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Particle Physics Landscape:

History of Instrumentation /
Modern Tracking Detectors          

High Energy Physics –
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 A look 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”):

 1927: C.T.R. Wilson, Cloud Chamber

 1960: Donald Glaser, Bubble Chamber

 1992: Georges Charpak, Multi-Wire Proportional Chamber



< 1950s: Cloud Chambers,
Nuclear Emulsions + Geiger-
Muller tubes dominated

1960-1985:
peak time for
Bubble Chambers

>1970: Wire
Chambers (MWPCs
and drift chambers) 
started to dominate

>1980: solid state detectors
in common use





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)
outermost detector layer, basically a tracking detector



Cut-away view of CMS Experiment

Tracker Calorimeter Coil Muon Detector and iron return yoke



Constituent       Vertex     Track     PID      Ecal Hcal Muon

PID = Particle ID
(TOF, Cherenkov, dE/dx)

electron             primary           — —

Photon γ           primary — —  — —

u, d, gluon        primary         —   —

Neutrino ν — — — — — —

s                     primary            —

c, b, τ secondary         —

µ primary         — MIP         MIP 

MIP = Minimum
Ionizing Particle



Tracking 
Detectors

“Classic” Detectors (historical touch...)
Momentum Measurement
Wire Chambers, MPGDs
Silicon Detectors
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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. 



E. Rutherford H. Geiger1909

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

First electrical signal from a particle !!!

pulse

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

1927
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Flux of particles

Cloud Chamber
+ Magnet

ObserverPassage of charge particle
would condense the vapor
into tiny droplets, 
marking the particle’s path
 their number being 
proportional to dE/dx

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



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 ~me
and charge +1, the positron

 First anti-particle

Cloud chamber
+ magnetic fieldB

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

Positron loses
energy in lead:
narrower curvature
23 MeV at exit

lead plate 

upward going 
positron of 63 MeV









1952 by Donald Glaser, Noble Prize 1960
(4.8 x 1.85 m2) chamber with liquid (H2) at boiling point (“superheated”)

C
ER

NGargamelle bubble chamber 

e-e-

Z0

νµ νµ
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Similar principle as cloud chamber:

 Instead of supersaturating a gas with a vapor 
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” 
(1973 by Gargamelle Collaboration, no Noble Prize) 





Liquid hydrogen “bubble chamber”

The hydrogen acts as a target (for 
incoming particles) and a 
detection medium

• Advantages:

liquid (hydrogen) is
BOTH detector medium 
AND target

high precision 
(~ 5 µm)

• Disadvantages:

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

LOW RATE CAPABILITY
Need FASTER 
detector (electronics !)     



Discovery of Muon
Neutrino by Spark 

Chamber
(1962 by Lederman, 

Schwartz, 
Stainberger;

Noble Prize 1988) Beam of the energetic protons to produce 
π-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 
existence of  muon-neutrinos. 



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



Cloud Chambers, Nuclear Emulsions + Geiger-Müller 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 m2 Si-surface in CMS tracker

Most recent trend: hybrid detectors
combining both gaseous and solid 
state technologies



Tracking 
Detectors

“Classic” Detectors (historical touch...)
Momentum Measurements
Gaseous Chambers
Silicon Detectors

LB
N

L 
Im

ag
e 

Li
br

ar
y



“Magnet spectrometer”

N

S

beam   magnet     calorimeter 
(dipole)

traget    tracking        muon filter

Limited solid angle dΩ coverage
rel. easy access (cables, maintenance)

“full” dΩ coverage
very restricted access

barrel    
endcap              endcap

Geometrical concepts

“4π multi purpose detector”

Fixed target geometry Collider Geometry

...should reconstruct any interaction of any type with 100% efficiency 
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)





Momentum of particle is 
decomposed in transverse
and longitudinal components

(ρ,φ) plane is used to determine
the transverse momentum pt

y

(ρ,z) plane is used to extract
dip angle

Let’s give some order of magnitude

s sagitta
L length

For a track length of 1m :



Intermezzo: an interesting formula of classical
electrodynamics

X = 0.5 E(MJ)0.66

E is the stored energy :   E = B2V/2µ0 

where V is the volume    :   V ~ πR2d

So what is X  ?????  In which units  ?????

X is the cost of the solenoid in M$ 

Answer:   (believe it or not !)

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 109 J and costed
about 100M$  (source: G. Tonelli) 

From G. Calderini





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 ~104 to 

get enough signal over noise 

 Silicon detectors
 electron – hole pairs in 
solid state material
typically ~100 e– - hole pairs/μm
300 μm thick detector creates high 
enough signal w/o gas amplification

 Fiber trackers
 scintillating fibers
scintillation light detected with photon detectors 
(sensitive to single electrons)

Gaseous Detectors:
• Wire Chambers, RPC, TPC
• Micro-Pattern Gas Detectors

Solid State (Si) Detectors:
• Microstrip/Pixel Detectors
• 3D technology and integration



Tracking 
Detectors

“Classic” Detectors (historical touch...)
Momentum Measurements
Gaseous Chambers
Silicon Detectors
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1908: FIRST WIRE COUNTER USED BY RUTHERFORD 
IN THE STUDY OF NATURAL RADIOACTIVITY

E. Rutherford and H. Geiger , 
Proc. Royal Soc. A81 (1908) 141

1928: GEIGER COUNTER 
SINGLE ELECTRON SENSITIVITY

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

1968: MULTIWIRE PROPORTIONAL CHAMBER

G. Charpak, Proc. Int. Symp. Nuclear 
Electronics (Versailles 10-13 Sept 1968)

Nobel Prize in Chemistry in 1908

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

Hans Geiger

Ernst Rutherford

Nobel Prize in 1992

George 
Charpak

Fabio 
Sauli

Jean-
Calude
Santiard

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

1st revolution:
MWPC



Three states of matter:
Solid, Liquid, Gas – why use Gas as a medium for ionization ?

 Effectively quite light in terms of gm/cm2, requirement for reducing multiple
scattering in particle physics

 Few other technologies can easily realize detectors with as large a sensitive 
area as gas-filled devices

 Gas-filled detectors are relatively cheap in terms of $ per unit area/volume

 There are optimized gas mixtures for charged particles detection
(high energy and nuclear physics), X-rays (synchrotron physics, astronomy) 
and neutrons (neutron scattering, national security)

 Electron transport characteristics are favorable and well characterized

 Gas gain, M (electron multiplication factor), can be achieved, over many
orders of magnitude (large dynamic range)

 Ionization collection or fluorescence emission can form the signal



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

Detection efficiency of a perfect detector is limited to:

ε =1- e−
thickness ε (%)

Argon

GAS (STP)

1 mm 91.8
2 mm 99.3

Helium 1 mm 45
2 mm 70

Number of primary
electron/ion pairs in

frequently used gases:

np

 for thin (L) layers ε can be significantly lower than 1

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

TOTAL 
ionization

= primary +
secondary
ionization



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 … … how ??? – GAS AMPLIFICATION

Total ionization (NT)~ 3 times primary ionization (NP)







http://pubxx.home.cern.ch/pubxx/tasks/hadident/www/dedx/#A1.5.1



ELECTRIC FIELD E = 0: THERMAL DIFFUSION

ELECTRIC FIELD E > 0: CHARGE TRANSPORT AND DIFFUSION 

E

IONS ELECTRONS

Maxwell energy distribution:

 

F(ε) = C ε e
− ε

KT

RMS of charge diffusion:

 

σ x = 2Dt

;   <ε> ~ kT~ 0.025 eV

Drift

Anode WireDiffusion





Large drift velocities are obtained by adding polyatomic gas 
(CH4, CO2, CF4) to Ar electrons cool due to energy transfer 
to rotational/ vibrational modes of the polyatomic gas 



Thin anode wire (~20–50um) coaxial with cathode: Avalanche development in the high electric 
field (~ 250 kV/cm) around a thin wire 
(multiplication region ~ 100 um):Cathode 

radius b

Anode 
radius a

 

E(r) =
CV0

2πε0

1
r

Different stages in the gas amplification 
process next to the anode wire.

GEORGES CHARPAK, Nobel Lecture, December 8, 
1992

Ions+ to cathode
(slow)

Electrons to anode
(fast)

Cloud track picture of a
single electron avalanche



• Recombination before collection (I)
• - ions recombine before collected

• Ionization Mode (II)
• - full charge ionization charge; 

- no charge multiplication yet; gain ~ 1

• Proportional Mode (IIIa)
• - multiplication of ionization

- signal proportional to ionization
- measurement of dE/dx
- secondary avalanches need quenching;

• - gain ≈ 104 – 105

• 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 ~ 1010

• Geiger Mode (IV)
• - massive photoemission; full length of 

the anode wire affected; 
- discharge stopped by HV cut
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High-rate MWPC with digital readout:
Spatial resolution is limited to σx ~ s/sqrt(12) ~ 300 µm

S ~ 1 mm

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

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

Space resolution < 100 µm

Resolution of MWPCs limited by wire spacing
better resolution  shorter wire spacing  more (and more) wires...





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

FIELD

ANODE

Factors affecting spatial resolution:

 Distribution of primary ionization
 Diffusion
 Readout electronics  
 Electric field (gas amplification)
 Range of ‘delta electrons’

The spatial resolution is not limited to the cell size 

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



UA1 used the largest imaging drift 
chamber of its day 

(5.8 m long, 2.3 m in diameter)

It can now be seen in the CERN 
Microcosm Exhibition

Z  ee (white tracks)

Particle trajectories in the CERN-UA1 
3D Wire Chamber 

Discovery of W and Z bosons
C. Rubbia & S. Van der Meer Nobel 1984 

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


Gas volumeReadout

z

x

y

ALICE

Separate two regions:
• Long drift along z ~ 1-3 m;
• Amplification at the end plate

Challenges:
Long drift time; limited rate capability

LXe TPC

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



• Track point recorded in 3-D 
(2-D channels in x-y) x (1-D channel in z = vdrift x tdrift)

• Particle identification by dE/dx
long ionization track, segmented in 100-200 measurements

STAR ion TPC 
BNL-RHIC

- LBL STAR TPC 
- at BNL RHIC ion collider

Powerfull tool for:

 Lepton Colliders
 Modern heavy ion collisions
 Liquid and high pressure noble gases for 
neutrino and dark matter physics program



ATLAS MDT R(tube) =15mm

Calibrated Radius-Time 
correlation
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ATLAS - TRD
(straws)

- - - MDT (drift 
tubes), CSC

RPC, TGC 
(thin gap

chambers)

CMS

-----
TOTEM

- - - - - Drift tubes, 
CSC
-----

GEM

RPC, CSC

-----
GEM

LHCb - Straw
Tubes

- - - MWPC MWPC, GEM

ALICE - TPC 
(MWPC)

TOF(MRPC),
PMD, HPMID 

(RICH-pad 
chamber), TRD 

(MWPC)

- - Muon pad 
chambers

RPC

ALICE TPC Straw tubes CMS CSC

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



GEM for 2D Imaging:
Using the lower GEM signal, the readout can be 
self-triggered with energy discrimination:

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

9 keV absorption radiography 
of a small mammal (image size 
~ 60 x 30 mm2)

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

Wire Chamber Radiography:

Position resolution ~ 250 um



 Micromegas

 GEM

 Thick-GEM, Hole-Type and RETGEM

 MPDG with CMOS pixel ASICs (“InGrid”)

 Micro-Pixel Chamber (µPIC)

Electrons

Ions

60 %

40 %

Micromegas GEM THGEM MHSP

InGrid

µPIC

Rate Capability: 
MWPC vs MSGC



Typical distance between
wires  limited to 1 mm
due to mechanical and
electrostatic forces

Typical distance
between anodes  200 mm
thanks to semiconductor
etching technology

MWPC MSGC

anode cathodecathode

A. Oed, Nucl. Instr. and Meth. A263 (1988) 351.

Rate capability limit due to space
charge  overcome by increased 

amplifying cell granularity



MICRODISCHARGES

FULL BREAKDOWN

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

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



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

 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.

S1 S2 S3 S4

Induction gap

e-

e-

I+

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

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

the primary electrons released by the
ionizing particle, drift towards the holes

where the high electric field triggers the 
electron multiplication process.



Animation of the avalanche process 
(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

• Garfeld++:  simulate 
electron avalanches

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

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


F. Sauli, NIM A386(1997) 531;
F. Sauli, http://www.cern.ch/GDD

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

Cartesian 
Compass, LHCb

Small angle

Hexaboard, pads
MICE

Mixed
Totem

Compass Totem

33 cm

NA49-future

Amplification and readout structures can be optimized independently !



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

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

Multiplication (up to 105 or more) 
takes place between the anode and
the mesh and the charge is collected
on the anode (one stage)

Small gap: fast collection of  ions



Multi-GEM Gaseous Photomultipliers:

 Largely reduced photon feedback
(can operate in pure noble gas & CF4)

 Fast signals [ns]  good timing
 Excellent localization response
 Able to operate at cryogenic T

CsI ~ 500 A

Semitransparent
Photocathode (PC)

CF4
770 torr

3 GEM
σ = 1.6 ns

Single Photon Time Resolution:

CsI ~2500 A

Reflective 
Photocathode (PC)

200 µm

FWHM ~160 µm 
Beam ~ 100 µm 

Intrinsic accuracy 
σ (RMS) ~ 55 µm 

Single Photon Position Accuracy:

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

Micromegas: σ ~ 0.7 ns with MIPs

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



GEM for 2D Imaging:
Using the lower GEM signal, the readout can be 
self-triggered with energy discrimination:

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

9 keV absorption radiography 
of a small mammal (image size 
~ 60 x 30 mm2)

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

Wire Chamber Radiography:

Position resolution ~ 250 um



mirror

CCD 
camera

aluminized 
Mylar
window

GEM2GEM1
cathode

transparent
window

3 4 35 mm

Light output  for 138 MeV protons:Scintillation light (optical) & charge Readout:
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Scintillating screen
GEM-charge
GEM-light

Bragg curve with 360 MeV a-beam

Gas: Ar/CF4
E. Sevaralli et al., Scintillating GEM for 2D Dosimetry 
in a-beam, submitted to IEEE TNS
S. Fetal et al., NIMA513 (2003) 42

Ar-CF4
(96-4%)
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LIGHT SIGNAL FROM GEM:
(only 4% smaller than ionization chamber signal)



Scintillation light (optical readout) in a 
multiple GEM detector recorded by a 
CCD camera

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

Bragg peak 
for a-particles

Neutron Imaging: 3He + n  p + 3H + 764 keV

Scintillation image of
a-particle

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



Fluoroscopy:

CT and 
3 D Imaging:

F. Resnati,CERN-PH-GDD group:
https://indico.cern.ch/event/496113/session/1/contribution/3



MSGC (ILL, A. Oed) GEM (CERN, F. Sauli)
MicroMEGAS (CEA Saclay, Y. Giomataris)

µ-PIC (A. Ochi, T. Tanimori)
Capillary plate (Yamagata U., H. Sakurai)

RD51
collaboration

InGrid

RD28

68

LEM (Periale)
THGEM(Chechik)

 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



• More than 80 groups
• More than 400 people
• National and International Laboratories
• National Institutes and Universities

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

10

3

58

15

 Large Scale R&D program to advance 
MPGD Technologies 

 Access to the MPGD “know- how”

 Foster Industrial Production

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


Wire Chambers, TPC, RPC MPGD (GEM, Micromegas)  InGrid (3D)

Micromegas:

Ingrid

TODAY: FUTURE:YESTERDAY: INTEGRATION INTEGRATION

Advances in photolithography 
Large Area MPGDs (~ m2 unit size)



Tracking 
Detectors

“Classic” Detectors (historical touch...)
Momentum Measurements
Gaseous Chambers
Silicon Detectors
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CDF ExperimentH1 Experiment

ALEPH Experiment DELPHI Experiment

Strip and hybrid pixel detectors are mature technologies employed in almost every
experiment in high energy physics.



Ratio of detector surface
to nearby electronics

surface 1:300 !

NA11/NA32 Experiment at CERN –Measure Lifetime and Mass of Charm Mesons

 1200 diode strips on 24 x 36mm2 active area 
 250-500 μm thick bulk material 
 4.5 μm resolution



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!”

b-jet identification is crucial,
making use of 1.5 ps b lifetime:
flight distance  few 100 μm
 need hit precision ~ 10 μm

Top Quark Production at Tevatron
(t tbar bW bbarW):





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

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

2010s: SiD concept for ILC
• Si vertexing
• Si tracking
• Si calorimetry

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 µm feature size) to Si-calorimetry (ILC)



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



• 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)

• 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



• 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 ≈1012 atoms/cm3

(1014 und 1018 atoms/cm3 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.

A pn junction consists of n and p doped substrates:



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

leaves positively charged ion

• The energy level of 
the donor is close
to the edge of the 
conduction band. 

• At room T most
electrons are raised to 
the conduction band.
The fermi level EF
moves up.



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 The acceptor atom is negatively charged

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

• At room T most levels
are occupied by electrons
leaving holesin the valence 
band. The fermi level
EF moves down.



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:

dE/dx*d     3.87 eV/cm*0.03 cm 
------------ = ------------------------- ~ 3*104

IO                                   3.62 eV            (e/h pairs)

• Fluctuations give the famous Landau 
distribution  the most probable value 
is 0.7 of the peak

• The most probable value is 22000 e/h pairs

Intrinsic charge carrier in Si (in d = 300 um & area A = 1 cm2) at T = 300 K:
ni * d * A = 1.45 * 1010 cm-2 * 0.03 cm * 1 cm2 ~ 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 (ni at 77K ~10-20)  complicated
 Deplete the volume from free charge

carriers & to register MIP signal  pn Junction 



Now, for the magic part  we can construct pn junction
• When brought together to form
a junction, the majority diffuse carriers across
the junction. 

• The migration leaves a region of
net charge of opposite sign on each side, 
called the space-charge region or depletion
region. 

• The electric field set up in the
region prevents further migration of carriers.

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

electrons drift towards p-side, holes
towards n-side buildup of a potential

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



dp

dn

dn

dp

100 V is enough to deplete
~ 300 um Si-detector





Resolution  difference between reconstructed position and true position
For one strip cluster: For two strip 

clusters:

Typical values 
of 300 um 

thick sensor
with S/N ~ 20:



Measure IV curve to check maximum long-term stability 
of the sensor and maximum Vbias:

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.
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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 





Resolution  difference between reconstructed position and true position
For one strip cluster: For two strip 

clusters:

Typical values 
of 300 um 

thick sensor
with S/N ~ 20:





“Module”  the basic building block of a silicon tracking detector



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. 

SEM Image of bond “foot”:

• 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.





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

as used 
In this and in this

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

into tiny squares

• Biasing, depletion works in the same way

• Low leakage current: ~1pA/pixel 
• Low detector capacitance 
(~1fF/pixel): S/N ~ 150/1
• “Radiation hard” due to large S/N margin

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

Pixel size: ~ 50*450 um (LHC)
55*55 um (Medipix2/Timepix)



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

electrical connection for each pixel

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

the readout chip

Bonds: 

• 50 µm pitch
• PbSn or In
• 6-20 µm high
• ~ 3000/chip
• ~50000/module

Bump-bond
failure rate
(CMS) ~ 10-4



CMS: ~ 220 m2 Silicon: 
More than all other 

previous HEP 
experiments combined !



ATLAS: silicon + gas

CMS: fully silicon





27 mechanical different modules + 2 types of alignment modules

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



Silicon Strip Detectors: 220 m2

• 25000 silicon sensors
• 10 M strips = electronic ch.
• 75376 readout chips
• 26.000.000 bonds
• 37.000 analog optical links

Silicon only 
tracker solution

• 10 layers of Si-strip (barrel)
• 9 endcap Si-strip wheels



Pixel Detector: ~ m2

• 3 layers of pixels 
• 1440 pixel modules
• 66 M pixel = 

electronic channels

Half disk of forward pixels:

Silicon only 
tracker solution



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

~ 220 m2 Silicon: 
More than all 

other previous 
HEP experiments 

combined !



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



Barrel pixel

Forward pixel



ILC / CLIC Oriented Pixel Sensor R&D:HL-LHC Tracker Upgrades R&D:
(Higher granularity / radiation hardness)

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

Silicon surface:
ATLAS and CMS need to exchange 
Si-trackers during LS3 (2022/23) due 
to radiation effects: 400 m2

CMS ECAL/HCAL Endcap: 600 m2 ?
ILD/SiD ECAL: 2500 (1200) m2

Wide range of technologies (ILD/SiD/CLIC):

 CMOS MAPS, DEPFET, SOI, FP-CCDs, 
thin-Si/Timepix, Chronopix, 3D integration    

 Very light-weight supports  no liquid 
cooling to achieve material budget goals

 Low power consumption crucial: 
power-pulsing of readout electronics



Trigger @ L1: the path to fully exploit CMOS potential

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

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

 3D-IT expected to be very beneficial for CMOS sensors:
Combine different fabrication processes -> choose the best 
ones for each tier/application

 Split signal collection and processing on different tiers

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



• Charged Coupled Devices (CCD)
• Silicon Drift Detectors
• Silicon Photo Multiplier (SiPM)
• Hybrid Active Pixels (HAPS)
• Monolithic Active Pixels (MAPS)
• Depleted Field Effect detectors 
(DEPFET)
• Silicon On Insulator (SOI)
• 3D pillar silicon sensors
• 3D vertically integrated systems

Several alternative pixel technologies & readout architecture under development:

Motivation to develop new pixel 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

Charge-coupled devices (CCD)
Some of these

concepts 
described in 

backup 
transparancies



Used in DELPHI,
ALICE, ATLAS; CMS





(Complimentary Metal-Oxide Semiconductor)





Used in  ALICE



Candidate for ILC and SuperBelle



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)

Maximum drift and depletion distance
governed by electrode spacing:

• Lower depletion voltages
• Faster/more efficient charge 
collection
• Small leakage currents
• Higher radiation hardness
• Narrow dead regions at the edges

 At the price of more complex 
processing

Very small depletion
& drift distances:

hole diameter: 10 µm
distance ~20-50 µm



TODAY: Pixels 
50 – 100s µm

Trends and Perspectives:

 Improve rad. hardness (p-type bulk)
 Reduce the thickness to 50 µm
 From 6” to 8” and 12” wafers
 R&D on SLID/TSV interconnect.

TODAY: Monolithic
25 – 50 µm

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

TOMORROW: 3D
Detectors (25–50 µm)

Day After Tomorrow: 
3D TSV (< 20 µm)

Integrated sensor &
electronics: Less X0,

no bonding, low noise

Lower  Vdep (power)
Faster charge collection

3D vertical 
Integration (TSV)

Motivation to develop new Pixel Detectors:

 Decrease fabrication cost
 Develop thinner pixel systems
 Easy fabrication of large area devices
 Integrate More (= denser) Intelligence

LHC ILC
LHC HL-LHC

HL-LHC
CLIC



INSTRUMENTATION FRONTIER: 

PIXEL READOUT OF MPGDs –
Ultimate Gas-Silicon Detector Integration

Ingrid

Triple GEM stack + Timepix ASIC (5 GeV e-):

1.5 cm

“Octopuce” (8 Timepix ASICs):

X-Rays α-particles



Me

+
-

+
-

Medipix2/

Timepix 

CMOS

ASIC

X-ray source

Ionizing

particle

Flip-chip 
bump bonding
connections

Semiconductor
sensor

Gas volume

Amplification System (MPGD)

Solid state pixel detector

Medipix2/Timepix

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

Gaseous detector

Medipix2 / Timepix ASIC (0.25 µm –IBM/CMOS)

 256 × 256 pixels  of 55 × 55 μm2 size 
 Medipix2: digital with 2 THR (low and high)
 Timepix: 2 modes (TOT ≈ integrated charge

TIME  = Time between hit and shutter end)



“InGrid”:

Protection Layer (few µm)
against sparks

~ 50 µm

Medipix2 / Timepix ASIC

“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)



Fe55

source

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

1.5 cm

P. Colas, RD51 Collab. Meet., 
Jun.16-17, 2009, WG2 Meeting

Provoke discharges by introducing small 
amount of Thorium in the Ar gas - Thorium 
decays to Radon 222 which emits 2 alphas of 6.3 
& 6.8 MeV

 Round-shape images of discharges

M. Fransen, RD51 Collab. Meet.,
Oct.13-15, 2008, WG2 Meeting
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