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Birth of Micro Pattern Gaseous
Detectors

Lƴ ǘƘŜ флΩǎ ŀŘǾŀƴŎŜǎ ƛƴ ƳƛŎǊƻŜƭŜŎǘǊƻƴƛŎǎ ŀƴŘ ǇƘƻǘƻƭƛǘƘƻƎǊŀǇƘƛŎ ǘŜŎƘƴƻƭƻƎȅ ƻƴ 
flexible and standard PCB substrates favored the invention

Pitch size of a few hundred microns, an order of magnitude improvement in 
granularity over wire chambers

First Micro Pattern Gaseous Detector (MPGD):  Micro-strip Gas Counter 
(MSGC) Oed, 1988
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MSGC

Performance

Å Intrinsic high-rate capability (>106 Hz/mm2), 

Å excellent spatial resolution (down to ол ˃m), 

Å multiparticleresolution(Ḑ500 ˃ m), 

Å single photo-electrontime resolutionin the ns-range, 

Å large sensitive area and dynamic range.

Limitations:

Å Destructive sparks,

Å time-dependent gain shifts (substrate polarization and 
charging up), 

Å ŘŜǘŜǊƛƻǊŀǘƛƻƴ ŘǳǊƛƴƎ ǎǳǎǘŀƛƴŜŘ ƛǊǊŀŘƛŀǘƛƻƴ όάŀƎƛƴƎέύΦ
Credit: Sauli «GaseousRadiation Detectors» 
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TPC
Time Projection Chamber
D. R. Nygrenet al., 1974

MSGC
Micro-StripGasChamber

A. Oed, 1988

GEM
GasElectron Multiplier

F. Sauli, 1997

MWPC
Multi-WireProportional

Chamber
G. Charpak et al., 1968

ANODE CATHODE CATHODE 

200 µm 

MICROMEGAS
MICRO-MEshGAseousStructure  

I. Giomatariset al., 1996

MPGD

Birth of MPGD
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GasElectron Multiplier (GEM)
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GEM

A thin, metal-clad polymer foil chemically perforated by a high density of holes, typically 100/mm2

Large ɲV between the two sides of the foilcreates a high field
Electrons released in the upper region, drift towards the holes acquiring enough energy to provoke ionisations
Large fraction of electrons are transferred into the lower section
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GEM

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

Amplification and readout structures can be optimized independently

άStudy of long-ǘŜǊƳ ǎǳǎǘŀƛƴŜŘ ƻǇŜǊŀǘƛƻƴ ƻŦ ƎŀǎŜƻǳǎ ŘŜǘŜŎǘƻǊǎ ŦƻǊ ǘƘŜ ƘƛƎƘ ǊŀǘŜ ŜƴǾƛǊƻƴƳŜƴǘ ƛƴ /a{έΣ J. Merlin, 

CERN PHD theses, https://cds.cern.ch/record/2155685/files/CERN-THESIS-2016-041.pdf 8

https://cds.cern.ch/record/2155685/files/CERN-THESIS-2016-041.pdf


Manufacturingof GEM: single mask

FromF. Sauli RD51 school2023

Large size detectors

« MPGD manufacturing» by Rui de 
Oliveira on 3/12



STANDARD
Double-Conical
Hourglass

CYLINDRICAL

CONICAL

Manufacturingof GEM: double mask
FromF. Sauli RD51 school2023

« MPGD manufacturing» by Rui de Oliveira 
on 3/12



STANDARD
Double-Conical
Hourglass

CYLINDRICAL

CONICAL

Manufacturingof GEM: double mask

FromF. Sauli RD51 school2023

Å Shape of the holesinfluence 
performance

Å Trade off: high gains/chargingup effects

Å Standard: patch for discharge
longer/reachinghighergains but more 
insulatorsomore chargingup



Performance in single GEM
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Multi -GEM

S. Bachmann et al, Nucl. Instr. and Meth. A479 (2002)294

Cascade of GEM electrodes
Allowsattaininghighergain  with eachGEM at lower voltage
Dischargesdisfavoured
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GEM Rate capability

J. Benllochet al, IEEE NS-45(1998)234

5.9 keVX-rays:
> 2.106 mm-2
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GEM spatial resolution

F. Sauli, NIM A 805 (2016) 2-24
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GEM family

THICKGEM/LEM

GLASSGEM

CylindricalGEM

GEMPix: a triple GEM structure 
read by 50 micron pixels

F. Murtas, JINST (2014) 9 C01058
Y. Mitsuyaet al., NIM A 795 (2015) 156-159

S. Bressler et al. , Progress  Particleand Nuclear Physics 
130 (2023) 104029
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Micromegas
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Micromegas
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ÅMultiplication takes place in high E field (~ 40 kV/cm) 
between the anode and the mesh

ÅHigh gain (up to 105 or more) 

ÅSingle stage of amplification

ÅFast signals (< 1 ns)

ÅFast & natural ion collection

ÅLow ion backflow to the drift region

ÅShort recovery time (~150 ns)

ĄHigh-rate capability (>MHz) 

ČSignal is induced by both electron & ion movement 
towards the anode / micromesh 

ÅThin amplification gap (50-150 µm)Ą

ÅSmall imperfections Ą no gain variations

Micromegas
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+
-

Cathode

Mesh

Anode

Pillars

~ mm

~ 100 µm

Readoutpads

Incident particle

Micromegas
A. Cools PhD animation



+
-

Incident particle

E

9 Ғ тл ±κŎƳ

Micromegas
A. Cools PhD animation



e-

Electronics 

9 Ғ 50 kV/cm

Micromegas A. Cools PhD animation



Manufacturingof Micromegas

I. Giomataris et al.,  NIM. A560(2006)405-40
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MicromegasGain

David AttiéΣ άDŀǎŜƻǳǎ tracking detectors for academic and societal 
ŀǇǇƭƛŎŀǘƛƻƴǎέΣ Iŀōƛƭƛǘŀǘƛƻƴ Ł dirigerdes recherches, October 2022 24



Micromegasspatial resolution

David AttiéΣ άDŀǎŜƻǳǎ tracking detectors for academic and societal 
ŀǇǇƭƛŎŀǘƛƻƴǎέΣ Iŀōƛƭƛǘŀǘƛƻƴ Ł dirigerdes recherches, Octobre2022 25



Micromegasrate capability

Currentincreaseswith the flux
All curvesparallel
Gain independentof the rate
No saturation isobserved
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10 MeV protons
Particle fluxesfrom 4×102 up to2×107particles mmҍнsҍ1

Ar + 5% isobutane

G. Charpak et al. NIMA 1998  412 47-60



Microbulk
Pitch 100 µm, 
Holes30 µm

Micromesh
5 µm copper

Kapton50 µm

Readout pads

S. Andriamonje et al. JINST 2010 5 P02001
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ResistiveMicromegas

ÅResistive coating:

ÅCharge dispersion

ÅSpark protection

David Attié, HDR, October 2022
28

A. Belleriveet al., eConfC050318(2005)0829



ResistivestripsMicromegas

T. Alexopouloset al.,  NIM 1 640 (2011) 110-118
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ResistiveMicromegas

30

FromR. De Oliveira
RD51 MPGD School2023

M. Alviggiet al., e-print:2411.1702

https://indico.cern.ch/event/1239595/overview


Thermal BondedMicromegas
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J. Feng et al 2021 NIM A 989 (2021) 16958

(a) Stretching  of the mesh
(b) Pre-setting the spacerson the anode
(c) Setting the bordersfor the meshfixation
(d) Stackingthe mesh
(e) Thermal bondingusinga hot roller
(f) Complete viewafter full assembly



Thermal BondedMicromegas
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G. Liang et al 2011 ChinesePhys. C 35 163
Z. Zhang et al 2014 JINST 9 C10028

J. Feng et al 2021 NIM A 989 (2021) 16958



TWO  mechanical
entities

Mesh
Readout

plane

INTEGRATED:
ONE  single entity

Type of 
mesh

30 µm 
Stainlesssteel

1 µm 
Aluminium

5 µm 
Copper

Any
type

Advantages Demontability

Large Surface

Robust

Industrial
manufacturing
process(PCB)

Intrinsically
Flexible

Lowmass

Radiopure

Excellent energy
resolution

Single electron
efficiency

Micromegasfamily

Standard 
1996

Bulk
2003

Ingrid 
2005

Microbulk
2006
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Thermal Bonded
2011

XY Microbulk (2012)
Piggyback(20213)

30 µm 
Stainlesssteel

Easy mass 
production 

without the need 
for etching
High gains



µ-Rwell

Å The µRWELL is composedof a µ-RWELL PCB + Cathode

Å µRWELL PCB : amplification stage coupledto the readoutPCB through a resistivelayer 

Å Resistivelayer: Diamond-Like-Carbonwith a resistivity20-100 MOhm/square 
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µ-RwellLowrate: Single resistivelayer

Single resistivelayer (2014-1017)

Å Basedon GEM fabrication techniques. Micromegaslike

amplification and signal formation

Å 2D current evacuationbasedon a single resistivelayer

Å Groundingaroundthe active area

Å For large area: problemthe path of the current

dependson position=> detector inhomogeneity

Å Limited rate capability< 100 kHz/cm2

35
G. Bencivenniet al, 2019 JINST 14 P05014 



µ-Rwellhigh rate
Double resistivelayer

M. Poli Lener, MPGD 2022 

Silvergrid

PEP (Patterning-Etching-Plating)

Å Verygood performance
Å Complexmanufacturing

due to the double matrix 
of vias

Å Single DLC layer
Å DLC groundingfrom top 

by kapton etchingand 
plating

Å No alignmentproblems
Å Scalableto large sizes

ÅGood performance
Å2D evacuationschemeby a 

conductivegrid (screenprinted or 
etched)

ÅAlignmentof the conductivegrid
pattern with the amplification 
pattern difficult
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µ-Rwellhigh rate
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PEP Groove PEP Dot

G. Bencivenniet al, NIM A 1069 (2024) 
169725



µ-Rwellhigh rate
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G. Bencivenniet al, 
NIM A 1069 (2024) 169725



MPGD Applications

39



MPGD @ CERNexperiments
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M. Titov
Gaseousdetector lecture
at the ICFA school2023

(Not up-to-date)

https://indico.tifr.res.in/indico/sessionDisplay.py?sessionId=5&confId=8491#20230214
https://indico.tifr.res.in/indico/sessionDisplay.py?sessionId=5&confId=8491#20230214


MPGD @ nuclearphysics
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RD51 MPGD 
School2023
M. Cortesi

https://indico.cern.ch/event/1239595/overview


MPGD neutrino physics
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M. Titov
Gaseousdetector lecture
at the ICFA school2023

(Not up-to-date)

https://indico.tifr.res.in/indico/sessionDisplay.py?sessionId=5&confId=8491#20230214
https://indico.tifr.res.in/indico/sessionDisplay.py?sessionId=5&confId=8491#20230214


MPGD @ rare eventdetection
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M. Titov
Gaseousdetector lecture
at the ICFA school2023

(Not up-to-date)

https://indico.tifr.res.in/indico/sessionDisplay.py?sessionId=5&confId=8491#20230214
https://indico.tifr.res.in/indico/sessionDisplay.py?sessionId=5&confId=8491#20230214


Twochosenapplications
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Charge readout

Optical readout

Frontend and 
backend 

electronics

Charge and optical readout

Optical readoutof MicroPatternGaseousdetectors  
(MPGDs) relies on recordingscintillation light emitted
duringelectronavalanche multiplication 

Scintillation spectrumof gasmixtures with CF4 iswell
suitedfor readoutwith CCD or CMOS imagingsensors

High spatial resolutioncanbe obtained
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Charge readout

Optical readout

Frontend and 
backend 

electronics

Charge and optical readout

ÅUse of camera (large numberof pixels, use of lensfor 

large field of view)

ÅEasyhandling of the data (light intensitymatrix)

ÅOnline imagingthanksto verylow data processingand 

light integration approach



X-ray fluorescence with optically read-out 
GEM
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F.M. Brunbauer et al 2018 JINST 13 T02006

Å Materialsare excitedby X-rays
Å CharacteristicX-ray emissonis

produced
Å X-ray fluorescence Č identification 

of different materialsin an image
Å Recordedlight proportionalto the 

energyof the incident particle
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X-ray fluorecencewith optically
read-out GEM

F.M. Brunbauer et al. 2018 JINST 13 T02006



Beta imagingwith Glass Micromegas
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Context: oncologicalresearch

Drugslabelledwith tritium 3H

Drug efficiencyČmeasurementof 3H activity
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50

Camera

Micromegas

Sampleholder

e-

Light

ʲ
6 mm

20 cm

Cathode

Å3H concentration  ҭ Sample activity (Bq)

ÅAssess the aŎǘƛǾƛǘȅ ƳŜŀǎǳǊŜƳŜƴǘ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŘ ŘȅƴŀƳƛŎ ǊŀƴƎŜ Ҧ  !ŎǘƛǾƛǘƛŜǎΥ лΦм Bq, 1 Bqand 10 Bq

Mesh

Glass

ITO

3H glucose

Camera

Beta imagingwith Glass Micromegas
A. Cools PhD 2024 Université Paris-Saclay



Beta imagingwith Micromegas
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Light intensity profile over time
5 s exposure time frames for 1h acquisition

Gain ~ 104

A. Cools et al NIMA  (2023)1048 167910



Summary
MPGDs, GEM and Micromegas,  are mature technologies

Thin amplification region (~100 ˃m), well separated from conversion / drift region

ÅFast collection of positive ions (~100 ns)

ÅFast signals  (~ ns)

ÅHigh gain  (~105)

ÅHigh spatial resolution (~30 ˃m)

ÅHigh rate capability (~MHz/mm2) 

ÅLow ion backflow (~ 1%)

ÅMore robust than wires

ÅBetter ageing / radiation hardness

ÅLarge area scalability 

ÅFabrication simplicity / lower cost 

ÅVersatility (tracking, TPC, imaging)
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Summary
ÅMPGDstoday: GEM, Micromegasand µRWell

ÅVersatile, adaptable Č wide range of applications 

High EnergyPhysics 

NuclearPhysics

Rare eventdetection

Neutrino physics

Polarimetry

Applications beyondfundamentalresearch: Muon tommography, MedicalPhysics, 
Neutron detection
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Talksby P. Iengo, M. Cortesi, J. Bortfeld



Perspectives
ÅChallengingR&D
ÅOptical readout

ÅHigh rates/Ageing

ÅLarge areas

ÅR&D for future colliders: Future Cicularcollider(FCC),Cicularelectron
positron collider(CEPC),  Electron Ion Colliderό9L/ύΧ
ÅTrackers

ÅMuon detectors
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RD51 MPGD School2023 E. Oliveri

Talk D. Gonzalez

https://indico.cern.ch/event/1239595/overview
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Spare
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GEM  Properties

Å High Rate Capability Č MHz/mm2  (MIP - Minimum Ionizing Particles, 2MeV cm2 /g)

Å High Gain ČUp to 105 -106   

Å High Space ResolutionČ <100 mm

Å Good Time Resolution ČIn general few ns , sub-ns in specific configuration

Å Good Energy ResolutionČ10-20% FWHM @ soft X-Ray (6 KeV)

Å Excellent Radiation  Hardness

Å Good Ageing Properties

Å Ion Backflow Reduction   Č ~% level,  below % in particular configurations

Å Large size

Å Low material budget

Å Low cost
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Micromegasproperties

Å High gain ( >104)

Å Good energy (11% @ 6 keV) and time resolution (< 1 ns)

Å Good spatial resolution (~100 µm)

Å Reduced ion feedback < 1%

Å Radiation hardness (106 p/cm2)

Å Fastion collectionĄ operation at high flux

Å Good Ageing Properties

Å Large size

Å Low material budget

Å Low cost

Å Copewith sparks: resistivecoating
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Ingrid

ÅMeshisdirectlybuilt on the siliconpixel readoutchip

ÅHigh gain and smallpixel size allowsingle electrondetection

ÅHigh resitivesiliconoxidelayer protection againstdischarges

M. Chefdevilleet al., Nucl. Instr. Meth. Phys. Res. A 556, 490 (2006) 
H. van der Graaf, Nucl. Instr. Meth. Phys. Res. A 580, 1023 (2007)
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Hybrid Implementation: GEM + Micromegas
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GEM Implementations
COMPASS TOTEM KLOE-2

BONUS RADIAL TPC
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ALICE  TPC UPGRADE
HBD for PHENIX LHCB



MicromegasImplementations
COMPASS CAST NTOFT2KCLAS12
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ATLAS-NSW

ND280 upgrade High-Angle TPCsACTAR-TPC MINOSATLAS-NSW


