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Motivation
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ÅPrecise timing detector are important in HEP experiments (TOF particle 
identification) and medicine (PET).

ÅHigh Luminosity upgrade of LHC
Å Increase in thenumber of collisions to 140-200 in small space within the same LHC clock 

(pile-up).
ÅProblem of connecting the tracks with the primary vertex.
Å To separate the events precise timing (~20 ps) and tracking information needed.

ÅPrecise timing detectors properties:
Å Time resolution of tens of ps.
ÅStability and radiation hardness.
Å Large area coverage.
ÅSegmented readout

https://agenda.infn.it/event/17991/attachments/61583/73525/Tabarelli_MTD_Padova_20171213.pdfhttp://lhc -machine-outreach.web.cern.ch/collisions.htm

https://indico.cern.ch/event/999817/contributions/4253048/attachm
ents/2240084/3797788/TOF%20technologies.pdf

https://agenda.infn.it/event/17991/attachments/61583/73525/Tabarelli_MTD_Padova_20171213.pdf
http://lhc-machine-outreach.web.cern.ch/collisions.htm
https://indico.cern.ch/event/999817/contributions/4253048/attachments/2240084/3797788/TOF%20technologies.pdf


Timing with classical Micromegas: limitations
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ÅDue to the different positionsof the last 
primary ionizationclustersalong the 
particle trajectory there is a time jitter of
a few ns.

„ = 4 ns ,

„-mean ionisation length

ὺ-drift velocity

Estimated time jitter for COMPASS Micromegas

ÅLimitation:time jitter of the primary electron drift.

L.Sohl: PicosecRD51

Giomataris, Yannis, et al. NIM A: 376.1 (1996): 29-35.

https://indico.cern.ch/event/872501/contributions/3726013/attachments/1984848/3306891/PicosecRD51.pdf
https://cds.cern.ch/record/299159/files/SCAN-9603270.pdf


PICOSEC Micromegasdetector concept

Å PICOSEC Micromegas (MM): precise timing gaseous detector based on a Cherenkov radiator coupled to a semi-
transparent photocathode and a MM amplifying structure

Å Timing resolution: order of tens ps.

Å Cherenkov radiator: passage of relativistic charged particle creates UV photons.

Å Photocathode:  conversion of UV photons into electrons. All the e- created at the same z position. 

Å Preamplification region: preamplification of electrons in high drift field region (E1~20 - 40 kV/cm).

Å Amplification region: final electron amplification in high electric field (E2 ~20-30 kV/cm).

Å Two component signal: fast electron peak (~ 600 ps) and slow ion tail (~ 100 ns).

Bortfeldt, J., et al. "PICOSEC: Charged particle timing at sub-25 picosecond precision with a Micromegas based detector." NIM A 903 (2018): 317-325.
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Fast electron peak 

Slow ion tail 

E1

E2

https://www.sciencedirect.com/science/article/pii/S0168900218305369


Timing properties
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ÅReference time with better precision than the PICOSEC is needed to quantify the 
precision of PICOSEC timing.

ÅSigmoid function is fitted to the leading edge of the electron peak. Temporal position 
of the signal is calculated at 20% CF.

ÅSignal arrival time (SAT): the difference between PICOSEC and reference detector 
timing marks. 

ÅTime resolution of the detector is defined as standard deviation of SAT distribution.

Charged particle

Reference detector
MCP

Detector under test
PICOSEC MM



First PICOSEC MM single channel prototype: proof of concept
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Single channel PICOSEC Micromegas 
prototype

Å1 cm diameter active area.

Å3 mm MgF2, CsIphotocathode.

ÅDrift/preamplification region of 200 µm.

ÅOperating gas: Ne:C2H6:CF4 (80-10-10).

Detector time response studies

Beam test
150 GeV muons @ CERN SPS H4 secondary beamline

MIPs response

Laser test
Pulsed laser @ The FLUME Laser setup at LYDIL Laser 

laboratory at CEA Saclay

Single p.eresponse



First PICOSEC MM single channel prototype: beam test with 150 GeV muons
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ÅBeam test results with 150 GeV muons @ CERN SPS 
H4 secondary beamline.

ÅTriggering/tracking/timing telescope

ÅTiming

ÅMCP-PMT as reference detector ( < 6 ps 
time resolution)

ÅTriggering

ÅScintillators (small and large area).

ÅTracking

ÅTriple GEM detectors, XY readout.

ÅTime resolution of 24.0 ± 0.3 ps obtained for              
Vdrift / Vanodeof -275 V /+ 475 V.

ÅTime resolution improves significantly with higher drift 
field.

Bortfeldt, J., et al. "PICOSEC: Charged particle timing at sub-25 picosecond precision with a Micromegas based detector." NIM A 903 (2018): 317-325.

https://www.sciencedirect.com/science/article/pii/S0168900218305369


Towards PICOSEC MM detector for HEP experiments
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Successful proof of concept- PICOSEC can achieve timing below 25 ps for MIPs.

Next steps: Multiple directions in detector development

Improvement of 
stability
Development of 
detector prototypes 
with resistive MM

Robustness
Research on 
various 
photocathode 
materials

Large area coverage
Developmentof large 
area prototypes and 
readout electronics

Detector 
optimization
Detector fields
Operating gas
Gaps thickness



Single photoelectron response
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Bortfeldt, J., et al. NIM A 903 (2018): 317-325.

Sohl, L., et al. JINST 15.04 (2020): C04053.

Femtosecond UV laser test
Å Purpose:systematic detector studies 
όŜƭŜŎǘǊƛŎ ŦƛŜƭŘ κ ƎŀǇ ƭŜƴƎǘƘ κ Ǝŀǎ ƳƛȄǘǳǊŜǎΧύ

Å Time resolution for single p.e.(200 ˃ m drift 
gap) :  76.0 ± 0.4 ps.

Å Time resolution improves significantly with 
higher drift field.

Å Both simulations and measurements show 
that Signal Arrival Time has a dependence 
on e-peak charge:
Å CƻǊ ƭŀǊƎŜǊ {!¢ Ҧ ǎƳŀƭƭŜǊ Ŝ-peak charge
Å CƻǊ ƭƻǿŜǊ ŘǊƛŦǘ ŦƛŜƭŘ Ҧ ƭŀǊƎŜǊ {!¢ 

Å Longerpre-ionization path add delay in SAT. 
Å 9ŀǊƭƛŜǊ ŀǾŀƭŀƴŎƘŜ ƻƴǎŜǘ Ҧ ōŜǘǘŜǊ ǘƛƳƛƴƎΦ
Å BothSATandresolutioncanbe improvedif

drift field isincreased.
Å More recent measurements show time 

resolution < 50 ps at single p.e.with a 
shorter drift gap (120 ˃m).

Å Preamplification/drift region has the 
dominant influence on timing.

Ὢ ὥ
ὦ

ὼ

Bortfeldt, J., et al. NIM A 993 (2021): 165049

https://www.sciencedirect.com/science/article/pii/S0168900218305369
https://iopscience.iop.org/article/10.1088/1748-0221/15/04/C04053/pdf?casa_token=rXGGhY8HSTUAAAAA:692vwHoqOhvVRPoVQMrF96R42C3ONhxWIvt46tl6dI0JBk7F6Oe14cZlbB8KC5GTkmYxLDB2B2c7MQ
https://www.sciencedirect.com/science/article/pii/S0168900221000334?casa_token=fjDlghFvhWoAAAAA:1ysAXwm0MIamJd7AfUGPFYwKswpyR4cY0uWWZzNMCP9-eBCx2O_lpzV8Q4jZVuYr-wo2S_Ep7g


Å19 channels and active area of 3.6 cm in diameter.  

ÅObserved decrease in timing performance 
depending on the position of MIP passing.

ÅAfter correction using impact position from 
tracker (to account for anode PCB mechanical 
deformations) very-good global time resolution 
of 25.8 ± 0.6 ps.

ÅEstimated time resolution of 32.2 ± 0.5 ps for 
signal equally shared over three pads.

ÅSource of errorҦnon-uniformity of the drift field 
gap.

ÅChange in a drift gap thickness -> change in the 
drift fieldand lengthof preamplification 
avalanche evolution.

ÅThis would affect detector gain and timing 
performance.

ÅMeasured deformations in the range of 30 µm in
the active area.

ÅGap height difference of 15 µm will result ina
time error of 100 ps.

10
Aune, S., et al. "Timing performance of a multi-pad PICOSEC-Micromegas detector prototype." NIM A 993 (2021): 165076.

First PICOSEC MM multichannel 
detector prototype 
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4
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RMS 32.2 ± 0.5 ps

https://www.sciencedirect.com/science/article/pii/S0168900221000607?casa_token=MSF_L1LAxs4AAAAA:BESEmmxoHa_2UDjaYgggp5ggVOogPrrIABQMEnnqGGFWHhpn08215fJIxYjEhpkVtL00DeBtIQ


ÅDetector that can be tiled to cover large areas.

ÅLƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŀŎǘƛǾŜ ŀǊŜŀ όҒмл ǘƛƳŜǎύ !b5 the number of channels (19 -> 100).

ÅDeformations will be even more pronounced for larger area.

ÅMain challenge: make detector with uniform gaps (below 10 µm) over the entire 10 cm x 10 cm active area.

First PICOSEC MM board

New larger area PICOSEC MM board
11

Towards new 100 channel prototype

Active area 100 mm
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Sources of the drift gap non uniformity: attachment to the housing

ÅFixation of the MM board to the housing
ÅBending of the MM board due tightening to the 

detector housing over the indium O-ring, 
nonsymmetrical Cu traces, thermal stress due to the 
soldering of the connectors, humidity from the 
outer side etc.

ÅFixation of the MgF2 crystal to the housing
Å Initial design: MgF2 crystal glued to the aluminum 

flange that is tightened with M2.5 screws to the 
chamber housing. 

ÅPressing force from each M2.5 screw can bend the 
flange/crystal.

Mitigation: detach the Micromegas board from the chamber 

and closing the chamber with additional Outer board.
Mitigation: re-design of the housing with completely detached crystal.
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Sources of the drift gap non uniformity: Micromegas board deformations 

ÅDeformations coming from the Micromegas
ÅMesh tension - due to the mesh stretching over the board. 

Mechanical simulation to estimate the deformation. Study of 
boards with various material and thickness. 

ÅProduction process - high T/p procedures during manufacturing.

ÅSpring-loaded pin pressure on the MM 
board
ÅSpring loaded pins were considered to use 

for mechanical decoupling MM board from 
housing & connection with Outer board

Structural mechanics simulation to estimate the deformations 
< 5 µm. MM BOARD design: use more rigid (ceramics instead FR4) and thicker MM board 

material (4 mm instead 2 mm).

Objective:follow the MM manufacturing process and conduct the 
planarity measurements on each of the production steps.

FR4 (3 mm thickness): Max displacment in 
the active area is around 100  um.

Ceramic (4 mm thickness) Max displacment 
in the active area is around 4 um.

A. Utrobicic RD51 collaboration meeting, June 2020: 
https://indico.cern.ch/event/911950/contributions/3912064/

https://indico.cern.ch/event/911950/contributions/3912064/


From design to production
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Anode board production 

a) Production of the ceramic substrate:embedding ceramics into 
FR4
Å Polishingto reach planarity below 15 umҦ Planarity measurements

b) Epoxy coating and copper deposition(55 ˃ m) on the top and 
bottom side of the board. 
ÅtƻƭƛǎƘƛƴƎ Ҧ tƭŀƴŀǊƛǘȅ ƳŜŀǎǳǊŜƳŜƴǘǎΦ 

c) Copper etching.

d) Epoxy fill between the copper traces/readout pads
Å Polishing Ҧ planarity measurementsҦ Mirror polishingҦ Ni/Au 

plating

ÅAdditional improvements: 
Å Thicker Cu (70 ˃m) to have margin for correction with manual 

polishing if needed in the later steps.

ÅResidual stress reduction methods before final polishing to ensure 
that ceramic is stress free and minimize the possibility of the board 
wrapping during long time period.

ÅPartial cutting of the board from the frame just before bulking to 
reduce the possibility of board deformation during temperature 
cycling.

ÅConsidering using FR4 material with higher Tgto minimize the 
possibility of deformations due to heating processes in production

PICOSECMircomegasproduction 

Mesh side Spring loaded pinsside 15

a) b)

c) d)

@ CERN MPT workshop



Micromegas bulking @CERN MPT workshop 
(Rui De Oliveira, Antonio Teixeira, Olivier Pizzirusso and 
Bertrand Mehl)



Overall planarity still below 10 µm after the mesh integration on the ceramic board.
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Planarity of the board after Micromegas bulking



Chamber assembly and gain uniformity measurements

Outer board +          Micromegas   +       Housing +MgF2 ->          Assembled detector
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ˋ = 3.9 %

Å Gain uniformity measurements with UV LED.
Å Measurement of the amplitude spectrum for all 100 pads at  fixed detector fields.
Å Polyafit was used to extract the mean of the spectrum.
Å Small gain variation were observed.

Miranda van Stenisand Thomas Schneider EP-DT-TFG(housing/ photocathode) A. Utrobicic, RD51 mini-week, 02/2021& collaboration meeting 06/2021

https://indico.cern.ch/event/989298/contributions/4225012/
https://indico.cern.ch/event/1040996/contributions/4398412/


PICOSEC 2021 test beam measurements @ CERN SPS H4 beam line
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ÅTriggering/tracking/timing telescope
Å Timing

Å MCP-PMT  R3809U-50 Hamamatsu ( 11 mm 
diameter useful photocathode).

Å Triggering
Å Scintillators (small and large area).

Å Tracking
Å Triple GEM detectors, XY readout.

20

ÅPICOSEC FE and Data 
Acquisition: 
ÅCIVIDEC C2 (40 dB, 2 GHz), 

https://cividec.at
ÅOscilloscopes: LECROY WR8104 

operated at 1.0 GHz analogue 
bandwidth and at a sampling 
rate of 10 GS/s.

PICOSEC Micromegas test beam setup



ÅHorizontal and vertical scan of PADs:
ÅPreliminary results show uniform time response over the pads 

for signals in the center of the pad over 5 mm x 5 mm area). 
Time resolution below 25 ps for all measured pads.

Time resolution, CsIphotochatode, VCAT500 V

PAD 03 06 12 13 15 16 17 18 20 26 36 41

,̀ ps 24.6 24.1 24.6 23.9 22.1 22.9 24.7 23.0 23.0 23.9 23.9 24.0

21

Preliminary

Preliminary

G. Maniatis& A. Kallitsopoulou: global parametrizationfor 
SAT and time resolution vs e-peak charge

A. Utrobicic, RD51 collaboration meeting: https://indico.cern.ch/event/1071632/contributions/4612229/

Preliminary

Ὢ ὥ
ὦ

ὼ

ÅDependence of the timing properties on the e-peak 
charge (time-walk)
ÅThe SAT depends on the e-peak charge and the timing of 

the detector can be improved if we take this into 
account as a time walk correction.

ÅAll pads have almost the same dependencies on the e-
peak charge for SAT -Ҕ ǳƴƛŦƻǊƳ ŘǊƛŦǘ ŦƛŜƭŘ ŀƴŘ ǘƘŜ ΨƎƭƻōŀƭΩ 
time walk correction can be used.

ÅThe dependance of the time resolution on the e-peak 
charge is very similar for all pads.

Large area PICOSEC with CsIphotocathode

Preliminary

https://indico.cern.ch/event/1071632/contributions/4612229/
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23.1 ps

2D plot of time resolution over the pad 12 
(1 cm x 1 cm area)

Preliminary

P
re

lim
in

a
ry

Time resolution within 5 mm x 5 mm square

Å Important to evaluate if the time response is uniform within the pad -> no need for hit position information for SAT 
correction.

Å Time resolution looks uniform within the PAD, but we need to check the uniformity of Signal Arrival Time over the pad.

Large area PICOSEC time response at the pad level (MCP as trigger ʊ= 11 mm)
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Å 2D plot of Signal Arrival time over the PAD 12 
shows uniform behavior within 5 ps at pad 
central region which is well covered by the 
MCP. This is visible also at line at 0 	vcrossing 
pad center for pads 12, 15, 06 and 18.

ÅNon uniformity in SAT is most visible at 
corners.

Å For 45 	vstrong correlation between SAT 
uniformityconfirmed for multiple pads.

Å This indicates that uniformity of MCP 
dominatesthe measurementsat the edges.

ÅNeed for a better reference detector (t0). 
Larger area and with uniform response.

Large area PICOSEC preliminary test beam results: uniformity at the pad level

MCP-PMT time response

Sohl, Lukas. "Spatial time resolution of MCPςPMTs."

MM amplitude

MCP amplitude

Bortfeldt, Jonathan, et al. "Timing performance of a micro-channel-plate photomultiplier tube." NIM A 960 
(2020): 163592.


