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Particle Detectors
Lecture at the African School for Fundamental Physics and Applications,

July 2024 
Marrakesh, Morocco

Lecture IV
Advanced detectors and  
               some new developments
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Particle Detectors

Goal this lecture:
 to discuss some examples 

Looking at recent technological developments 
infinite number of ideas for new detectors

Lecture IV
§ LHC detectors
§ Recent developments of CMOS pixel detectors
§ Fast detectors for time of flight measurements
§ High granularity calorimeters
§ High purity segmented Ge-detectors for Nuclear physics
§ A glimpse at cryogenic detectors for particle and astrophysics

Don’t forget the Exercises!!!!!

Lecture at the African School for Fundamental Physics
Marrakesh, Morocco, July 2024
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Large HadronCollider

CMS
experiment

Lucas Taylor,  2012 3

7 TeV protons + 7 TeV protons
Large Hadron Collider
The LHC

• Proton beams circulate 11,245 
times/sec

• 100’s of millions of proton-proton 
collisions/second  

• 65 pp collisions every 25 ns
• new particles are created (E = mc 2)
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Click to edit Master title style

§ Click to edit Master text styles

– Second level

" Third level

– Fourth level

" Fifth level
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Large HadronCollider

CMS Centre @ CERN

CMS
experiment

CERN Computer Centre
Lucas Taylor,  2012 4

• Proton beams circulate 11,245 
times/sec

• 100’s of millions of proton-proton 
collisions/second  

• 65 pp collisions every 25 ns
• new particles are created (E = mc 2)

7 TeV protons + 7 TeV protons

The LHC

CMS

ALICE

Large Hadron Collider
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ATLAS superimposed to
the 5 floors of building 40

CMS

ATLAS

How huge are ATLAS and CMS?

ATLAS         CMS
Overall weight (tons)       7000          12500

Diameter                     22 m           15 m

Length                       46 m            22 m

Solenoid field                    2 T             4 T
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3300 Physicists 
and Engineers
    39 Countries

  172 Institutions
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Compact Muon Solenoid
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Transverse slice through CMS detector
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Energy / momentum resolution

 

dE
E
∼
1
E
; dpT

pT
∼
△s
BL2

pT

The number of created  secondary 
particles is proportional to the 
energy         
 E ~ N, sRMS ~ √N ~ √E

TrackingCalorimetry
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3-jet event in CMS

Might have been a b-quark
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CMOS Pixel detectors
§ Powerful vertex detectors
§ For high resolution tracking
§ Industrial processes 
§ Very small material budget (thin detectors)

" Remember multiple scattering ! 
" Photon conversion to e+ e-

" Bremsstrahlung of electrons

§ MAPS = Monolithic Active Pixel Sensors



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

16

Classical Hybrid Pixel detector 

Pixel 
electronics: 
complex!

DELPHI-LEP-CERN
Pixels : 330x330 µm 

152 modules, 1.22 M channels



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

17

CMS Pixels

ATLAS Pixels
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CMOS (Complementary metal-oxide-semiconductor) Detectors

§ Signal is created in p-epitaxial layer (lower
doping):

Q » 80 e-h / μm Þ signal < 1000 e−

§ e− diffusent (thermiquement) to the jonction 
helped by reflexions at the boundaries
formed by the p-well and the substrat 
(higher doping)

§ Diffusion time < 100ns

§ Charge is collected by the diode formed by 
the jonction n-well/p-epitaxial layer

Avantages of CMOS VLSI technology:
• μ-circuits integrated but still
• 100% fill factor
• Small sensitive volume (» épitaxial layer) »10 μm thick detectors can be

very thin
• Industrial production standards Þ « modestes » costs, 

p++ substrate

p-epitaxial layer

Short coming: 

Circuitry of the electronic circuit is limited to 
only NMOS transistors.
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ALPIDE — the Monolithic Active Pixel Sensor (MAPS) 
for ITS2
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Characteristics:
§ Pixel detector could be made very thin, low material budget!

§ Thin epitaxial layer à Small signals

§ Small pixel size possible (10x10µm2) to obtain very good spatial 
resolution, but then limited space for electronic circuit available

§ (Only n-well Transistors)

§ Simple on pixel-cell electronics à slow Read Out (next slide)
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Overview of Rolling 
Shutter Architecture

Tomasz Hemperek, PhD thesis

Rolling shutter readout concept where the integrated signal is read out and reset row 
by row:
• In this case all pixel outputs in the column are connected. 
• Only one row of pixels is selected at a time for readout and/or reset. 
• The column outputs can be multiplexed at the periphery in case of limited analog outputs. 

• The recorded values can be digitized by external or internal components

On chip 
electronics



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

22

Typical layout of a MAPS chip
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Developments to improve performance for 
different experiments

§ Several labs develop CMOS pixel sensors : Italy (INFN, Univ.), 
UK (RAL), CERN, France (IPHC, Saclay), USA, ...

§ Increase and speed up collected charge by drift in depleted 
silicon

§ Use of high resistivity silicon wafers

§ Use of different (more complicated) CMOS processes 

§ Change layout to use the complete design potential (use of p-
MOS transistors)

§ Speed up Read Out architecture
§ Large area (wafer size) devices (stitching)

§ Curved thin detector layers without additional support material

§ …. 
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Depleted Monolithic
Active Pixels 

(HV-MAPS or D-MAPS)

Goals:
• large signals
• fast charge collection by drift in a 

50μm – 200μm thick depleted layer
• the use of PMOS and NMOS 

transistors in the pixel cell (full 
CMOS), 

• The entire CMOS pixel electronics is
placed inside the deep n-well. 

• This way, the pixel contains only one 
deep n-well without any inactive 
secondary wells that could attract the 
signal charge and cause detection
inefficiency. 

• it is reversely biased with respect to 
the substrate from the front side. 

• By applying high voltage reverse bias
(>60V) it is possible to create a 
depletion depth of a few to tens of 
microns

• implementation in a commercial 
technologyTomasz Hemperek, PhD thesis
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Depleted MAPS, logic inside collecting node

Depleted MAPS, HV-SOI 
(BOX = buried layer of silicon oxide)

Depleted MAPS, 
Logic located outside collecting node

Tomasz Hemperek, PhD thesis

Many different designs are being

explored and tested
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STAR experiment at RHIC, BNL
First large scale application of MAPS in an experiement

§ 2 layers of MAPS for pixel vertex detector

M. A. Szelezniak PhD thesis 2008

Building Vertex detectors with MAPS
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STAR experiment at RHIC, BNL
First large scale application of MAPS in an experiement

§ 2 layers of MAPS for pixel vertex detector

carbon fiber sector tubes (~ 200 μm thick)

356 M pixels in 2 layers ~0.16 m2

R=28mm, 80mm
Pixels size 20.7x20.7 µm2

X/X0 = 0.39% for layer 1
Integration time 185.6 µs
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Collision point

Dimensions :

Length : 26m.

• Hight : 16m.

•Weight : 10000 
tonnes.

Over 1000 
physicists

ALICE

Muon 
spectrometer
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CMOS MAPS:
Spatial resolution ≈ 5 μm

Integration time   < 10 μs

high-resistivity silicon epitaxial layer 

Building Vertex detectors with MAPS
ALICE (LHC-CERN)
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Building Vertex detectors with MAPS
ALICE (LHC-CERN)
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ALICE (LHC-CERN) ITS 2
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50µm thick



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

34



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

35

Development of Interconnects

Bonding on curved chips and 
circuits

Procedures, jigs, mandrels, 
integration

with bonding machine
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First Tracker layer R~3cm ~0.7 
hits/BX/mm2 = 2.8 GHz/cm2
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3D Silicon
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CMS Pixel upgrade for HL-LHC
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4D Detectors (x,y,z and time)
Tracking z-resolution can be larger
than vertex-separation: Ambiguous
Track-to-vertex association

N. Cartiglia, INFN, Hiroshima Conference 2017

Timing at each point along the track:
• Massive simplification of patter

recognition
• Faster tracking algorithm
• Even in very dense environments

by using only “time compatible 
points »
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Need to discriminate vertices with time spread of ~180 ps, must have time track timing

resolution significantly smaller than beamspot spread so that tracks cluster in time.
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Crystals
lutetium-yttrium orthosilicate crystals activated with cerium (LYSO:Ce) read out with SiPMs. The

The barrel timing layer will cover the pseudorapidity region up to |h| = 1.48 with a total active surface of 
about 40 m2. 

The fundamental detecting cell will consist of a thin LYSO:Ce crystal with about 12⇥12 mm2 cross-
section coupled to a 4x4 mm2 SiPM. 

The crystal thickness will vary between about 3.7 mm (|h| < 0.7) and 2.4 mm (|h| > 1.1),
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Nicolo Cartiglia
LGADs

Lots of R&D, DC and AC coupled, chip design, test beams
Both ATLAS and CMS but also for Higgs factories etc
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Calorimeters: HGCAL for the 
High Luminosity-LHC

High granularity and time resolution
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HGCAL for the High Luminosity-LHC
is a very complex instrument
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High purity segmented Ge-detectors 
for Nuclear physics
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µ = 0.007 cm-1

µ = 0.18 cm-1

µ = 0.6 cm-1

Photo-electric effect
Absorption of g

Compton scattering
scattering g -> g' 

Creation of (e+e-)  
pairs               

Absorption of  g

Reminder !
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Response of NaI
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Amplitude(ADC)  
~   Volts 

 ~   charges/photons
 ~    energy of gamma

NaI

Photo 
peak

Germanium

Energy

Large volume semi-
conductor detector
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Parameters Values for Materials Used in Fabricating Semiconductor Radiation Sensors 
[3]

 
Mobility (velocity/E)  

density 
Z [a.m.u]  

Material 
 

Eg [eV] 
 

w [eV] 
µe 

[cm2/Vs] 
µh 

[cm2/Vs] 

 
te [s] 

 
th [s] 

g/cm³  

C 
(diamond) 

5.5 13 1800 1200 2 10-9 2 10-9 3.515 6 

Si 1.12 3.61 1350 480 5 10-3 5 10-3 2.33 14 
Ge 0.67 2.98 3900 1900 2 10-5 2 10-5 5.32 32 

GaAs 1.42 4.70 8500 450 5 10-8 5 10-8 5.32 31,33 
CdTe 1.56 4.43 1050 100 1 10-6 1 10-6  48,52 
HgI2 2.13 4.20 100 _ 1 10-6 2 10-6  53,80 

 

W.Dulinski

Semi-conductor detectors

   

dN
N

=
1
N

; E ∼ N ; N = numb. of (e,h))
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-xp xn

Inverse Polarisation

p n

Holes move to « - » 
electrons move to 

contact "+"

-xp

xn
d

Depletion
zone

d
Vbias

= xn + xp =
2ε φ0 +Vbias( )

e

NA + ND( )
NAND

   

N A  N D

depletion in n-type d  xn ≈ 0.53 ρnφ0 µm

ρ  2 ⋅104Ωcm, φ0  1V
⇒ d 75µm
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Large volume detectors

§ Depletion zone :

§ High purity :
   

d
Vbias

= xn + xp =
2ε φ0 +Vbias( )

e

N A + N D( )
N AN D

N = N A  N D ; φ0 Vbias

d
Vbias

=
2εVbias

eN
; N = N A  ou N D  = net impurity of material

N = 10+13 atoms / cm3 ; Vbias = 3000Volt ;

d
Vbias=3000Volt

= 2.2mm

  

N A ou N D = 10+10 atoms / cm3 ; Vbias = 1000Volt ; ε = 16 ⋅ ε0;

ε0 = 8.85 ⋅10−12 F / m ; F =Coulomb /Volt ; e = 1.6 ⋅10−19Coulomb

d
Vbias=1000Volt

= 1.8cm

d
Vbias=2000Volt

= 2.5cm

d
Vbias=3000Volt

= 3.1cm
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Energy measurement 
of gammas

 (|NA-ND| @ 1010 cm-3):

§ Egap = 0.74 eV Þ 
operation  temperature 
: T= 77K

§  weh=2.98 eV 
Þexcellent resolution

– Eg = 1 MeV, dE @ 1 keV

– “High” photo peak 
efficiency

High Purity Germanium
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Germanium detectors
Operation temperature: T= 77K (Liquid Nitrogen)

Configuration : co-axial
Electronics is mounted very close to the Crystal
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Spectrum of 60Co with HPGe

Resolution(FWHM) 1-2 keV @ 1MeV
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Anti-Compton
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Rates 3 MHz (Mg= 1) 300 kHz (Mg= 30)

Efficiency 43% (Mg= 1) 28% (Mg = 30)

Peak/Total 58% (Mg= 1) 49% (Mg = 30)

Angular Resolution ~1o

FWHM (1MeV), v/c = 50% ~6keV

180 hexagonal crystals:      3 shapes

3 fold clusters (cold FET): 60 all equal

Inner radius (Ge):        23.5 cm

Amount of germanium:      362 kg

36-fold segmentation          6480 segments

A
G

A
TA

 D
ef

in
iti

on
: N

IM
 A

 6
68

 (2
01

2)
 2

6

What is AGATA? 13 Countries,  > 40 Institutions

• Solid Sphere of Ge 
material: Solid angle 

coverage ~ 82 %
• 36-fold segmentation of 

crystal
• Track each gamma 
interaction through the 

crystal

• Reconstruct and 
disentangle gammas 

What is AGATA?

Dr Helen Boston



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

68

signal formation in
Ge-HP

Cylindrical geometry

e-
h+

Gamma interactions
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Segmentation of High Purity Ge crystal
Divide the electrodes on the surface of the detector

Weighting field shows how the segmentation works

Michaël Ginsz, PhD thesis 2017
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The concept of γ-ray tracking

Highly segmented 

HPGe detectors

Identified 
interaction points

(x,y,z,E,t)i

Evaluation of 
permutations of 

interaction points

Digital 
electronics

to record and 
process signals

1

2
3

4

Reconstructed g rays

Pulse Shape Analysis
to decompose

recorded waves 

g

AGATA Tracking Concept

Dr Helen Boston
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Pulse Shape Analysis conceptPulse Shape Analysis Concept

B4 B5B3

C4 C5C3

CORE

A4 A5A3

C4

D4

E4 F4

A4

B4

x

y

z = 46 mm

(10,10,46)

measured

(10,30,46)

791 keV deposited in segment B4

Dr Helen Boston
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B4 B5B3

C4 C5C3

CORE

A4 A5A3

C4

D4

E4 F4

A4

B4

x

y

z = 46 mm
791 keV deposited in segment B4

(10,10,46)

measured
calculated

Pulse Shape Analysis conceptPulse Shape Analysis Concept

Calculated from Electric 
field simulation

Dr Helen Boston
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B4 B5B3

C4 C5C3

CORE

A4 A5A3

C4

D4

E4 F4

A4

B4

x

y

z = 46 mm

(10,15,46)

791 keV deposited in segment B4

measure
d

calculate
d

Pulse Shape Analysis conceptPulse Shape Analysis Concept

Dr Helen Boston
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B4 B5B3

C4 C5C3

CORE

A4 A5A3

C4

D4

E4 F4

A4

B4

x

y

z = 46 mm

(10,20,46)

791 keV deposited in segment B4

measured
calculated

Pulse Shape Analysis conceptPulse Shape Analysis Concept

Dr Helen Boston
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B4 B5B3

C4 C5C3

CORE

A4 A5A3

C4

D4

E4 F4

A4

B4

x

y

z = 46 mm

(10,25,46)

791 keV deposited in segment B4

measured
calculated

Pulse Shape Analysis conceptPulse Shape Analysis Concept

MATCHED!!!

Dr Helen Boston
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B4 B5B3

C4 C5C3

CORE

A4 A5A3

C4

D4

E4 F4

A4

B4

x

y

z = 46 mm

(10,30,46)

791 keV deposited in segment B4

measured
calculated

Pulse Shape Analysis conceptPulse Shape Analysis Concept

Dr Helen Boston
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Result of 
Grid Search
algorithmB4 B5B3

C4 C5C3

CORE

A4 A5A3

C4

D4

E4 F4

A4

B4

x

y

z = 46 mm

(10,25,46)

791 keV deposited in segment B4

measured
calculated

Pulse Shape Analysis conceptPulse Shape Analysis Concept

Dr Helen Boston
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Evolution of AGATA
2012-2014

GSI, Germany
~25 detectors

AGATA at GSI

2014-2021
GANIL, France

45 ->   
detectors

AGATA at GANIL

2021-2024
Legnaro, Italy

60 -> detectors

AGATA at LNL

2025 ->
FAIR, Germany

80-90 detectors

AGATA at NUSTAR

Reaccelerated RIBs:
- Coulomb Excitation, Direct Reactions, Deep 

Inelastic, Fusion
- Direct and inverse kinematics b ~ 10%

In-flight RIBs:
- Relativistic Coulomb 

Excitation, Knockout, 
Fragmentation.

- b ~ 50%

They had about 60 detectors for AGATA by end 2023
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Evolution of AGATA
2014-2021

GANIL, France

45 -> 
detectors
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Conclusions
(nuclear detectors)

§ High Z Scintillators are used for gamma 
spectroscopy, particular for anti Compton 
spectrometers

§ Low Z (organic)-Scintillators used for particle 
detection/stopping

§ Semiconductors: Si used for charged particle 
spectroscopy (alpha, protons, ... Fission 
fragments)

§ Semiconductors: HP-Ge for high resolution and 
high efficient Gamma spectroscopy
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We (and all of chemistry) are a small minority in the 
Universe.

WL

WM
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Dark Matter ?
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A double phase liquid xenon TPC
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A double phase liquid 
xenon TPC

avalange
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• Ge cristals of up to 1Kg 
• Very rare events about 
    1 event/Kg/year
• Recoil of some keV
• Heat changes of 

• DT »  few mK => cryostat(3He-4He) 
• Operation temperatur of 10 milli-Kelvin 

EDELWEISS
(Expérience pour Détecter Les Wimps en Site Souterrain)

parcours d’électrons >> µm

parcours d’un récule << µm
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Ge ionization – phonon detectors I
NTD sensor

(Neutron Transmutation Doped Ge)

Al center

electrode

Ø bolometer mass: 320 g

Ø 100nm sputtered Al layer as electrode (center + guard ring) 

Ø 60nm Ge(Si) amorphous layer below electrode

Ø NTD temperature sensor glued on sputtered gold pad on guard ring electrode

Ø electrical contacts/heat links via gold wire bonding (Ø=25µm)

Ø operating temperature T=17.00±0.01mK
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n/g discrimination

> 99.9% 

for Er >15 keV

73Ge(n,n’g) 68.8 keV

         13.3 keV

Ionization threshold

3.7 keV

Recoil threshold

20 keV

ionization – phonon signal plane

EDELWEISS calibration
of 320g Ge with 252Cf 
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Samir Banik | TU Wien, HEPHY, EPS 2023
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Dark matter searches
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Axions and Axion-like particles (ALPs)
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Requirements for ALPS II:
• Sensitivity to very low rates (1-2 photons a day)
• Low energy photon detection (1064nm equivalent to 1.16eV)
• Long term stability (~20 days)

• Low background rate: < 7.7 � 10−6 cps
~ 1 photon (1064nm−like) every 2 days
• High detection efficiency
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Résumé
§ This was a very short and limited snapshot of 

some of the many ideas and developments on 
detectors.

§ There are many more ideas for sensors and 
experiments

§ Just to mention a few:
– Kinematic Inductance Detector (KID)
– Superconductor QUantum Interference Device (SQUID)
– Nano-dots, nano wires, graphene…..
– …
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