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This  illustrates  the  large  number  of  interactions  per crossing  after an 

LHC upgrade to a luminosity of ~1035cm-2 sec-1 (ATLAS collaboration).

The association of the time

measurement to the energy

measurement is crucial for physics

analysis, and requires time

resolution of 20-30ps.
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Since the hermetic approach at the LHC experiments requires large area coverage, it is natural

to investigate both MicroPattern Gas and Silicon structures as candidate detector technologies.

However, since the necessary time resolution for pileup mitigation is of the order of 20-30ps,

both technologies require significant modification to reach the desired performance.

Existing Instrumentation:
e.g. Multi-Channel Plate (MCP) with 

σt~ 4ps but very expensive for large 

area coverage

PhotoMultiplier: σt >800ps

Large area detectors, resistant to radiation damage,  with ~10ps timing capabilities will find 
applications in many other domains, e.g. 
• particle identification in Nuclear and Particle Physics experiments
• photon’s energy/speed measurements and correlations for Cosmology
• optical tracking for charge particles
• 4D tracking in the future accelerators (e.g. FCC with a center energy of ~100TeV)
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MicroMegas: Micro Pattern Gaseous Chambers
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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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However…
Let n be the mean  number of the e-ion pairs 

produced by the charged particle along its track. Then 

the probability that k-pairs are produced by a single 

track is given by the Poisonian

z

L 
Anode

0

The probability that an e-ion pair has been produced at

Z=z is the same for any value of Z; p=1/L

Then, in case that k pairs are produced, the probability

that the jth pair has been produced at Z= z is given by

the binomial distribution

where x=z/L describes the probability that a pair is

produced in the region 0-z

j-1 pairsk-j pairs

The probability that the jth pair has been produced at

Z= z for any total number of e-ion pairs is given by

The probability that the last pair (i.e. the closest to the

edge 0) has been produced at Z= z is given by (j-1=0):

Using the drift velocity (V), we express the probability

that the first electrons will reach the anode at time t as:

Setting typical values, i.e. V=50μm/ns

and n=10 we conclude that:

Typical Time Resolution ~6ns

A typical MicroMegas cannot reach

timing resolution at the level of tenths

of ps
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Hamamatsu MCP

PICOSEC
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The Goals
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Hamamatsu MCP

PICOSEC

Signal Formation
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Timing Characteristics:  Answers to many “Why” and “How”

• Development of experimental and data analysis strategies

• Employ precise simulation and development of phenomenological models

• Study and understand the interplay between competitive processes

• Optimize the detector’s operational parameters

see https://indico.cern.ch/event/676702/timetable/

and https://arxiv.org/abs/1712.05256
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Recognize the “start” and “end” of the e-peak, as well as the “end” of the  

ion tail

Evaluate charge by integrating the relevant part of the waveform 
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Definition of the e-peak Arrival Time

Fit the e-peak Leading Edge

Fit the e-peak leading edge in order to neutralize noise effects.

Several Functions have been used in the fits, including quadratic and

cubic polynomials as well as logistic and generalized logistic functions

A fit of the whole e-peak was also tried using the difference of two

logistic functions

(it is used by K. Paraschou to describe the signal in the simulation of the

PICOSEC-MICROMEGAS response)

The results of these fit is also used to define the “start” and 

”end” points of the e-peak waveform, to estimate charge and it 

is also used for timing

29/3/2018           HEP 2018 - Recent Developments in High Energy Physics and Cosmology 14



Define the e-peak arrival time at a Constant Fraction of the peak maximum

CFD Timing  minimizes “slewing effects”

CFD Timing of raw pulses suffers from noise

μ

29/3/2018               HEP 2018 - Recent Developments in High Energy Physics and Cosmology 15



Single

p.e.

Fitting the e-peak waveform helps to estimate the charge in “impossible” cases

Example: small pulses

Define the start and the end of the e-peak

Estimate the charge
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An example of filtering out the noise

(cut at 1.5 GHz)

In these examples (PICOSEC-MicroMegas), the use of  filtering before fitting the leading 

edge of the pulse DOES NOT improve the timing resolution, i.e. a conservative frequency 

cut does not improve the timing resolution and a strong frequency cut deforms the rising 

edge of the pulse worsening the time resolution

(see V. Niaouris Talk)
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Is it possible to filter-out the noise ?
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Back to the results

• Why the Δt distribution is not Gaussian ?
standard

normal
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• Why the Resolution depends on the e-peak size?



•The Cherenkov photons, produced when a relativistic muon (MIP) passes through the MgF2

radiator, extract  (per average) 10-11 photoelectrons from the CsI photocathode.

•The PICOSEC response to a MIP is the linear sum of its response to each of the produced 

(mutually uncorrelated)  photoelectrons

•In order to understand the signal formation dynamics we studied the PICOSEC response to 

single photons, using a monochromatic laser beam

Back to basics
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Does the “Polya” shape describe the e-peak charge and amplitude distributions?

Laser beam tests
Use data sets collected without any threshold on the picosec-MM signal to test the “Polya Hypothesis”

Use out-of-time events 

to model the noise

Fit the charge spectrum 

produced by a single 

photoelectron

Fit the charge spectrum produced by  

several photoelectrons
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The Signal Arrival Time Depends on the size (Charge) of the e-peak
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The Resolution depends on the size (Charge) of the e-peak

The SAT and Resolution dependence on the e-peak size, for constant anode field, follow the

Same functional form independently of the applied anode field !!!!
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The anode field does not alter significantly the SAT and Resolution dependence on the e-
peak size. The anode field does not affects the timing characteristics !!! 
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Counter-Intuitive: The Resolution dependence on the e-peak size is the same for all the drift 

fields (despite the different diffusion coefficients)

Counter-Intuitive: The SAT depends on the e-peak size. The dependence is the same for all the 

drift fields (within a constant delay due to the different drift velocities) 

The CFD timing is slewing-free  as long the pulse shape 
does not change with the pulse amplitude

The PICOSEC pulse shape remains almost constant. The waveform shifts because of 

some physical process !!!
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•We should use a detail-simulation (including all the relevant atomic and 

molecular phenomena) to simulate the PICOSEC response to single 

photoelectrons

•Garfield++

•First Difficulty: Garfield++ simulates up to the induced current on the anode 

•We should extract the electronics’ response to the PICOSEC signal (couplings, 

preamps etc) from the data

We have developed a statistical technique (proving that is consistent and unbiassed) which 

convolves Garfield++ predictions with a parameterization of the electronics’ response and 

estimates the relevant parameters by fitting the average pulse shape observed in the data.
(see K. Paraschou talk and Master Thesis)
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The worst case – perhaps due to 

noise/reflections  contributions

The shapes of the simulated pulses, for different drift voltages (same anode voltages) and 

for different e-peak sizes, agree very well with the data
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We have to scale the MC charge (or amplitude) predicted distributions in order to take into

account the electronics' gains. We expected that by adjusting the scale factor at some drift

operating voltage we should predict all the other distributions of events collected with the same

anode but different drift voltages, WITHOUT any extra fine tuning.

However…

450-400

G=27.8

450-375

G=30.2
450-425

G=21.9

It is known that the COMPASS gas mixture has a significant penning effect. Until now this effect was 

ignored in the simulation. We consider different penning transfer rates to examine its behaviour.

Fig: Scale factor, G, as a function of drift 

voltage, divided by the scale factor at 325 V.  

Red lines dashed  represent linear fits.

Approximately, for a transfer rate r ≈ 50%, the 

scale factor is not dependent on the drift voltage 

setting.
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Black = Experiment

Color = Simulation

A simple 2.5mV RMS, uncorrelated noise inclusion makes the simulation’s predictions to agree much 

better with the experiment.
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Fully Simulated Waveforms

Including electronic noise in the simulation



The simple 2.5mV RMS noise inclusion makes the simulation’s resolution agree almost perfectly with 

the experiment.

Black = Experiment

Color = Simulation
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Include electronic noise in the simulation
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Furthermore, the simulation predicts that large pulses are arriving earlier than smaller 

pulses whilst the pulse shape remains almost the same, as it has been observed in the data.
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•Garfield++ includes all the relevant atomic and molecular processes. However, the fact that

Garfield++ predictions (convolved with the electronics response) describe the PICOSEC

timing characteristics does not enlighten us for their origin (e.g. why SAT depends on the e-

peak size?)

•At this point Garfield++ is like a “black box”

In the following…

• Identify the main microscopic parameters that correspond to the macroscopic

(experimental) observables: SAT and Resolution

• Identify the processes which are responsible for varying the main microscopic parameters

• Build a phenomenological model to describe the mechanisms of variation and compare

with the Garfield++ predictions
(for details see K. Paraschou MSc Thesis and talk)

Many avalanches with the same length D

T is the mean value of all 

the electrons’ arrival times 

at the mesh

A single avalanche
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Select simulated waveforms with e-peak charge in a certain (narrow) region of Charge
Evaluate the experimental arrival Time of each waveform
Evaluate the corresponding  T, i.e. the mean arrival time on the mesh of all the pre-
amplification avalanche’s electrons
Study the correlation 

T is the mean value of all 

the electrons’ arrival times 

at the mesh
20% CFD
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Total time (from the photocathode to the mesh)

Avalanche time (from the first interaction point to the mesh)

Photoelectron Time (from the photocathode to the interaction point)

How is it possible the photoelectron and the avalanche to have different drift velocities?
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Let us be inspired by the phenomenon of “Quenching” 

3429/3/2018              HEP 2018 - Recent Developments in High Energy Physics and Cosmology

From Rob Veenhof
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From Rob Veenhof



Elastic scatterings 

WITHOUT any significant 

energy loss

Scatterings WITH  

significant energy loss
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From Rob Veenhof



•When the “ionization channel opens” the electrons  in the avalanche loose energy

•As in the case of  “quenching”,  the energy loss results in higher drift velocity !!!

•Our model employs an effective parameter ρ that describes the “time gain due to the energy 

loss in each ionization (production of a new electron)

•The other parameters of the model are: the drift velocity of the photoelectron, the first 

Townsed coefficient and the attachment probability.

•The model treats the number of electrons in an avalanche as continues variable

We could predict the 

effective drift velocity of the 

avalanche
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Garfield++

Model prediction

We could describe and explain the SAT dependence on the number of avalanche’s 
electrons (i.e. on the e-peak size) 
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Points: Garfield++

Curves: Model Prediction

Total Timing Resolution

Timing Resolution due to the avalanche fluctuations

Timing Resolution due to the photoelectron fluctuations

We could describe and explain the Resolution 

dependence on the length of the avalanche and 

on the number of avalanche’s electrons (i.e. on 

the e-peak size) 
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•We have developed the tools to describe the PICOSEC response and we have identify

the major mechanisms which are responsible for the timing characteristics

•We can achieve less than 20 ps (15?) timing resolution with optimized working

parameters (during the next test-beam period)

•We will run in intense laser beams, i.e. in similar conditions as in a electromagnetic

calorimeter, to finalize the design of a calorimeter with ~1ps time resolution

(Astroparticle Physics, Cosmology, Astrophysics…)

•We have operated a muli-pad PICOSEC detector. Very encouraging first results, data

analysis is not finished. A new test-beam run in July

•We have started a detailed simulation study to evaluate the spatial resolution of several

Micromegas tracker configuration with PICOSEC timing information. Many ideas… to

be used as a demonstrator in the running LHC experiments

• PICOSEC applications for fire detection and early warnings
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Resume

• The RD51 PICOSEC collaboration has developed a MicroMegas detector with 

photocathode and Cherenkov radiator

• First published results prove the potentiality of such a detector to perform precise 

timing of MIPs and single photons.

• I have presented studies to understand the underlying mechanism which are 

responsible for the timing characteristics.

• Further developments of the PICOSEC detector are currently investigated and will 

be tested in particle and laser beam

Thank you for your attention!!!


