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Abstract:
The PICOSEC Micromegas precise timing detector is based on a Cherenkov radiator coupled

to a semi-transparent photocathode and a Micromegas amplification structure. The first proof
of concept single-channel small area prototype was able to achieve time resolution below 25 ps.
One of the crucial aspects in the development of the precise timing gaseous detectors applicable
in high-energy physics experiments is a modular design that enables large area coverage. The
first 19-channel multi-pad prototype with an active area of approximately 10 cm2 suffered from
degraded timing resolution due to the non-uniformity of the preamplification gap. A new 100 cm2

detector module with 100 channels based on a rigid hybrid ceramic/FR4 Micromegas board for
improved drift gap uniformity was developed. Initial measurements with 80 GeV/c muons showed
improvements in timing response over measured pads and a time resolution below 25 ps. More
recent measurements with a new thinner drift gap detector module and newly developed RF pulse
amplifiers show that the resolution can be enhanced to a level of 17 ps. This work will present the
development of the detector from structural simulations, design, and beam test commissioning with
a focus on the timing performance of a thinner drift gap detector module in combination with new
electronics using an automated timing scan method.

Keywords: Micropattern gaseous detectors (MSGC, GEM, THGEM, RETHGEM, MHSP, MI-
CROPIC, MICROMEGAS, InGrid, etc), Timing detectors, Cherenkov detectors
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1 Introduction

One of the many challenges for future physics experiments is the development of precise timing
detectors (O 100 ps) with a large area coverage and capabilities of withstanding high radiation
fluence [1]. PICOSEC Micromegas (MM) is a gaseous detector for precise timing applications
with a time resolution of tens of ps [2]. It consists of a MM amplification structure that is coupled
to a Cherenkov radiator with a CsI semi-transparent photo-cathode. The detector is operating
as a two-stage amplification structure with a working gas mixture of Ne:C2H6:CF4 (80:10:10).
Operating principles are in detail described in [2, 3]. A single channel prototype achieved excellent
time resolution below 25 ps for measurements with Minimum Ionizing Particles (MIPs) [2] and
developments continued towards a multi-channel detector that can cover larger areas [3]. An
improved detector prototype with 19 hexagonal pads was built and tested. It was observed that
this prototype suffered from the drift field non-uniformity. The effect was investigated and flatness
corrections were made based on a particle hit position to obtain a uniform time response. After
applying the necessary corrections, the detector yielded a time resolution of 25 ps in the best case
[3]. It was found that the MM Printed Circuit Board (PCB) had initial deformations, most likely
caused by the production process and the stretching of the mesh, which can be exacerbated by
the tightening of the PCB to the detector housing. In order to produce an even larger multipad
PICOSEC, new design procedures had to be introduced.

2 Mechanical aspects and timing performance of the 100 channel prototype

The design of the new 100-ch prototype was driven with improvements in the flatness and uniformity
of the drift gap as the main objectives. Structural mechanics simulations of the mesh tension interface
and coupling to the detector casing were performed to select the substrate that could ensure planarity
better than 10 𝜇m over 100 cm2 active area, Figure 1. The Finite Element Analysis suggested the
use of a more rigid and thicker PCB. The MM board was fabricated as a combination of 4 x 1 mm
thick ceramic core with a 0.3 mm thick FR4 outer layers [5]. The ceramic core was used to achieve
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Figure 1. Left: Simulation results of the mesh tension influence on 4 mm thick ceramic. A shear force of
15 N/cm was applied on the coverlay faces directed inward the active area. Right: Simulation result of the
spring-loaded pin pressure. A Force of 23 g was applied to 100 pressing points. Ceramics Young’s modulus
was 320 GPa and the Poisson ratio was 0.23.

rigidity, while the use of the thin FR4 layers enabled the classic PCB manufacturing process, precise
flattening, and polishing. The readout structure was arranged in a 10 by 10 matrix of square pads.

To prevent bending of the MM board or the flange with a Cherenkov radiator when pressed
with screws, it was crucial to mechanically detach all the active detector components, including
the MM board and the Cherenkov radiator, from the housing. The design choice was to use an
Outer Board (OB) on the side of the chamber where the MM board is located, and a flange with a
quartz window on the other side where the Cerenkov radiator is located, Figure 2 (left). The signal
from each pad was routed to the SMB connectors on the top of the OB via spring-loaded pins. In
addition to the electrical connection, the compressive force of the spring-loaded pins ensures that
the radiator is pressed firmly and evenly into the positioning groove in the chamber.

Figure 2. Left: Exploded view of the detector layout. Right: MM PCB pad layout. Each pad is 9.82 mm
x 9.82 mm with 200 𝜇m spacing between the edges of adjacent pads. The blue squares represent the pads
used for evaluating the timing performance over the detector area.

The time response of the 100-channel Detector Under Test (DUT) to 80 GeV muons was
measured at the CERN SPS H4 secondary beamline. The setup consisted of a triple GEM detector
telescope for a particle hit position information and MCP-PMTs1 (later in the text MCP) used as a
timing reference or trigger [2, 3]. In a standard readout chain configuration, an induced signal from

1Hamamatsu MCP-PMT R3809U-50 https://www.hamamatsu.com/jp/en/product/type/R3809U-50/index.html
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a detector is amplified using high bandwidth CIVIDEC C22 amplifier and digitized at a sampling
rate of 10 GS/s by LeCroy WR8104 oscilloscope. The same oscilloscope is used for the acquisition
of the reference time detector signal and serial bitstream with event ID obtained from the tracker.
The recorded waveforms are analyzed using the methods described in previous publications [2, 3].

The first measurements were made with a prototype detector with a "standard" drift gap
thickness of 220 𝜇m and a CsI photocathode on a thin Cr layer. Two MCP detectors were aligned
with each other in the x-y plane and the DUT was positioned behind them. To be able to take data
from particles crossing an entire pad area, one MCP was used as a trigger detector. It was mounted
parallel to the DUT and placed in front of it. In addition, another MCP, aligned with the trigger
MCP in the x-y plane, was placed in front of it and used as a timing reference. For the timing
measurements, the DUT was fixed so that the measured pad (or detector area) was aligned with the
trigger and timing MCP. Measurements of more than 10 pads showed that a time resolution below
25 ps can be obtained for each pad in its central square area of 5 mm x 5 mm, thus reproducing
timing properties of the single channel prototype.

Figure 3. Mean SAT (left) and time resolution (right) values for different electron peak charge bins [4].

The timing of the detector can be further improved if the dependence of the signal arrival time
(SAT) on the electron peak (e-peak) charge is taken into account as a time-walk correction. If the
drift field is uniform over the entire surface of the pad, the dependence of the timing characteristics
on the e-peak charge should be the same for all pads. One of the most important requirements for
a large area PICOSEC MM detector is that all pads have a similar dependence of the mean SAT
and time resolution on the e-peak charge. This would suggest that it is possible to use only a single
global time walk correction function for all the pads, making it easier to calibrate the detector. To
investigate the timing performance over a larger area, timing measurements were taken from seven
different pads in the same row, Figure 2 (right). The timing analysis shows that all pads closely
follow the time-walk correction function, indicating a consistent global behaviour that is important
for many-channel detectors, Figure 3 [4].

2C2-HV Broadband amplifier (2 GHz, 40 dB), https://cividec.at/electronics-C2-HV.html
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3 Method for timing characterization of large area detectors

Measuring the timing performance of large-area detectors presents a challenge for the selection of
the reference detector, which must have better timing characteristics and spatial uniformity than the
DUT. Although large-area MCPs are available, they are more expensive and the timing performance
over the entire area must be known to ensure that the DUT response measurements are not biased.
In the previous work [7, 8], the timing of the reference detector MCP was investigated as a function
of the particle hit position at different radii from the centre of the detector. It was observed that
the MCP can be used as a timing reference over the effective photocathode diameter (11 mm), with
a time resolution below 6 ps. In the outer regions, the time resolution deteriorates rapidly. To
conduct a measurement with minimal bias caused by the non-uniformity of the reference detector
over larger DUT areas (> 11 mm), a modification to the measurement method had to be made.

The analysis of the measurements at the reference MCP taken with MIPs shows a double-
peak amplitude spectrum, Figure 4 (left). The correlation of the amplitude spectrum with the hit
positions obtained using the tracker shows that the events in the lower signal amplitude peak belong
to the outer region of MCP (Figure 4, middle), while those in the larger amplitude peak correspond
to the hits in the center of the MCP, Figure 4 (left). The method is based on using the central
("good") part of the MCP to perform timing measurements. This was realized by using the same
MCP as a trigger and as a time reference with a sufficiently high threshold to reject the events
from the outer region. The MCP was mounted to the movable stage and an automated scanning
method was employed to cover the large DUT area with the central part of MCP. The movement
was synchronised with the number of events recorded to ensure an even amount of data over the
entire area. The MCP was moved on a grid of 2.5 mm x 2.5 mm every 1000 recorded events. A
dense grid of movement ensured an overlap of about 75 %, which is beneficial to average possible
imperfections of the MCP. Although the method is time-consuming due to the geometric scan, it
benefits from the reduced load on the tracking system and oscilloscope recording. This approach
can be employed for measurements on a single pad, signal sharing, or entire detector scan studies.

Figure 4. Left: Spectrum of the MCP amplitudes (below 1 V in yellow and above 1 V in green). Middle:
Hit map of the lower amplitudes (yellow). Right: Hit map of the higher amplitudes (green).

4 Beam test measurements with custom electronics and 180 𝜇m drift gap thickness

Earlier measurements and simulations indicated that the reduction of the drift gap improves the time
resolution of the PICOSEC MM [9, 10]. After the initial tests described in section 2 showed the
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Table 1. RMS of the SAT distributions for 2 x 4 pad scan
measurements. Cathode/anode voltage: -465 V/+275 V.
PAD 23 24 33 34 27 28 37 38
RMS [ps] 17.4 17.1 17.0 17.9 17.2 16.4 17.1 16.6

Table 2. RMS of the SAT distributions for 6 pad scan
measurements. Cathode/anode voltage: -460 V/+275 V.

PAD 27 37 28 38 29 39
RMS [ps] 17.7 17.3 17.1 17.1 16.4 16.9

preservation of the timing performance of the single-channel detector and confirmed the uniformity
of the detector, the drift gap was reduced to 180 𝜇m. In addition, 50 channels of the detector
were fitted with custom-made 10-channel, 38 dB, 650 MHz amplifier cards with built-in discharge
protection. The RF amplifier from [6] served as the basis for the design. The signals were digitised
and recorded with oscilloscopes. Measurements on this detector and electronics configuration

Figure 5. Scan measurement of 6 pads: SAT (left) and time resolution (right) for different e-peak charge
bins. A similar behaviour is measured for all pads.

were performed during two RD51 beam test campaigns in Jul. and Oct. 2022. In Jul., two sets of
measurements were taken over a four-pad area, while in Oct. a six-pad measurement was performed.
The motivation was to study the single-pad time response and signal sharing over multiple pads.
The RMS of SAT values for tracks passing through the 4 mm x 4 mm pad central area during the
scans are summarised in tables 1 and 2. SAT distributions of all measured pads show RMS values of
17.1 ps on average. To check whether the uniformity of the drift field is maintained, the dependence
of the SAT and the time resolution on the e-peak charge was also investigated. A similar behaviour
to the prototype with the standard drift gap detector is found, as shown in figure 5.

5 Conclusions

The aim of developing a new 100-channel PICOSEC MM detector with an area of 100 cm2 was
to achieve a flat and uniform drift gap that would ensure uniform timing over a large area. A
prototype based on an embedded ceramic MM board confirmed the uniformity and preserved the
time resolution of the single-channel detector. The drift gap thickness was reduced to 180 𝜇m and
timing tests with a newly developed custom RF amplifier were conducted. A timing method for
characterising larger areas was implemented and used for measurements. Scans of 10 different pads
with a readout chain based on custom amplifiers and oscilloscopes show excellent time resolution
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averaging 17 ps for all measured pads and the first results show uniformity of the detector with
shorter drift gap. New developments are underway to improve stability and robustness and to
develop a full readout chain with a multi-channel SAMPIC digitizer [11].
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