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The Physics of Ionization offers the means for precise
spatial measurements (high spatial resolution) but

inhibits precise timing measurements
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MICROMEGAS Invention 



alexandra.kallitsopoulou@cea.fr

PICOSEC

Micromegas

The Back story

5
Celebrating Ioannis

Operating in Reflective mode

CF4 gas & CsI photocathode
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Timing with a few 10’s of Picosecond 

• High Luminosity LHC:

• Necessary timing resolution ~20ps

• Clean reconstruction of the events 

• Reduction of mixing different events 

due to pile-up

• Timing can be an extra parameter

PID techniques: Alternatives to RICH methods,

J. Vavra, accepted in NIMA 876, 2017,

https://dx.doi.org/10.1016/j.nima.2017.02.075

ATLAS LHC Upgrade 

<μ>=140

Celebrating Ioannis
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Giant improvement ~ 3 orders of magnitude
compared to standard MPGDs

https://dx.doi.org/10.1016/j.nima.2017.02.075
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The PICOSEC Micromegas Technology

Y. Giomataris, P. Rebourgeard, J.P. Robert and G. Charpak, 

“Micromegas: A high-granularity position sensitive gaseous detector for high particle-flux environments”, 

Nuc. Instrum. Meth. A 376 (1996) 29

J.Bortfeldt, et al., “PICOSEC: Charged particle timing at sub-25 

picosecond precision with a Micromegas based detector”, 
https://doi.org/10.1016/j.nima.2018.04.033

• Limitations of the Micromegas Timing Potential 
• Stochastic nature of ionization 
• Randomness of last ionization 
• Time jitter of a few ns 

7Celebrating Ioannis 

• Additional Components in MM geometry
• Cherenkov radiator +
• Solid converter       Photocathode 

Prompt photoelectrons

• Modifications in MM Geometry 
• Smaller Drift Gap 

• Elimination of the stochastic nature of 
ionization 

• Higher applied Drift Voltage       Pre-avalanche

https://doi.org/10.1016/j.nima.2018.04.033
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• 1st prototypes tested in Laser Tests at IRAMIS

*Special Thanks to Thomas Gustavsson

• μbulk detector technology

• Detector operating in sealed mode using Ne-10% ethane

• Not optimized system in a relevant test for the response

to single photoelectrons, and a very well beginning 

Celebrating Ioannis

~120 ps
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Recontre DEDIP - November 15th,  2022

• Improved performance 

• Bulk detector technology 

• Better signals but still strong reflections 

• Detector operating in sealed mode using Ne-10% ethane

• The importance of preamplification 

• Improvement compared to physical jitter

• Dependence of resolution on number of photoelectrons



alexandra.kallitsopoulou@cea.fr

PICOSEC

Micromegas

Disposition : Vide

• Particle Beams @ CERN SPS H4 Beamline  

Highly energetic muons (80-150GeV)

• The Setup

• Use GEMs for tracking 

• Use MCP PMTs as timing reference

devices and for triggering

• Different Prototypes of Picosec Micromegas Detectors

• Electronics: Commercial/Custom-made preamplifiers

• Digitizers – Lecroy scopes 

Detector Testing - Particle beams

10Celebrating Ioannis
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Single anode PICOSEC Micromegas Prototype

Single anode  1 cm 

2016
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The Single anode prototypes

• Different Detector technologies
• Bulk Micromegas  1cm 
• MicroBulk Micromegas  1cm 

The Sensor: 

• Different Crystals & Photocathode materials
• MgF2 / Sapphire crystal +

• Metallic substrate (Cr) + CsI

• Metallic substrate (Cr) + polycrystalline diamond, B4C, 

DLC

• Metallic (Cr, Al), B4C, DLC

• Different Gas Composition Studies 

• COMPASS Gas : 80% Ne – 10% CF
4
-10%C

2
H

6

V
[V

]

T[ns]

Electron peak

Ion tail
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• Pulsed Laser Beam (IRAMIS/CEA) 
• UV Ultra short laser pulses
• Single Photoelectron response
• Perform measurements

independently of the
photocathode material

• Understanding the properties

• Data taking & Output 

• Timing reference device – fast photodiode (σΤ ~ 3ps)
• Attenuator meshes to control the number of photoelectrons 
• Signal Arrival Time has a dependence on Electron peak 

charge
• Timing resolution improves with higher drift field & smaller 

gap(<50ps for 120μm for single pe)
J.Borteldt, et al. “PICOSEC: Charged particle timing at sub-25 picosecond precision 

with a Micromegas based detector”, Nuc. Instrum. Meth. A 
(2021)https://doi.org/10.1016/j.nima.2018.04.033

Celebrating Ioannis

L.Sohl-PhD Thesis “Development of a PICOSEC 

Micromegas for fast timing in high rate (archives-

ouvertes.fr)

https://doi.org/10.1016/j.nima.2018.04.033
https://tel.archives-ouvertes.fr/tel-03167728
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I. Giomataris-Micro-Pattern Gas Detectors (RD51) Workshop, Amsterdam, 2008 

https://indico.cern.ch/event/25069/contributions/1575890/

A very well understood detector

14

J.Borteldt, et al. “Modeling the timing characteristics of the PICOSEC 

Micromegas Detector”, Nuc. Instrum. Meth. A (2021) 
https://doi.org/10.1016/j.nima.2021.165049

• Modeling Aspects*: 

• SAT time walk seen in single photoelectron data is 

explained: 

• SAT reduces with avalanche length 

• Long avalanches → big electron peak chargee

• SAT & Timing resolution are determined by: 

• The drift path of the primary photoelectron

→ number of photoelectrons in avalanche and its length 

Celebrating Ioannis

*AUTh, Spyros Tzamarias

https://indico.cern.ch/event/25069/contributions/1575890/
https://doi.org/10.1016/j.nima.2021.165049
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• Particle Beams @ CERN SPS H4 Beamline  

• Muons 80-150GeV

15Celebrating Ioannis

• First timing measurement @ Particle Beam results - 2017 

• Single Prototype : Thin Gap (200μm) with MgF2 & CsI photocathode

J.Borteldt, et al. “PICOSEC: Charged particle timing at sub-25 

picosecond precision with a Micromegas based detector”, Nuc. 
Instrum. Meth. A (2021)https://doi.org/10.1016/j.nima.2018.04.033

11 p.e.

Timing Resolution →

RMS of Signal Arrival 

Time Distribution

Detector Testing - Particle beams

https://doi.org/10.1016/j.nima.2018.04.033
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PRELIMINARY

M. Lisowska - Towards robust PICOSEC Micromegas precise timing detectors-MPGD2022 

https://indico.cern.ch/event/1219224/contributions/5130512

The photocathode issue

16Celebrating Ioannis

• In the research of photocathode materials

• Standard photocathode: 18nm CsI +3nm Cr ~ 10pe/MIP 

• CsI sensitive to humidity/ion backflow & sparks

MgF2 crystals with DLC photocathode

https://doi.org/10.1016/j.nima.2011.10.019 

• New materials under test (B4C, DLC, Diamond,
Metallic – Al, Cr)
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Celebrating Ioannis 17

The PICOSEC Micromegas Collaboration

12 institutes from 8 countries

46 collaborators
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A relevant series of publication (and contribution to conferences)
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Multi-anode PICOSEC Micromegas Prototype

100 channel anode  1 cm

7 channel anode   1 cm
19 channel anode 1 cm
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Towards an engineered PICOSEC MM module :

multiple directions in detector development

• Scalable MM Detector (IRFU/CERN)  

• Prove the performance in a 

multichannel setup

• Flatness (Planarity < 10μm)

• Robustness & Efficiency (LIST/USTC/CERN)

• Research on various photocathode 

materials (Replace CsI with B4C, DLC,… )

• Resistive prototypes 

• Pixelated MM Detector 

(IJCLab/IRFU/CERN)

• Development of front-end & 

back-end readout electronics 

for the prototypes 

• Possible Applications

(LP2I Bordeaux/ IRFU/ 

Auth)  

• T0 tagger and/or 

embedded in a 

calorimeter 

• Muon monitoring

• As a photodetector 

for T0 tagging at the 

neutrino detector  
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• Towards a large scale detector we need to develop 

appropriate frond-end & back-end electronics ~ 100channels

• Discrete current preamplifiers 

• Low noise RMS < 1mV 

• High gain >30dB

• Bandwidth > 1GHz 

Philippe Legou

(IRFU/CEA) 

• Recent development @ CERN

• 10 ch amplifier boards(M.Kovacic, A. Utrobicic)

• Research on possible usage of customade charge-sensitive 

amplifiers (Hans Muller/ CERN)

• Research on different digitization ways → SAMPIC digitizer

(E. Delanges et al. IRFU /CEA)
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• The importance of planarity   

• 1st multichannel prototype tested  

• 19-hexagonal pad prototype, MgF2, CsI, 200μm drift gap  

• Variation on timing resolution

• Non uniformity of the drift field gap

• Different gain in single pad area 

S. Aune et al, "Timing performance of a multi-pad PICOSEC-

Micromegas detector prototype", Nucl. Instrum. Meth.A 993 (2021) 

165076,https://doi.org/10.1016/j.nima.2021.165076

All tracks passing within  R<2mm 
from the center of any pad

σ = 25.8 ps

σ = 32.2 ps

19 channel anode 1 cm

*AUTh-Spyros Tzamarias

https://doi.org/10.1016/j.nima.2021.165076
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• Tree possible approaches for modular prototypes with 10x10𝑐𝑚2

active zone : 

• Rigid, ceramic-core PCB for the MM readout

• Crystal coupled to the PCB with spacers

• MgF2 crystal & MM board will be decoupled from the chamber

• Second PCB will be used for signals towards the amplifiers 

• Advantage:

• Low material budget on the detector 

• Allow the fabrication of large flat boards

• The ATLAS NSW Approach

• Longer pillars MM module

Ready and operational from CERN-GDD Group

Ensure the planarity
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100 channel anode  1 cm

“Global” behavior ➔

excellent homogeneity of the detector

• 1st prototype tested

• 200μm drift gap

• CsI photocathode

• Timing resolution ~25ps 

• Reducing the drift gap

• 180μm drift gap

• CsI photocathode

• Timing resolution ~17ps

Analysis by Alexandra Kallitsopoulou, Ioannis Maniatis and Spyros Tzamarias. More info in the contribution 
to the RD51 Collaboration Meeting and “Wide Dynamic Range Operation of MPGDs” workshop, CERN(15-
19 November 2021) https://indico.cern.ch/event/1071632/sessions/408832/#20211116

Recovering the resolution in the common corner, for 

signal-sharing events.

Analytical way of signal Processing

Using Artificial Intelligence-
Training a Neural Network

A.Kallitsopoulou-Master Thesis: Development of a Simulation Model and Precise Timing Techniques 

using Picosec Micromegas Detectors: https://doi.org/10.48550/arXiv.2112.14113

https://indico.cern.ch/event/1071632/sessions/408832/#20211116
https://doi.org/10.48550/arXiv.2112.14113
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Robustness & Efficiency ≡ Resistive prototypes

• Advantages of the resistive technology

• Elimination of destructive effects of 

discharges

• Stable operation in harmful environment 

(e.g. pions)

• Possibility to improve position 

reconstruction  

The goal is to profit from those advantages 
while maintaining a good timing resolution 

• Focus on Timing properties

• Testing different resistivity values & architectures 

• Ensure the homogeneity of prototype response over the full area 

• Effectively spatial resolution studies

7-ch ( 2.6 cm)
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Detectors Under Test - Comparison

• Multi-Pad Prototypes (7-pad) 

• Hexagonal pads ø 1cm

• MgF2 crystal

• CsI & B4C photocathodes

V
[V

]

T[ns]

RMS→20 ps central region RMS → 33ps central region

σx= 1.5 mm σy = 1.55 mm

RMS → 41ps central regionRMS→30 ps central region

B4C 12nm

RMS → 42ps central region

B4C 12nm

1st time spatial resolution 

measurements for the 10MO resistive 

detector

RMS → 27 ps central region
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Physics Studies for Possible Applications

27Celebrating Ioannis 



alexandra.kallitsopoulou@cea.fr

PICOSEC

Micromegas

Event Triggering and Tagging Context   

28
Celebrating Ioannis

Follow up on Cross-section measurements

CERN NP06/ENUBET(Enhanced NeUtrino BEams from kaon Tagging)

• ENUBET is aimed:
• At designing a narrow-band beam @ GeV scale
• Having control of the neutrino flux & energy

• ENUBET characteristics facility 
• Monitored neutrino beam

with no one-to-one correlation 
between positrons tagged
in beamline and neutrinos tagged
in the far detector 

• Sub-ns sampling would offer this correlation 
• On an event-by-event basis 
• Determine the flavor of neutrino  

The ENUBET experiment-

F. Terranova*, F. Acerbi, G. Ballerini,

M. Bonesini, A. Branca, C. Brizzolari

https://doi.org/10.22323/1.390.0182

1

2
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~70pes

Timing resolution :

6.8±0.3 ps

Timing distribution on PICO radiator ~12ps

Overall timing resolution ~15ps

For more info see the presentation by A. Kallitsopoulou the RD51 Mini Week, CERN (7-10 Feb 2022)

https://indico.cern.ch/event/1110129/contributions/4733737/attachments/2388605/4082733/PICOSEC_in_electron_beam.pdf

Embed a PICOSEC-Micromegas layer inside an electromagnetic
calorimeter after a few radiation lengths

First Indications from laser test measurements @ IRAMIS /CEA 

Simulation Information

• 30GeV electron

• 2 plastic Scintillators 

of 1cm thickness 

• Pb Absorber with 

5 RL thickness

• 3mm MgF2 radiator

First Simulation Studies with Geant4

shower electrons multiplicity

with energy > 5MeV

inside a ring of a 3mm radius

~24 electrons
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~70pes

Timing resolution :

6.8±0.3 ps

Timing distribution on PICO radiator ~12ps

Overall timing resolution ~15ps

Embed a PICOSEC-Micromegas layer inside an electromagnetic
calorimeter after a few radiation lengths

First Indications from laser test measurements @ IRAMIS /CEA 

First Simulation Studies with Geant4

• Particle Beams @ CERN SPS H4 Beamline  

• Electrons 10-50GeV

02

1 6

5

43

• Multi-Pad Prototype (7-pad) 

• Resistive prototype 

• Hexagonal pads ø 1cm

• MgF2 crystal

• B4C (12min) photocathode
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Detector response to Electrons

30GeV electrons with 5cm Fe absorber

31Celebrating Ioannis

02

1 6

5

43

20 ps

24 ps

28 ps

32 ps 28 ps

25 ps

25 ps

Overall timing response to 

showers below 30 ps
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• The importance of a brilliant 

idea….Special detector physicists needed 

more than the technology itself 

■ Thanks to Yannis!

• Prof of concept ending up to be our 

research line 

• An R&D needs more than 10 years to 

give possible applications based on team 

efforts to prove the scalability and 

robustness of the prototypes

Conclusions

Celebrating Ioannis 32
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In the end, it’s all a matter of timing…  

33Celebrating Ioannis 
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