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.  

Posizione di sensibili rivelatori di radiazioni ionizzanti ad alta energia (i fotoni e 
particelle elementari) svolgono un ruolo importante per studiare la nostra natura, 

universo, nonché in numerose applicazioni.  

Position-sensitive detectors of ionizing 
radiation (high energy photons  

and elementary particles) play an important 
role in study our nature,  

universe as well as in many applications.  

I. Introduction 



Modern detectors of photons and 
charged particles  can be classified into 
four main categories: vacuum, gaseous, 

liquid and solid–state.  

Moderni rivelatori di fotoni e particelle cariche 
possono essere classificati in quattro categorie 
principali: vuoto, gassosi, liquidi e solidi uoto, 

gassosi, liquidi e solidi 

Vacuum Gaseous Liquid Solid-state 



Gaseous detectors of photons and charged 
particles due to their features such as high gas 

gains, good position and energy resolutions and 
low cost per unit of sensitive area  

occupy a special niche among other detectors 

Rilevatori gas di fotoni e particelle cariche a causa della loro funzionalità come gas ad alta  
efficienza, buona posizione e risoluzioni e energia a basso costo per unità di area sensibile 

 occupano una nicchia fra altri rivelatori speciali  



II. History of gaseous detectors developments 
and their main designs 
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II.1.Avalanche development 

The process of avalanche multiplication was studied by J. S. Townsend in gases at  pressures of several Torr. The discovery was commented by 
E. Rutherford and H. Geiger:" Suppose that the current between two parallel plates immersed in  a gas at low pressure is observed when the 
air was ionized by X-rays. The current though the gas for small voltages at first increases with the field and then reaches a saturation value, as 
is ordinary observed in ionized gases at atmospheric pressure. When the field is increase beyond a certain value, however, the current rises 
rapidly. Townsend has shown that this effect is due to the production of fresh ions in the gas by the collision of the negative ions with the gas 
molecules. At a later stage, when the electric field approaches the value  required to cause a spark, the positive ions also become effective as 
ionizers but to a much smaller degree that the negative. Under such condition, the small current through the gas due the external ionizing 
agency may be easily increased several hundreds times. The magnification of the current depends upon the voltage applied and becomes very 
large just below the sparking value”. 

Lo sviluppo delle valanghe  



dne=αnedx  
ne=exp(αx) 
Ne=n0exp(αx)  
A=exp(αx)-gas 
gain 

Townsend avalanche 

Photography of Townsend avalanche 

Position 

http://it.wikipedia.org/wiki/File:John_Sealy_Townsend.jpg


History of gaseous detectors developments 
and their main designs 

RPC 

Storia di gas rilevatori gli sviluppi e le loro principali disegni e modelli  



II.2. Single–wire detectors 

Filo singolo rivelatori 



Geiger counter 

Proportional counter 
Output signal  
Is proportional  
to deposit energy 
n0=Ed/Wi  

http://en.wikipedia.org/wiki/File:Geiger,Hans_1928.jpg


Typical dependence of gas gain vs. applied voltage 

Tipica dipendenza del guadagno rispetto al gas tensione applicata  
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Single-wire counter widely used in many 
measurements and  applications , however  in 
high-energy physics they could not compete  

with bubble chamber which visualize  the 
tracks of charge particles  

Unico filo contatori ampiamente usati in molte applicazioni, tuttavia,  
per le misurazioni e ad alta energia fisica non potrebbero competere con  

camera a bolle che visualizzare le tracce delle particelle.  
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II.3. Another popular approach in the past 
was spark counters and streamer chambers 

Spark counters Streamer counters 
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II.4. Multiwire detectors 
(MWPCs) 

Cavo Multifilo rivelatori 



In first approximation this is an array of single-wire counters 

In 1968 G. Charpak (CERN) invented 



By taking signals from all electrodes one can  
determine with high accuracy position of the avalanche  

Prendendo i segnali da tutti gli elettrodi si possono  
determinare con precisione la posizione di valanghe  

…but it is only in first approximation 



1992 Nobel Prize in Physics 



MWPC vs. bubble chambers 

•Dimensions/geometry 
•Event selection (trigger) 
•Rate capability                 ~10/sec , LHC ~109/sec 
•Electronics readout         digital files vs. pictures 
•Data processing               computer vs. visual inspection 



II.5. PPAC 
(another invention of G. Charpak and F. Sauli) 

Radiation 

Used mainly in Cherenkov detectors 
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II.6.Resistive –plate chambers 
(RPC) 

(Invented by Y. Pestov et al, practical designs 
widely used in experiments were developed by R. 

Santonico and his team) 



RPC 

The principle of operation of RPC: discharge energy is quenched 
because of the resistivity of electrodes 

-V 

Resistive 
electrodes 

Il principio di funzionamento della RPC: scarico di energia si spegne perché la 
resistività di elettrodi  

1-3mm 
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III. Micropattern gaseous 
detectors 



In the last decade  revolutionary developments happened in the 
filed of gaseous detectors of photons and particles. Parallel plate-
type and wire-type detectors which dominated in high energy and 
astrophysics experiments last century are now being replaced by 

Micropattern Gaseous Detectors 

(MPGDs)  

Nell'ultimo decennio sviluppi rivoluzionari è accaduto nel settore del gas rivelatori  
di fotoni e particelle. Parallel plate-tipo e filo-tipo rivelatori che hanno dominato in  

esperimenti ad alta energia e astrofisica ultimo secolo sono ora sostituiti da  
Micropattern Gas Detectors  



MWPC- technicians skills 
Gas gain A=105-106 

Pos. resol. 0.03—1mm 

MSGC- photolithography 
Gain A= 104 

Pos. resol. 0.03-0.1mm 

A. Oed invention (A. Oed, NIM A263,1988, 351) 

Glass substrate 

Gas 

2mm 

Avalanche 

Drift region 

Principle of operation 

MWPC 

MSGC 



More detailed side and top views of microstrip detectors 

Anode strips Cathode 

strips 



There were invented  many various designs ~ 
26 

A. Oed work triggered imagination of other investigators 

Nowadays there exists quiet a lot of different designs of micro-pattern detectors;  
one can roughly divide them in four categories:  
1) strip-type,  
2) dot-type,  
3) hole-type 
4) parallel-plate type. 
 The detailed description of these detectors one can fine in several review articles, 
see for example (T. Francke, et al.,arXiv:physics/0404035, 2004, F.  Sauli,  
NIM A477, 2002, 1) 



The main advantage of MPGDs is that they are 
manufactured by means of microelectronics technology, 

which offers high granularity and consequently an excellent 
position resolution. However, the fine structure of their 

electrodes and the small gap between them make MPGDs 
electrically “weak.” In fact, their maximum achievable gain 
is usually not very high and they can be easily destroyed by 

sparks, which may occur during their operation. 

Il vantaggio principale di MPGDs è che essi sono 
fabbricati per mezzo della  
tecnologia microelettronica 



Nowadays only two types of micropattern gaseous 
detectors survived “Darvin” natural selection: 

1)Hole-type 

2)Paralell-plate type 
(with mesh or unperforrated  cathode) 

The main effort were focus on enlarging the maximum achievable gain. 
However, it was soon found that the total charge in avalanche is limited to 

 An0~106-107electrons* 
This limit cooled down  the activity of inventors and caused some “stagnation” 

 

*Y. Ivanchenkov et al., NIM A422,1999,300 
Charles Darwin 

//upload.wikimedia.org/wikipedia/commons/3/3c/Charles_Darwin_01.jpg


III.1)Hole-type gas micropattern 
detectors 

 



GEM 
F. Sauli 
NIM477, 
2002,1 
  

“Optimized” GEM or TGEM 
L.Periale et al., NIM A478,2002,377 

Hole-type detectors also have a long history… 
They were invented and developed by Italian physicists 

Hamamatsu capillary plate.

Glass capillary (del Guerra eta l) 

Gas MCP Field lines focusing effect 

Drift electrode 



Let’s focus on GEM: 



GEM itself is not a position-sensitive detector… 

Readout plate 

Drift plane 

GEM 



One of the  advantage of GEM that it can be used in cascade mode 

Similar to multistep PPAC, 

mentioned earlier 



III.2)Paralell-plate type gas 
micropattern detectors 



III.2.a. MICROMEGAS 

(invented by G. Charpak, G. 
Giomataris and et al) 



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

Micromesh Gaseous Chamber: a  
micromesh supported by 50-100 mm 
insulating pillars 
  
Multiplication (up to 104 or more)  
takes place between the anode and 
the mesh and the charge is collected 
on the anode (one stage) 

(similar to PPAC, mentioned above) 



Thus, the difference between the GEM and MICROMEGAS slowly is vanished…  

Merge in GEM and MICROMEGAS designs: to minimize mesh bending effect 
more and more pillars are added… 

The drawback of the 
MICROMEGAS design: 
due to the electrostatic 
force the mesh can be  
bended between pillars 

 

-V 

-V 
 



“InGrid” Concept: 

Thus, the difference between the GEM and MICROMEGAS slowly is vanished…  

 



III.2.b parallel-plate type micropattern detectors with rigid 
electrodes having strips 

XCounte AB, Francke et al.,NIM , A471, 2001, 85 

Features: 
no spacers, 
Gap0.1-0.3 mm, 
very good timing  
resolution <0.1ns, 
position resolution~ 30μm 

…this drawback was removed in: 



A magnified photograph of the R-MSGC showing the left side of its active 
area near its edge. Cu anode strips, resistive cathode strips and the readout 
strips manufactured in the inner layer of the PCB (under the anode and the 

cathode strip) are clearly seen as well as the Coverlay layer.  

 



III.3.Latest developments in these two 
main types of detectors  

(hole-type and parallel-plate type): 

1) Large area 

2) Spark protection 

3) High granularity pixelized readout 



III.3.1)Large area 

GEM MICROMEGAS 

…both detectors approaching 1m2 size 



III.3.2) Spark protection 



Due to the small gap and the fine pitch of 
electrodes micropattern detectors are very fragile 

and can be easily damage by sparks 

There are some standard measures 
to reduce energy of sparks,  
like electrodes segmentation, 
however the most efficient way is 
the use of resistive electrodes 

Now this approach becomes 
very popular 



The idea is to  exploit the principle of the 
resistive plate chamber mentioned earlier 

-V 

Metal electrodes Dielectric layers 2-3 mm 



Principle of operation of GEM with resistive electrodes 



Spark-protected GEM-RETGEM  
(A. Di Mauro et al, NIM, A581, 2007,225) 

Photo of advanced RETGEM with an inner metallic mesh. It is a hybrid of TGEM and RPC 



• Always needed for gaseous detectors 
– Spark induced by dense ionisation cluster from the tail of the Landau 

 
 

• WaProt: 7µm Unprotected pixel chip rapidly killed by dischargesthick layer of Si3N4 on anode pads of pixel chip 
– Normal operation: avalanche charge capacitively coupled to input pad 
– At spark: discharge rapidly arrested because of rising voltage drop across the WaProt layer 

 

 
 

 
 
 
 

– Conductivity of WaProt tuned by Si doping 

 
– For sLHC BL we should not exceed 1.6*109 Ωcm (10 V voltage drop) 
– Has proven to give excellent protection against discharges 

WaProt 

Spark protection in MICROMEGAS 

5 layers of 

 1.4 µm Si3N4 

MIP response for SiProt2
Fitted with RD42 Landau expression

charge signal (ke
-
)
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Preliminary result
Vmesh = - 600 V

Vcath = -800 V

Drift gap 1.2 mm
=> Edrift = 1.67 kV/cm

SiProt wafer
Brass Micromegas
gas: CO2/DME about 50/50

Exitation by mips from 
90

Sr source
5.1% pedestal events
25-8-06

Overflow events

F. F. Hartjes Reprt at Micropattern Confe. 
Crete June 2009 



3D Gaseous Pixel Detector  2D (CMOS pixel chip readout) x 1D (drift time) 

Through POST-PROCESSING INTEGRATE 
MICROMEGAS directly on top of CMOS 
chip (covered with protection layer) 

(e.g. Si3N4) 

(e.g. SU8) 

M. Chefdeville et al, NIMA556(2006) 490 

Protection Layer (few mm) 

50  - 80 mm 



ATLAS group developed large –are 
resistive MICROMEGAS 

T. Alexopoulos J.Burnens, et al.,.  NIM. A 640, 2011, 110. 

100μm 



III.3.3)High granularity pixelized 
readout 

The latest tendency: a strip-type of the 
micropattern detectors readout is replacing by a 
pixel- type of the readout. This becomes possible 

due to the fast development of electronics 



Three ASIC generations of increasing size, reduced pitch & improved functionality 

0.18 mm CMOS VLSI 

• 6 layers 0.18 mm CMOS technology 
• Self-Triggering capabillity 

• 50 * 50 mm pixels (470 pixels/mm2) 
• Serial analog readout for each pixel 

• Noise ENC ~ 50 e-/channel 

E .Costa et al., Nature 411 (2001) 662 
R. Bellazzini et al., NIMA535 (2004) 477 
R. Bellazzini et al., NIMA560 (2006) 425 
R. Bellazzini et al., NIMA566 (2006) 552  

Electron extraction from GEM to pixels 



MICROMEGAS+pixelized readout 

• Electron from traversing particle drifts towards Micromegas grid and is focused into one of the holes 

• Thereafter a gas avalanche is induced ending  directly at the anode pad of the pixel chip ( no electron 
extraction from the multiplication structure) 

 

~ -500 V 

InGrid 

F. F. Hartjes Report at Micropattern Conf. 
Crete, June 2009 
… 

Comparatively low drift field (100 -700 V/mm) 
 
 
 

 
Comparatively low drift field (100 -700 V/mm) 

 
High amplification field (~ 10 kV/mm) to induce gas avalanche 

 
Micromegas holes centred on pads pixel chip 

 

 



2011: Major Step Forward   

InGrid Production on a wafer level (107 chips) 
2005: Single “InGrid” Production 

2009: “InGrid” Production on a  
3 x 3 Timepix Matrix 



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 



 
•ion backflow significantly reduced                             => continuous R/O, reduced ageing 
•small pitch of gas amplification regions (i.e. holes) => strong reduction of ExB-effects 
•no preference in direction (as with wires)                => all 2 dim. R/O geometries can be used 
•no ion tail => very fast signal (O(10ns))                     => good timing,  
                                                                                                good double track resolution 
•no induced signal, but direct e—collection              => small transverse width, 
                                                                                                good double track resolution 
•larger choice of gas mixtures                                       => no-flammable, fast 
•photon feedback significantly reduced (or absent) 
 
•Particle Identification (PID) via dE/dx to be investigated but promising 

MPGD vs. MWPC 



IV. Applications 



Naturally, nowadays  most of the applications of  
gas micropattern detectors are in the same areas 

There are traditional applications of gaseous detectors (for example 
MWPC) in high energy physics (HEP) experiments and astrophysics:  

Tracking, 
TPC, 

calorimetry… 

I’ll only flush them, and focus on new applications which micropattern detectors open 



IV.1 High-energy physics 



29/06/2012 I. Giomataris , Report at Micropattern 
Conf., Crete, June 2009 

B. Surrow, STAR GEM 

COMPASS Micromegas 
D. Neyret 

Micromegas and GEM 

Pixelized Micromegas 

CLAS12 
S. Procureur 



29/06/2012 I. Giomataris , Report at Micropattern Conf., 
Crete, June 2009 

TOTEM GEMs, T. Hilden,V. Greco… 

GEM 

Chamber 

Horse Shoe 

Card 

VFAT Hybrids 

11thCard 

Chamber cooling HV cables 

Coincidence 

Chips  

3 mm 

2 mm 

2 mm 

2 mm 

Cathod
e 

GEM 1 

GEM 2 

GEM 3 

Anode 

Read-out 

Cylindrical Triple GEM 

KLOE 

PANDA TPC, 
X. Zhang 



IV.2. Some new promising 
applications beyond the traditional 

ones 

(examples only…) 



IV.2.1)Polarimetry 



Direct coupling of pixellazed readout to GEM 

REAL  
photo-electron 

tracks 
recorded 

 by 105k ASIC 

HIGH-RESOLUTION 
PHOTOELECTRON  

TRACK IMAGES 
 

AT LOW PHOTON 
ENERGIES 
(2-10 keV) 

Photo-electron 
direction 
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GEM pitch: 50 mm 

He/DME (40:60) 



Goal: Reduce point spread function (PSF)  
A = sinj Dq Dj of the incident photon 

Dj  determined by spatial and energy 

resolution of tracker & calorimeter 

Dq  error in the recoil electron initial direction 

Sensitivity gap  500 keV - 20 MeV (COMPTEL) 
(Compton scattering is dominant) 

MeV gamma-ray imaging detector: 
 

Micro-TPC with pixelazed readout + 
 energy and 3D-track of recoil electron  

CsI scintillator (surrounding micro-TPC) 
 energy and position of scattered g-ray 

PSF 

Pixel readout for gas detectors: 
• Advanced Compton Telescope; 

• Identification of WIMP nuclear recoils 

Advantage: recoil electron can be tracked in gas  

more accurately than in any other medium (e.g. Si); 

Disadvantage: low interaction probability 

•  Micro-pixel chamber readout 
(N. Nishimura et al., 2006 IEEE NSS/MIC Proceedings) 

• Micro-well detector readout 
(P. Bloser et al., New Astr. Rev.48(2004)299) 



IV.2.2)Medicine 

Just three examples… 
a) Cancer therapy 

b) X-ray imaging 

c) TOF PET 



a) Cancer therapy 

About half of the cancer patients in the world are today 
treated with radiotherapy. During the treatment, it is of 

great importance to closely monitor the local dose 
delivered to the tumor and the surrounding tissue to ensure 
an effective destruction of the cancer cells while the healthy 

ones are not damaged.  



Courtesy of 

RaySearch 

Laboratories AB 



There were attempts from several groups to develop an electronic 
portal imaging device (EPID) 

The basic idea of this device is to combine 
 in one flat panel package two imaging devices: 
 one for obtaining a continuous x-ray image 
 of the tumor and the second one to monitor  
the position of the therapeutic beam.  

Cancer treatment machine at Karolinska 
Hospital, Stockholm 

EPID 
developed by 
a Swedish group 

See for example I. Iacobaeus et al,  
IEEE Trans. Nucl Sci.,48, 2001, 1496 
J. Ostling et al. IEEE TNS,50, 2003 809 

andJ. Ostling et al, NIMA525, 2004, 308  
 
 



New electronic readout 

Test setup: 

1 GEM installed 

Distance: 130 cm between x-ray 

source and object imaged  

GEM 

Readout 
pads 



Lamb chop (thickness 15 mm) 

Front side Back side 



The white surface shows  

total absorption of x-rays 

 

The black surface shows  

total absorption of x-rays 
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A similar concept/detector  is currently under 

development by CERN-Trieste group  
(see G. Croci et al., NIMA582,2007,693) 



Originally developed by Novosibirsk group, a modified version based on 

micropattern detectors was developed by Charpak company Biospace 









b) X-ray imaging 

Parallel-type micro-pattern detectors with metallic 
 and resistive cathodes and strip anodes were  
successfully used for medical imaging including  

mammography  

The main advantage of these detectors operating 
 in photon counting/digital modes is a 10 times lower 
 dose delivered to the patient for obtaining the same  
quality of images than with the standard mammographic 
 machines  

See, for example:T.Francke et al., “ NIM, Vol. A471, 2001, 85-87,M. Danelsson et al., NIM  A518, 2004,  406, 
 C. Iacobaeus et al.,  IEEE TNS,  53, 2005 554 



c)TOF PET 

Although the TOF-PET allows only negligible improvement to the 
resolution, it has huge potential for noise reductions. With better time 
resolution coincidence time windows may be trimmed to reduce random 
coincidence detections. More important, TOF information allows shorter 
lines of response to be projected for each annihilation event effectively 
reducing the amount of noise that is inherent to the modality. Simplified 
prototypes of such TOF-PETs based on parallel-pate micropettern detectors 
were already built and successfully tested by the Coimbra group, see for 
example: 
 

A.Blanco,  et al., NIM A535, 2004, 27 
A.Blanco,  et al., NIM,  A602, 2009, 780  

 



IV.2.3) Micropattern gaseous 
photodetectors sensitive to UV and 

visible light 

Advantages: large area (no mechanical constrains 
on window size), high quantum efficiency, 

practically insensitive to magnetic fields, position 
resolution is approaching of the best MCPs 



Position resolution much better than 50μm, 
(approaching 4 μm) 

V. Peskov, IEEE TNS, 47, 2000,1825 

R. Chechik, et al., 

NIM A595, 2008 116  

R. Bellazzini et al., NIM,  A581, 2007,246  



Can one really build a large area 
photodetector 

or it is only a dream? 



Example of a large area 
photodetector 



5 cm 

55 cm 
e- 

e+ 

q 
Dilepton Pair 

 Opening Angle 
Electron pairs produce Cherenkov light  
but hadrons with P < 4 GeV  do not 

 
Proximity focused configuration: 
Cherenkov photons form blobs 
(not rings) on the image plane: 

Qmax= cos-1(1/n) ~ 36 mrad;  
RBLOB ~ 1.8 cm 

HBD in the heart of the PHENIX  
(5 cm < R < 55 cm): 

1st Windowless Cherenkov Detector   

• CF4 as radiator and detector gas: 
(nCF4 =1.000620, LRADIATOR = 50 cm) 

 

• 3-GEM + CsI reflective photocathode 

with pad readout ( ~ 2*2 cm2) 

Triple GEM 

Detectors 

CF4 

Radiator 



IV.2.4.Homeland security 





1 ft3 

active 
volume 

30 cm 

Florida Tech Cubic-Foot MT Prototype 

Triple GEM for Muon Tomography 

Principle of Muon Tomography (MT) based on Cosmic 
Ray Muons: Five targets with various Z 

U 

W Pb 

Fe Sn 

Press conference on nuclear security at the 2012 APS meeting in Atlanta (M. Hohlmann)   
GEM Muon tomography in The Economist: http://www.economist.com/node/21552169 

http://www.economist.com/node/21552169


IV.2.5.Cryogenic detectors 



Double-phase Ar LEM TPC  



V. Conclusions: 

● Micropattern gaseous detectors is a new class of imaging 
detectors 
● They have potentials for very high energy, position and time 
resolutions (already approaching  or exceeding some solid-state 
detectors) 
● Their applications is rapidly expanding beyond HEP and 
astrophysics 
● For these reasons we believe they will have a great future 

Electrons 

Ions 

60 % 

40 % 



T2K TPC 

The T2K TPCs: the largest TPCs equipped with MPGDs 

9 m2 of TPC- 
Micromegas 


