaves positively charged ion

AR ceee e
*— —r— —— —
__ __ __ »— —.—I |—.— I—.
‘ ll ) ll . ll ’ weakly ‘__.__.__. single
o L le=t 1 bound 3. { - positive
.__._’_.__. elektron — | ; — ion
AR bl
:::::::::: N I I
| || [

b The enel‘gy level Of Ec conduction band Eo conduction band
the donor is close T T T T T Tloosey oSS e
to the edge of the . \gccupied """""" Tmrmmmmmmeeeeees T fonised

: Ei lonator Egi \ donators
conduction band. RN lovels ‘Er

e At room T most
electrons are raised to
the conduction band.
The fermi level E;
moves up.

electron energy

valence band

valence band

... empty levels

B ... occupied levels

® _.. single occupied level (electron)
o ... single empty level (hole)



Basic Solid State Physics: p-doping

Doping with element 3 atom (e.g. B, Ga, In). One valence bond remains open.
This bond attracts electrons from neighboring atoms.

The doping atom is called acceptor

~open
~— bond

e The energy level of the
acceptor is close to the
edge of the valence band.

* Atroom T most levels
are occupied by electrons
leaving holesin the valence
band. The fermi level

E; moves down.

electron energy

The acceptor atom is negatively charged

AR
'__'__‘__" single

l -I. ll l l,, negative
._| I_._'j --H‘__ ion
- —

L L ]
Ec conduction band
“a
Eg;

__________ empty
aCCGplOI’
level

Ey —— =0 / evers

“} }=0.005ev

valence band

... empty levels
Il ... occupied levels

T hole
L] »
EC conduction band
N ® . .

__________ Er
/ ionised

Ey g o~ acceptors

—.— e e e e — +}:U.0058V

valence band

® __ single occupied level (electron)
o ... single empty level (hole)



Intrinsic Semiconductors: Signal Formation

Let’s take a piece a Si and wait for a passing of charged ionizing particle

Signal of a MIP in d=300 um Si-detector:

Measured Landau distnbution

ina 300 um thick Si datectar
{Woaod ot al., Urev. Oklahoma)

dE/dx*d 3.87 eV/ecm™*0.03 cm

200

150

I 3.62 eV (e/h pairs)

108

numbor ol evenis

* Fluctuations give the famous Landau
distribution = the most probable value

\is 0.7 of the peak

20 30 40 0 o 7o 80 0 W * The most probable value is 22000 e/h pairs

charge Ceposied (femig-coulomips )

50 <

Intrinsic charge carrier in Si (in d =300 um & area A=1 cm?) at T = 300 K:
n*d*A=145*10"cm2*0.03 cm * 1 cm? ~ 4.35 * 108 e/h pairs

Number of thermal charge carriers (at room temperature)
are four orders of magnitude larger than signal !!!

=» Cool the solid-state detectots (n; at 77K ~10-?°) & complicated

- Deplete the volume from free charge i
carriers & to register MIP signal - pn ]unctlon



The pn-Junction

Now, for the magic part = we can construct pn junction

e When brought together to form electrons drift towards p-side, holes
a junction, the majority diffuse carriers across towards n-side buildup of a potential
the junction. p—type region n—type region
® The migration leaves a region of 000 _ P+ o+ + I:I+I:I+I:I
net charge of opposite sign on each side, O _O_O L T D+D+D
called the space-charge region or depletion O _(:) _O o P |:|+|:|+|:|
region. !

§ 000 _ _ - i+ + +|:I+I:I+I:I
* The electric field set up in the depletion zone
region prevents further migration of carriers. Ohole [l eclectron  — acceptorion  + donor ion

The depleted part is very nice, but very small - apply external voltage
in the same direction as generated potential (reverse bias operation)

+=||:_ /

Increase of
depletion region

The depletion zone can be used as detector, since it contains an electric
field (and is depleted of free charges).



Properties of the Depletion Zone

- Depletion width is a function
of the bulk resistivity ,

charge carrier mobility u and i I
the magnitude of the reverse Depletion 10119!1 ‘]’
bias voltage V,;: V- ¥l w

b
d — 2Epl'l'vb - T * undepleted zone

]
where p = 1/quN for doped materiel and N is the doping concentration
(g is always the charge of the electron)

- The voltage needed to completely deplete a device of
thickness d is called the depletion voltage, V4

V4, =w?/ (2epp)

Effective doping concentration N, = 10> cm—3in p+ region and N,;= 10"2cm—3in
n bulk.

Without external voltage: p* Ng = 1015 ¢m-3
d, =0.02 ym "
d. =23um
" Ny =1012 cm—3
Applying a reverse bias voltage o
dp =0.4 um

d, 100 V is enough to deplete p*n junction

~ 300 um Si-detector



Silicon Tracking Detector
¢ Now take a large Si crystal, e.g. 10 x 10 cm?, 300 pm thick

make bottom layer p-type

+ and subdivide the top n-type layer into
many strips with small spacing

——

¢ Advantage compared to
wire/gas detectors
- strip density (pitch) can be
rather high (e.g. ~20 pm)
high position accuracy

but also many electronics channels
needed

many diodes next to each other
(like MWPC at wire chambers)
with position information

*_ pixel implants
@ B-Field (4T) n-p g

lectrons

Silicon

depleted

undepleted E~0

ionizing | particle track \

v p’*- implant (- 300 V)




Silicon Microstrip Detector: Spatial Resolution

Resolution = difference between reconstructed position and true position

For one strip cluster: For two strip

s clusters:

:;E _pitch i P- pitch

o0 G — =R 1 G =

Wl o’ 1.5* (5/N)

+ k|
4 + .
J 4
L

i

Fulka Height

Vi

A
= |
£ _

i

-

i

1

In real life, position resolution is degraded by many factors
»relationship of strip pitch and diffusion width
(typically 25-150 um and 5-10 um)
» Statistical fluctuations on the energy deposition

€
Her‘: Chﬂf‘ge o L Here single
sharin : -
Typical values domina'l'ge.s E r: strips dominat;
of 300 um 2 V
thick sensor 9
with S/N == 200; & u_ onfllg 0@ eifiad e Idfiqld .L

1 I 1
40 50 60 TQ 80 20 100 110 120 130

Pitch (um)




Detector Characteristics: Leakage Current (IV curves)

Silicon detector is operated with reverse bias = the leakage current is
dominated by thermally generated e/h pairs. Due to the applied field

they can not recombine and are separated.

Measure IV curve to check maximum long-term stability

of the sensor and maximum V..

If Vbias too large, get
high currents (breakdown):

Zener breakdown

* Tunnelling from occupied
state in p side valence band
to n side conduction band

Avalanche breakdown

* Carriers from leakage
current get so much kinetic
energy that

due to collisions new free
carriers are generated

Leakage current at 20C (nA)

1800
1600
1400
1200
1000
800
600
400
200
0

IV Scan

!

4

//

0

100

200 300
Bias voltage (V)

400

500




Silicon Microstrip Detector: Signal to Noise Ratio

- Example of noise
+ Some typical values for LEP silicon strip modules (OPAL):
- ENC = 500 + 15 -C,

- Typical strip capacitance is about 1.5pF/cm, strip length
01¥18cm so C;=27pF

s0 ENC =900e. Remember S=22500e

= S/N = 25/1
- Some typical values for LHC silicon strip modules

- ENC=425+64-C,
+ Typical strip capacitance is about 1.2pF/cm, strip
length of 12cm so Cy=14pF

so ENC = 1300e Capacitive term is much worse for LHC in
= S/N=17/1

large part due to very fast shaping time needed
(bunch crossing of 25ns vs 221s for LEP)



Silicon Microstrip Detector: Spatial Resolution

Resolution = difference between reconstructed position and true position

For one strip cluster: For two strip
s clusters:
06 i 03 r .
. _pitch o - pitch
o = ag

Fulka Height

O O=

e
| L+ A 4

A1 1L
YYLYIPYYW
1.7 |
| 3 i

Vi

1
f Y 3; \ '- -: ::
[ ML Y T
+I-
m
F T
1

In real life, position resolution is degraded by many factors
»relationship of strip pitch and diffusion width
(typically 25-150 um and 5-10 um)
» Statistical fluctuations on the energy deposition

€
Her: charge S I8 Here single

sharin - -

Typical values domina'l'ge.s E i strips dominat
of 300 um 2 t/
thick sensor 00,

with S/N = 20: oY sl 8 1 oells 0 ¢ o iy s,
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Silicon Detectors: Radiation Damage

¢ Solid state detectors suffer from radiation damage

- |ots of R&D effort was spent over the past years to understand and to
develop radiation-hard Si-detectors that can survive 10 LHC years

¢ Two general types of radiation damage

- bulk (crystal) damage (mainly by nuclear interactions of

protons/neutrons
- 10°
change of depletion voltage 5 — -
up to “type inversion” S 1000 T
n-type material becomes p-type material cegen 200K r— % 5
E i ype mversion &
increase of leakage current ~ 100 S ik
3 g N — SO _J.,_( ) em T E =
higher noise, more cooling needed — Tosad | il
: s > ol -
decrease of charge collection efficiency - T L0 =
- o n-type ¢ 'p-type" ®
less signal - =
l | . i il :-\- u'.'l' .‘ I;p il
-= surface damage Ll & Aol R
12 -2
accumulation of positive ions on D, (107 em?)
surface insulating structures (oxides) “Type inversion”: n-type material
higher noise, breakdown changes to p-type material after a

certain accumulated radiation dose



From Si-sensor to & Full Detector Module
“Module” = the basic building block of a silicon tracking detector

- Modular design: try to make identical sub-units. Units
consist of:

- mechanical support structure _— T

* Sensors

- front-end electronics and
signal routing (connectivity)

Frame of carbon Micro-bonding
fiber

Sensors Pitch adapter (alass)



Front-End electronics and connectivity: Wire bonding

Wire bonding — A “mature” technology (has been around for 40 years) = the standard
method for connecting sensors to each other and to the front-end chips.

OPAL (LEP) module SEM Image of bond “foot”:
~200 wire bonds 4 x 640 wire bonds Total ~2700 wire bon [ :.E\\I SosssvmseeRRA T
e L2 T BUN =

g

» Uses ultrasonic power to vibrate needle-like
. tool on top of wire (17-25 um Al wire). Friction
welds wire to metalized substrate underneath.

® * Heavily used in industry (PC processors) but
% not with such thin wire or small pitch.



Si-Detector Electronics and Si-Pixels

¢ Silicon detectors have a laaaarge number of electronics
channels, ~107 each for ATLAS and CMS Si trackers

requires highly integrated chips for amplification, shaping,
zero suppression (only information of strips with signals is read-out)
and multiplexing (put all strip signals on a few cables only)

- electronics is directly connected to the sensor (the “multi-diode”) via

wire bonds

Si-strip detectors provide only 1 coordinate,
Pixel detectors are 2D detectors

wire bonds

/""/ _"-H' -
- ‘@ T T —
= == | ]ID
- = Un: bj
Uit
S ol

Pixel detector need
“bump” bonding
and have even more
channels, ~108 - 10°




From Si-microstrip to Pixel Detector

Instead of strips measuring one dimension, have a matrix of points

measurinﬁ two dimensions

and in this

as used
In this

Two dimensional array (each electronic channel mounted directly on its pixel)

Sensor is just like a strip sensor
but with the p+ implants further subdivided
into tiny squares

* Biasing, depletion works in the same way

e Low leakage current: ~1pA/pixel
S : e Low detector capacitance
o S8 (~1fF/pixel): S/N ~ 150/1

Pixel size: ~ 50%450 um(LHC) S R T . .
5555 um (Medipix2/Timepix) adiation hard” due to large S/N margin




Hybrid Pixel Detector

Details of the bump-bond connection:
Bottom is the detector, on top
the readout chip

“Flip-chip” pixel detector:
On top of Si detector, below the
readout chip, bump bonds make
electrical connection for each pixel

frant end
alaciranics

=— bump connsction

SENs0r

particle track

Bonds:

e 50 um pitch

e PbSn or In Bu_mp-bond

« 6-20 pm high failure rate
(CMS) ~ 104

e ~ 3000/chip
e ~50000/module

s

e

1Fm @



Silicon Detectors in Particle Phygu@g Evolution of Scale

10
§ # of Electronics
. Channels [in K]
1000 0 ]
2 GLAST
P CDF
100 | I_!.I') A,ﬂf\ ma -
BN A T Sy
X CDF @ LPS L J Ol .
- Mark2 NOMAD Pamela
10 =@
- WIZARD
" ., R R
1985 1990 1995 2000 2005 2010

ear

Slllcorl Area [J'n] RV * ,: e .»\

100 .i

10 3 NOMAD ™ 4

1 . ® v !
o s & e 4 CMS ~ 220 m2 SlllCOIl

" fe Pamgla - More than all other
001: T BN I I previous HEP

1985 1990 1995Year2000 2005 ‘. experiments Combined !



Tracking Systems

ATLAS: silicon + gas

TR =1082 mm

TFET<
TRT
\_R = 554 mm
R = 514 mm
R =443 mm
SCT -
R =371 mm
R = 299 mm E e
SCT
= Pixels

R =122.5 mm
Fixels

e }
= ——
R = 88.5 mm L—d——__—f—_

R = 50.5 mm

CMS: fully silicon

24m

Endcap (TEC)

Quter Barrel (TOB)

Support tube

And termal screen (-10 C7)

Magnetic field (T)

#hits 3 3
resolution (um) =10 =10
radius inner/outer 5.1/12.3 | 4.4/10.2
pixel size (um?) 50x400 100x150
channels 80 M 66 M

Silicon Microstrips:

#hits 8 14
strip pitch (um) 80 80/120
radius innerfouter (cm) | 30/60 20/107
channels 6.2 M 2.6 M
Straw Tube Tracker

$thits 35

radius innerfouter (cm) | 60/107

cell size/strip pitch 4mm

channels 0.35 M




Material Budget

¢ Tracking Detectors should be light-weighted and thin
- multiple scattering by material degrades resolution at low momenta
- unwanted photon conversions in front of calorimeters

- material often very inhomogeneous (in particular Si detectors)

¢ Power & cooling adds most of the material

not the Si sensor material

ATLAS = CMS

T

[ services
BtrRT
BscT
[ Fixel
[JBeam-pipe

Radiation length (X

5
ml

® 05 1 15 2 25 3 35 4 45

7] radiation length interaction length
< 1 ~ 0.2 Xp ~ 0.05 \
<33 <0.5Xo <02




'he CMS Silicon Strip Module Examples

2D measurement 2 two singled-sided
sensors are glued back-to-back with stereo
angle using a robot (tolerences are few um)
4

27 mechanical different modules + 2 types of alignment modules



The CMS Tracker: Pixels anStrips >

Diameter 2.4m

Length 5.4m o510
Volume 24.4m> Silicon only

; 0 -
Running temperature -10°C | trgcker solution
Dry atmosphere for 10 years

i e e
. e

Pixel detector

Silicon Strip Detectors: 220 m?

* 25000 silicon sensors

* 10 M strips = electronic ch.
® 75376 readout chips

* 26.000.000 bonds

¢ 37.000 analog optical links

| » 10 layers of Si-strip (barrel)
ll * 9 endcap Si-strip wheels



The CMS Tracket Pixels and Strips

II Silicon strip detector

Valume 34 dm Silicon only

. 0 :
g Empmse o105 {racker solution
ry atmosphere for 10 years

B

Pixel detector

Pixel Detector: ~ m? YN  _ s N

* 3 layers of pixels

* 1440 pixel modules

* 66 M pixel = 1
electronic channels A



The CMS Inner Gentral Detector (Barrel)

The most critical parts are the sensors, ASICs and system engineering

(mechanics, power, cooling, assembly, etc) and integration
| R ="

E [ S =
s e | B Ve

More than all
other previous
HEP experiments
combined !



The ATLAS Inner Central Tracker (Barrel)

The most critical parts are the sensors, ASICs and system engineering
(mechanics power, cooling, assembly, etc) and integration

— Carbon- ﬁbre support structure.
| Sensor alignment needed, despite tight s

-~ mechanical tolerances and accurate

~ placement.



The CMS Inner Tracker: Pixel Insertion

e w

Barrel pixel

Forward pixel




Silicon Detectors has fransformed the way we looked at particles

Detectors are more and more based on semi-conductor technology
- from vertex elements (20 um feature size) to Si-calorimetry (ILC/CLIC)

1000

Silicon surface: = 100 ;255;8
ATLAS and CMS need to exchange G 10 o
Si-trackers during LS3 (2022/23) due s Wi TS
to radiation effects: 400 m?2 S o NATY ) LEp: 2
CMS ECAL/HCAL Endcap: 600 m? ? 2 001] ressise. o
ILD/SiD ECAL: 2500 (1200) m? esl -
o wm s
HL-LHC Tracker Upgrades R&D: ILC / CLIC Oriented Pixel Sensor R&D:

(Higher granularity / radiation hardness)
Wide range of technologies (ILD/SiD/CLIC):

e e =
sensor type > CMOS MAPS, DEPFET, SOI, FP-CCDs,

sLlE U 12 m* Ll thin-Si/Timepix, Chronopix, 3D integration
LHCb VELO  0.15m2 tbd

LHCb UT 5 m? n-in-p > Very light-weight supports = no liquid
ATLAS Strips =~ 193 m?  n-in-p cooling to achieve material budget goals
CMS Strips 218 m? n-in-p

ATLAS Pixels 8.2m2  tbd » Low power consumption crucial:

CMS Pixels 46m? tbd power-pulsing of readout electronics



Day Atter Tomorrow: 3D-Vertically Integrated Systems

Track-Trigger Concept for High Luminosity-LHC: Integration of Functionality

Muon rates at L=1034 cmr-2s-1

Trigger @ L1: the path to fully exploit CMOS potential
Top Si tracking layer

— AL

- - L1

=} L2 + isalaticn {calo)
& L3
A L3 + solation (calo + tracer =

Bottom 5i tracking layer

Key technology: Through Silicon Via (TSV) = trigger
logic, power, cooling inside the integrated chip layers T e

«* Vertically Integrated 3D Si-sensor (initiated by ILC R&D)
DFiel - multiple thin Si-processing layers,implementing analog
e and digital signal processing, stacked on top of sensor layer

ALCE Piel

N E g “ 3D-IT expected to be very beneficial for CMOS sensors:
| emLommicIR. | - W ey COmbine different fabrication processes -> choose the best
ones for each tier/application

< Split signal collection and processing on different tiers



Advanced Concepts in Silicon Tracking

Several alternative pixel technologies & readout architecture under development*

e Charged Coupled Devices (CCD)

= Silicon Drift Detectors Some of these
= Silicon Photo Multiplier (SiPM) concepts

e Hybrid Active Pixels (HAPS) described in
< Monolithic Active Pixels (MAPS) backup

= Depleted Field Effect detectors transparancies
(DEPFET)

e Silicon On Insulator (SOI1)
« 3D pillar silicon sensors
e 3D vertically integrated systems

* Decrease fabrication cost of pixel

detector

* Develop thinner pixel systems

* Develop more radiation

* New interconnect methods (3D, bonding
and vias)

» Easy fabrication of large area devices

ICharge-coupled devices (CCD

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

Poh,'sﬂ con

i —
Metal lcrye r's’.-" /

3 MMOS frans. in pixel N+ We.ll 1 P‘+ Well

-—N+

P++ substrate

Particle /

MAPS

= degp n-doping
internao) gate’

P*Bock cantacs

DEPFET



a) standard CMOS low resistivity 1C wafer

-&_,.mndpnd: readout chip — ~

- -

L ~
Si-bulk pixel implant, e.g. na++ P__’__,e-""\ HAPS-readout-cel I"‘MH

T
-

NS HAPS
pixel implant, 2.q. n++ - \ . e @ﬁnpﬁbﬁﬂ | dgmal )

(Hylbrid
- standard high resistivit};“nf:j = HAPS-sensor-cell

depleted-coupled sensor Ei:'-. - A@tﬁV@
depleted — |-::nr*u:5|r‘|;|ﬁl"m“*~ _— - .

Si-bulk pixel implant, e.g. n++ [_'n;zrli-;_‘lu '\ h \‘u\____.---' \Q}. @ . §
ixels)
Fig. 1.63 Scheme of a Hybrid Active Pixel Sensor (HAPS). A HAPS is a sandwich of a silicon sen- I
sor and a standard CMOS readout chip. The sensor is of the high resistivity-depleted DC-coupled
type processed as described in Sect. 1.8.2. The readout chip is realized in standard CMOS tech-
nology on a low-resistivity wafer. the same size as the sensor. and its readout cells are distributed
in the same “pixellated™ way as the sensor pixels. The merging 1s realized via so-called “bump
bonding™ or "Mip-chip-bonding™. After preparing the pads with a dedicated under-bump metalliza-
tion a further lithography step opens holes on each pad to place the bump metal (a). e.g. Cu or In.
Adfter removingfetching the photoresist the metal undergoes another temperature step, the so-called
reflow to form balls of metal (b). The chip is then “flipped™. aligned and pressed onto the sensor,
warmed up for reflow, connecting sensor channels to readout cells (¢)

o N .
e i - -
" " - - . -
e klll: e
. ) -
! e -

Si-baulk

=

' \e
c) CMOS waflerreadout chip . . C'_J)":g:l

Used in DELPHI, & i LS
ALICE, ATLAS; CMS Fig. 1.64 Bump bonding at PSI for the CMS pixel detector. The lefi shows a bare contact on the

pixel silicon sensor. In the middle part. an electron microscope picture of the structured indivm
bumps before the reflow process is shown. On the right, the bump ball after reflow is shown. The
distance between bumps is 100 pm. the deposited indiom is 50 pm wide while the reflowed bump
is only 20 m wide [34]




Charge Coupled Device (CCD)

CCD pixel detectors : Still the active d;pth is usually quite smallf{t‘ypically 151um) so the
ionization signal is small. The charge is kept isolated in the pixel and then shifted as shown:

=L I [ - L 2V 10200 2 —_— .
R A T A I 8 The SLD silicon pixel vertex
_Lj = | detector: the first pixel detector in
Pt ol 3t createq a collider experiment had 20um x
O ® , 20um pixels and achieved about
2 : ! 4 lution
v v tov 2y 2V W0-2VIOV 2V Y S LM reso .
sadhdech  Fhdda .
j—[ — Data shift
Wil :iupmg
(2] (€]
MO v

o [T
() n

By changing the potential on the gates in

one out of 3 rows at a time, one can

achieve a “bucket brigade” effect of shifting

the charge to the next “well” without it 70

spreading.




VIOS

(Complimentary Metal-Oxide Semiconductor)

diverse NMOS electronic cells sensing cell

Si0,

Y Y or ionising particle

Fig. 1.65 Cross section of a CMOS sensor, one pixel. The scheme nicely depicts an example of
NMOS transistors and the N-well to collect electrons from 1onization or photo-effect. Electrons
created inside the shallow depletion zones are fully collected while electrons from the EPI layer
randomly walk towards the N-well and with an excellent lifetime behaviour only some of them
will be trapped. Nevertheless, CMOS devices have an excellent signal-to-noise ratio due to their
very small capacitances and low currents, therefore the low noise compensates for the low signal



Silicon en Insulater (SOI)

polysilicon metal1 polysilicon  metal 2

electronics E
wafer —  (ow res) Vv ' vy V9 vy
chemical bonding  §i0 NMOS PMOS
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Fig. 1.66 Scheme of a silicon on insulator sensor. The scheme shows the basics of a SOI sensor.
Passing charged particles create electron-holes pairs moving to the electrodes in a fully depleted
high resistivity n-type sensor while the electronics are realized m a low resistivity n-type base
material, separated by a layer of Si0,. The connection of both parts is realized by etching while
the electronics processing follows standard 1C methods. In difference to CMOS devices the sensor
wafer can be thick, of high resistivity and depletion is possible. NMOS and PMOS transistors are
possible to be processed on the electronics wafer



Fig. 1.67 The concept of a
silicon drift sensor. Several
p+ strips on the same
potential build

a homogeneous field between
sensor planes while the edge
1s structured with

n+ elements where the free
charge carriers drift to; the
Y-coordinate is defined by the
n+ elements while the
X-position 1s defined by the
drifting time. Depletion zone
builds up horizontally

Silicon Drift Detector
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Depleted Field Effect
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Fig. 1.68 The concept of a DEPFET sensor. The volume is depleted from the side n+ strips down
to the back p+ implantation. The potential minimum of the sideways depletion is shifted towards
the FET side by optimizing bias configuration. An ionizing traversing particle creates electron—
hole pairs in the depleted volume. Holes are lost in the back of the device, while electrons travel to
and accumulate at the potential minimum below the external GATE at the so-called internal GATE,
thus increasing charge density and thus modulating source—drain current of the FE'T. The electrons

stay there until actively cleared [111]

Candidate for ILC and SuperBelle



3D Silicon Sensors

Challenges for tracking at the future LHC upgrade (sLHC) =
current planar-Si sensors technology is not radiation hard to
survive to the end of sLHC in the innermost layer ( R ~ 4 cm)

3D VERSUS PLANAR

Active edge

Very small depletion
& drift distances:

hole diameter: 10 pm
distance ~20-50 pm

Maximum drift and depletion distance

n-columns p-columns E
wafer surface governed by electrode spacing:

P - Lower depletion voltages
I s ¢ Faster/more efficient charge

collection

< Small leakage currents

¢ Higher radiation hardness

¢ Narrow dead regions at the edges

s . - At the price of more complex
processing




Solid State Tracking: Detector-Electronics Integration Trends

» Radiation hardness improvements demand newer technologies
» Improved functionality can only be achieved with higher integration
» Power dissipation and material budget must be reduced

TODAY: Pixels TODAY: Monolithic TOMORROW: 3D Day After Tomorrow:
50 — 100s um 25 - 50 pm Detectors (25-50 um) 3D TSV (< 20 um)

P %

40 um

n type

n+

SUBSTRATE

s
Int ted & .
ntegrate .sensor Lower V. (power) 2D vertical
electronics: Less X0, dep :
no bonding, low noise Faster charge collection Integration (TSV)

bumpbonding) -

)

Motivation to develop new Pixel Detectors: Trends and Perspectives:

» Decrease fabrication cost » Improve rad. hardness (p-type bulk)
» Develop thinner pixel systems » Reduce the thickness to 50 um
» Easy fabrication of large area devices » From 6” to 8” and 12” watfers

» Integrate More (= denser) Intelligence » Ré&D on SLID/TSV interconnect.
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Ultimate Gas-Silicon Detector Integration
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Pixel Readout of Micro-Pattern Gaseous Detectors: Ultimate Integration

Use a CMOS Pixel ASIC (w/o Si sensor), assembled below MPGDs (GEM/Micromegas),
as charge collecting anode and fully integrated readout electronics for a TPC at LC

Solid state pixel detector

X-ray source ICJE

Medipix2/
Timepix
CMOS

ASIC

Flip-chip
bump bonding
connections

<--
-

DS

Semiconductor
sensor

Medipix2 / Timepix ASIC (0.25 um -IBM/CMOS)

> 256 x 256 pixels of 55 x 55 um? size

» Medipix2: digital with 2 THR (low and high)

» Timepix: 2 modes (TOT = integrated charge
TIME = Time between hit and shutter end)

Gaseous detector

CATHODE .
SSFe-y
e e

Ionizing - |.
-
particle ..
-, DRIFT 6 mm
'. GEM1 mmmasaccecas2808
. e TRANSFER 1 2 mm
GEM 2 RN REEeERE
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INDUCTION 1 mm

"o o
o READOUT




Pixel Readout of MPGDs: “InGrid” Concept

“InGrid” Concept: By means of advanced wafer processing-technology INTEGRATE
MICROMEGAS amplification grid directly on top of CMOS (“Timepix”) ASIC

3D Gaseous Pixel Detector - 2D (pixel dimensions) x 1D (drift time)

ENE B EE
Deposit

50 im SU(8)

0.8 pm Al grid

1

Development
of SU8
photoresist

Vi e, S Protection Layer (few um)

* high resistive material against sparks k-
15 pmaSi:H (~10" Q-:cm) === Medipix2 / Timepix ASIC
8 pm SixNY (~ 104 Q-cm) X688 ZBmm 9 21 8 Skl X3BE  S8mm g S




"InGrid" Detector: Single Electron Response and Discharges

Observe electrons (~220) from an

X-ray (5.9 keV) conversion one by one and
count them

in micro-TPC (6 cm drift)

—> Study single electron response
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Fiber Trackers

. g ’ y Fibers&Ribbons
U TraCkerS also work WIth SCIntIIIatlng flbers The schematic layout of a ribbon

- fiber tracker of DO (at Tevatron) m

- 71'680 fibers of @ 835 pm each in several layers

The schematic layout of a superlayer

¢ Read-Out by VPLCs (visible Light Photon Counter)  £299000000000

- high quantum efficiency (80%), gain 20'000 — 50'000
when operated at cryogenic temperatures (6 - 10 K)

Mirror ~, «— Optical Connector
Scintillating Fiber .

,’,\ Gain Drift Substrate
‘ Waveguide Fiber Intrinsic Fegion Bpgien Spacer
Region Region
A ) !
Photodetector Cassette __ [~ _ _ b s
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Fiber Trackers

DO fiber tracker

4 Superlayers in barrel

optical
connectors

part of superlayer




Modern Tracking Detectors Summary

' Mainly two (three) types of tracking detectors

- wire detectors (gaseous) since 1960s

point resolution limited to ~50-150 pm

-= silicon detectors since early 1990s

very good point resolution, many electronics channels, “thick” compared to wire
chambers

- fiber tracker with scintillating fibers + photon detectors

Momentum resolution has two (three) main contributions

= error from multiple scattering

dominates at low momenta, requires thin/light detectors
- error from point measurements (intrinsic resolution)
dominates at high momenta, (large track length helps: « L2 + high magnetic field: « B)

= error from calibration/alignment (systematics)

additional contribution to point measurements + systematic shifts in momentum
measurement
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