
The time challenge: 
PICOSEC

E. Oliveri, CERN GDD (EP-DT-DD), RD51



A “soft” discussion on 
timing with gaseous 

detectors

Three examples, the last one focused on recent results we had with 

micromegas (MPGD) based PICOSEC R&D project – i.e. the original title

(Subtitle… Nothing is a priory defined or frozen in our detector… We need to 

deeply understand the physics behind if we want to reach/push the limits)



1st Example: LHCb GEM…
A tribute to people present in the room

How to speed up the response of a triple GEM 

detector… following the basics of the Rob’s lectures

To my (very limited) knowledge the first time that 

timing optimization has been done on (triple) GEM 

with direct ionization of the gas as primary signal…
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LHCb GEMs for muons station M1 
(before the calorimeter)

http://cds.cern.ch/record/5701
High Rate Capability: up to 500kHz/cm2

Radiation hardness: 6C/cm2 in 10 years @10k Gain

Low material budget

Cluster Size < 1.2 for a 10x25mm2pad size

Station Efficiency: >96% in 20ns time Window for two detectors in “OR”

Triggering System

High-rate particle triggering 
with triple-GEM detector, 
Alfonsi et al., NIMA 518, 
106-112
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http://cds.cern.ch/record/5701
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“Standard” Triple GEM…
A la COMPASS…
A lot of studies behind…

Ar/CO2 (70/30)
3mm/2mm/2mm/2mm gaps
….
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http://www.roma1.infn.it/~pinci/Articles/NIMA_488_493.pdf

(M. Alfonsi et al., ieee 2004, http://ieeexplore.ieee.org/document/1462057/)

http://gdd.web.cern.ch/GDD/



Closest Cluster to the top of first GEM 

= 

First contribution (rising) of the induced signal

Intrinsic  

time 

Resolution
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M. P. Lener, Triple-GEM detectors for the innermost region of the muon apparatus at the LHCb

experiment, Doctoral Thesis, https://cds.cern.ch/record/940631/files/thesis-2006-013.pdfm
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CO2Ar

CF4

i-C4H10

M. P. Lener, Triple-GEM detectors for the innermost region of the muon apparatus 

at the LHCb experiment, Doctoral Thesis, 

https://cds.cern.ch/record/940631/files/thesis-2006-013.pdf

s(t)=1/(nvd)
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M. P. Lener, Triple-GEM detectors for the innermost region of the muon apparatus at the LHCb

experiment, Doctoral Thesis, https://cds.cern.ch/record/940631/files/thesis-2006-013.pdfm
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Proper Gas (to achieve the best 

intrinsic resolution)

Smaller Gap  in the first 

transfer to be protected 

against Double GEM 

Signals. Very important if 

you are a triggering 

system.

Smaller Induction gap to 

increase the signal current (I=-

qvd/GapInd)

A good example of detector optimization…
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LHCb M1 GEM…

A very good example of 

detector optimization toward 

specific requirements…

CMS GEM upgrade GE1/1

based its initial R&D phase 

on these studies.
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2nd example… from RPC to MRPC
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literally copied from Crispin Williams

Frascati Detector School 2018

NB: I’m not really expert of RPC, i.e. be hypercritical

and forgive me if something is not precisely described
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C. Williams, https://indico.cern.ch/event/98658/contributions/1291608/attachments/1119123/1597001/williams-mrpc.pdf
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C. Williams, 
https://indico.cern.ch/event/415278/contributions/997124/attachments/8
48946/1183143/Williams.pdf
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C. Williams, https://indico.cern.ch/event/98658/contributions/1291608/attachments/1119123/1597001/williams-mrpc.pdf
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C. Williams, https://indico.cern.ch/event/98658/contributions/1291608/attachments/1119123/1597001/williams-mrpc.pdf
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https://ac-els-cdn-com.ezproxy.cern.ch/0168900296001581/1-s2.0-0168900296001581-main.pdf?_tid=8e7ddda6-f964-11e7-bc04-00000aacb35f&acdnat=1515959774_958d2061bc8d322c5391ca9d3f4de87a
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https://www-sciencedirect-com.ezproxy.cern.ch/science/article/pii/S0168900204014081
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Erice School for Sub Nuclear Physics June 2013
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http://www.ccsem.infn.it/issp2013/docs/
erice%202013%20williams.pdf
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https://pdfs.semanticscholar.org/8718/1731d38a92512ac931f75c1dbeb1a42c4fc1.pdf



Now… let’s move to the original title
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3rd Example: The time challenge: PICOSEC



The PICOSEC project
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https://arxiv.org/pdf/1712.05256.pdf

I. Giomataris et al.



The PICOSEC project
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https://arxiv.org/pdf/1712.05256.pdf



Starting point.. 
The same as the one we saw before in LHCb… 
Direct Ionization of the gas as primary signal is 
not good…
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Amplifying Stage

Sensitive Volume

Readout

Amplifying Stage

Sensitive Volume

Readout

t0
M

IP

1

2

dt2

dt31
Leading Edge of 

the signal…  

closest cluster to 

the amplification 

stage/readout
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Two detector
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Intrinsic Time Resolution
s(td)=1/nvd

https://cds.cern.ch/record/117989/files/CERN-77-09.pdf 1977

FWHM ~ 5nsec

From Sauli Yellow Reports
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Starting point… 
direct ionization of the gas
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Amplifying Stage

Sensitive Volume

Readout

Amplifying Stage

Sensitive Volume

Readout

t0M
IP

1

2

dt2

dt1
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The main problem… 

The distribution in space/time of 

the primary charge

It would be strongly improved if 

primaries would have been produced 

in a well define region



Transfer Volume

Transfer Volume

Solid Conversion Layer

23/03/2018 27

Amplifying Stage

Sensitive Volume

Readout

Amplifying Stage

Sensitive Volume

Readout

t0M
IP

1

2

dt2

dt1

t0

M
IP

dt1

Amplifying Stage

Conversion Layer

Amplifying Stage

Conversion Layer
dt2

LOCALIZED 
in SPACE

Solid 

Converters

Sensitive volume not 

needed anymore for 

primary ionization, actually 

to be reduced in order to:

• Avoid direct gas 

ionization

• Reduce diffusion 

Readout

Readout
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Due to the fact 

that the aim is to 

go to tens of ps, 

localization in space 

maybe not enough…



Transfer Volume

Transfer Volume

Prompt Cherenkov Radiator
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LOCALIZED 
in TIME

Cherenkov (prompt) PhotonsSolid Converters

Primary electrons at the same time in the same place

Readout

Readout

Readout
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Sub-nanosecond time response

1991 1999 2001

.. But we want to go down to tens of ps…

Frascati Detector School 2018



Pre-amplification in the first 
transfer.. The last step toward 
the results shown before
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Transfer Volume

Amplifying Stage

Photocathode

Cherenkov Radiator

Readout

Sensitive volume reduced in 

order to:

• Avoid direct gas 

ionization

• Reduce diffusion 

Pre-amplification: direct gas 

ionization and diffusion effect even 

more reduced, initial differences of 

pe levelled in the avalanche 

processes

PREAMPLIFICATION

Amplifying Stage

Photocathode

Cherenkov Radiator

Readout
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PICOSEC, detector concept
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First prototype (1cm Diameter)
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Montage Pico Seconde

Dossier de plans, Saclay

Frascati Detector School 2018
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As a detector: pretty small
As a readout channel: pretty large

Frascati Detector School 2018

First prototype (1cm Diameter)



• What to measure?
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• Single Photo Electron (SPE) 

response

• response of the detector once 

the PE is released in the gas

• MIP response

• SPE response + PE production 

(radiator, photocathode, 

extraction in gas)
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• Laser

• Muon Beam

IRAMIS facility @ CEA Saclay 

UV laser with σt << 100 fs

You forget about 

radiator and photo 

conversion.

Just focused on nphe ,  

no matter how they are 

produced.. 

Main interest on nphe =1

H4 North Area SPS 
Extraction Line

150 GeV muons

Cherenkov production, 

transmission, conversion 

and pe extraction in 

the business

Frascati Detector School 2018



Measurements - Single PE - Laser
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IRAMIS facility @ CEA Saclay 

Frascati Detector School 2018
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LIDyL laboratory (CEA/Saclay).  

Ti:sapphire laser (Coherent MIRA 900) 120 fs pulses at 550 nm.  

T. Papaevangelou et al. Fast Timing for High-Rate Environments with Micromegas, MPGD 2015 & RD51 Collaboration meeting, 12-17 October 

2015 Trieste, Italy

https://agenda.infn.it/contributionDisplay.py?contribId=83&confId=8839

https://agenda.infn.it/getFile.py/access?contribId=83&sessionId=2&resId=0&materialId=paper&confId=8839

Al Cathode

First set of Laser Data (2015)

Ne-C2H6, 90-10

Frascati Detector School 2018

https://agenda.infn.it/getFile.py/access?contribId=83&sessionId=2&resId=0&materialId=paper&confId=8839
https://agenda.infn.it/getFile.py/access?contribId=83&sessionId=2&resId=0&materialId=paper&confId=8839


Laser Test (2017) - SPE
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Single-

Photoelectron Time 

Resolution

I. M
an

th
o

s
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Laser Test (2017) - SPE
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Single-

Photoelectron Time 

Resolution

Given the same e-peak Amplitude 

Charge,

Higher Anode Voltage (higher 

Amplification – lower Pre-

amplification) has a worse energy 

resolution

The pre-amplification 

drives the time resolution

RED: 450V anode and 300-425V Drift 

GREEN: 475V anode and 300-400V Drift 

BLUE: 500V anode and 275-450V Drift

PURPLE: 525V anode and 200-350V Drift

Anode Voltage (amplification)

I. M
an

th
o

s
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https://indico.cern.ch/event/676702/contributions/2809871/attachments/157485
7/2486512/Konstantinos_RD51_miniweek.pdf

Modelling… crucial

PREAMPLIFICATION

Amplifying Stage

Photocathode

Cherenkov Radiator

Readout
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https://arxiv.org/pdf/1712.05256.pdf

MIP response…
Test beam measurement setup



Test beam measurement setup
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DATA ACQUISITION: 

CIVIDEC C2 Broadband Amplifier, 2GHz, 

40dB + 20Gs/s-2.5GHz Oscilloscope

TIMING: MCP-PMT (<6ps 

time resolution measured on 

beam)

TRIGGERING: Scintillators TRACKING: Triple GEM (50um 

resolution)

Test beam measurement setup

Frascati Detector School 2018



Measurement – MIP(muons)
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Electrons signal
Ions tail

Frascati Detector School 2018
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One of the best results achieved among the run analyzed…

New Bulk MM readout

3 mm MgF2 + 5.5nmCr + 18nm CsI

Drift = -425V, Anode=+325V

About 10 photoelectrons
(derived by measurements 
with single photo electron 
flame/UV)

L. So
h

l

Frascati Detector School 2018



Cherry picking… 
but we are not in front of a 
single cherry….
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New Bulk MM readout

3 mm MgF2 + 5.5nmCr + 18nm CsI

many Data still to be analysed …

F.J.I. G
u

tiérrez

Frascati Detector School 2018



Among several future activities 
(resistive, multi-pad and 

larger, electronics… see backup)
probably the most exiting and 

difficult R&D is the 
photocathode
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: 
Self Portrait of Picosec micromegas, Prevessin-Moen, 
2017
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Longevity (photocathode, CsI) 
(not necessary a serious problem in all the possible application requiring fast 

timing but to be addressed clearly in the high rate ones) 
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Photocathode: 
Self Portrait of Picosec micromegas, Prevessin-Moen, 2017
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Misalignment

Mesh structure

Pillar

pillars
Active 
area

Resistive Picosec

Long run in high intensity pion beam

About 0.1-0.2mC/cm2

air exposed to take the picture 

Frascati Detector School 2018



Photocathode: Picture of a sparks
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P
ico

sec (T. Sch
n

eid
er)
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Photocathode – replacing CsI
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• Diamond: Saclay (Pomorski et al) … preliminary test doe already on beam

• Diamond: Russian Academy of 

Sciences, Moscow (Mikhail 

Negodaev) PC production 

ready to go after specs 

defined more precisely by us.

• DLC

• Metals,… MgO,….

Frascati Detector School 2018

• Not photocathode but secondary Emitter
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L. Velardi, A. Valentini, G. Cicala,
UV photocathodes based on nanodiamond particles: Effect of carbon hybridization on the efficiency,
Diamond and Related Materials, Volume 76, 2017,Pages 1-8
(http://www.sciencedirect.com/science/article/pii/S0925963516306999)

S. Dalla Torre, 
https://indico.cern.ch/event
/702148/contributions/2901
005/attachments/1606391/
2548975/EP-
DT_WG2_16022018_Dallato
rre_gaseousPD.pdf

Highly efficient and stable ultraviolet photocathode based on nanodiamond particles
L. Velardi, A. Valentini, and G. Cicala, Appl. Phys. Lett.108, 083503 (2016)

Innovative photocathodes by ND powder (Trieste group)
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Metals…. Al, Cr … interesting results from 

beam measurements…

… looking for possible optimization (thickness, 

other metals/oxides…)..

or for an higher number of photons…

Thicker Crystal (more photons) in a 

pattern with reflective surfaces 

(parallelepipeds)…. To preserve position 

and high multiplicity operation? 

Maybe…. Already exploited in different 

application…

Metals… Not too bad… but to be improved
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http://cds.cern.ch/record/3157
52/files/SCAN-9611227.pdf

PC coating @ the Thin Film & Glass Lab @ CERN Under Investigation @ CERN (P.Thuiner)

Protection Layers  (looking for new materials and protective 
structures… starting from literature – Va’vra[WIS] 
https://cds.cern.ch/record/287770/files/SCAN-9509070.pdf
just as an example) 

Frascati Detector School 2018

Photocathode – protecting CsI

https://cds.cern.ch/record/287770/files/SCAN-9509070.pdf


Setup to characterize 
photocathodes performances
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ALICE set up for photocathode evaporation/testing

Frascati Detector School 2018

F. Brunbauer (GDD/CERN)



Looking at the next lecture…
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Vacuum …

Optimization of SPTR…

Charge Sharing as in Multi Anode MCP…

Photocathode .. Secondary emission

long list of possible similarity

LGAD ~ direct ionization micromegas

d
ir
e
ct
 
io
n
iz
a
t
io
n
 
m
ic
ro
m
e
g
a
s

Picosec- micromegas
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Summary/PICOSEC

• Proof of principle fully achieved

• In view of detector operation and scaling up: resistive 
micromegas and multi-pad detectors are showing good 
performances (not shown today, a little in backup).. 
No limitation from the sensor point of view

• Most important R&D in front of the collaboration is 
photocathode

• Depending of the specific application the project can be 
“close to” or “far from” being ready.
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Summary/General…

• Three examples of detector optimization for 
timing

• In all the three examples, it is the proper 
understanding of the detector that allowed the 
breakthrough 

• New technologies and techniques could help on 
moving from proof of principle to final 
detector 
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backup
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ATLAS New Small Wheel  - MicroMegas (J. Wotschack et al.)

G. Iakovidis, arXiv:1310.0734v1 [physics.ins-det] 2 Oct 2013

Robustness • A: Resistive plane a la “mamma”

• Better protection

• B: Discrete Resistors a la “compass RICH” 
(Trieste)

• Larger flexibility on resistor value

• C: Embedded Resistors a la “Chefdeville-
Geralis-Peskov” 

• Tested using low resistivity plane a la 
“mamma” with discrete resistor a la 
“compass RICH”

Resistive mesh / photocathode protection…. ? 

• Spark damage and spark rate 
minimized

• Capability f running in high rate pion 
beam in SPS

• Time resolution slightly worse
Frascati Detector School 2018



Detector Scaling (towards applications):

preserving the signal integrity and stability  with larger meshes 
preserving the gaps uniformity on larger surfaces

…

preserving signal integrity with routing/vias/…

coupling between channels and S/N

….
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PCB prototype to signal routing/coupling test

~35mm Active area, 19 pads (7 full size)
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…going towards integrated/multichannel…
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• Amplifier 

For single channel readout more than happy 
with CIVIDEC and with their important 
support.. Not feasible for multichannel readout

• Custom (CERN/RD51)
• Custum/Embedded Electronics (Saclay)
• Multichannel.. Far future… 

• Digitizer

Oscilloscope… same comment as for CIVIDEC

• SAMPIC
• DRS4

• …

H. Muller, Precise Timing Workshop, Feb 2017

https://indico.cern.ch/event/607147/contributions/24769

05/attachments/1415650/2398258/Plans_fast_electronics

_for_MPGD.pdf

Status of development on the SAMPIC Waveform TDC, D. Breton, RD51 precise Timing Workshop, 21-22 

February 2017, CERN, 

https://indico.cern.ch/event/607147/contributions/2476911/attachments/1415361/2168327/SAMPIC_RD51_

Breton.pdf

2018 (and beyond..) Picosec Electronics

Electronics 

Frascati Detector School 2018

https://indico.cern.ch/event/607147/contributions/2476905/attachments/1415650/2398258/Plans_fast_electronics_for_MPGD.pdf
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Scaling up: preliminary results
from first prototype

• Field scan centered in one pad: 37 ps.

• MCP was centered btw 3 PADs -> High statistics (>106 events) 
study of charge/timing sharing btw them.

Picosec: 24 ps with Micromegas 40 IRFU/CEA-Saclay, 7 Nov 2017

L. Sohl (CERN)
σTOF = 37.3 ps
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Robust photocathodes: 
pure metallic

Picosec: 24 ps with Micromegas 43 IRFU/CEA-Saclay, 7 Nov 2017

σTOF = 55 ps

• Previous tests showed modest results:
– 5 mm MgF2 + 10 nm Cr: ~100 ps, Nphe = 2.2.

– 5 mm MgF2 + 100 nm CVD: 180 ps, Nphe = ~2

• Pure metallic one (5 mm MgF2 + 20 nm Al): 54 ps!
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