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Abstract: The combination of a Cherenkov radiator with a semi transparent photocathode and a
Micromegas based amplification stage allows PICOSEC Micromegas detectors to achieve a time
resolution of better than 15 ps. While tileable prototypes with 10 × 10 channels feature 1 × 1 𝑐𝑚2

readout pads, finer readout granularity can be used to improve the spatial resolution. We report
on the study of high readout granularity PICOSEC Micromegas prototypes which achieve around
0.5 mm spatial resolution with 3.5 mm large pads. No significant improvement was found when
readout pad size was further reduced to 2.2 mm. The timing resolution of the leading pad was
found to be slightly degraded but remained better than 20 ps for a medium granularity prototype.
The achieved spatial resolution can enable PICOSEC Micromegas to be used as precise timing and
moderate resolution tracking detector simultaneously.

Keywords: Gaseous detectors; Micropattern gaseous detectors (MSGC, GEM, THGEM,
RETHGEM, MHSP, MICROPIC, MICROMEGAS, InGrid, etc); Timing detectors
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1 Introduction

Precise timing detectors are important for future high energy physics experiments for multiple reasons.
The can be used for pileup mitigation in high multiplicity environments, provide accurate TOF
information for accurate PID and can be used for 4D tracking. These applications would profit
from timing resolution on the order of tens of picoseconds. While gaseous detectors are in wide
use as large active area detectors and provide e.g. tracking information in muon systems, they are
typically not associated to high timing resolution. Typically, the uncertainty in the location of primary
ionisation in the active region results in a timing jitter on the order of nanoseconds which cannot be
easily overcome with a millimetre-scale conversion region thickness. The PICOSEC Micromegas
concept combined a Cherenkov radiator with a semi-transparent photocathode and an amplification
stage based on MicroPattern Gaseous Detector (MPGD) technologies as shown in figure 1 to achieve
better than 20 ps timing resolution [1].

Figure 1. Picosec Micromegas schematic: Cherenkov radiator with semi-transparent photocathode and
two-stage Micromegas amplification structure. Reproduced from [1]. CC BY 4.0.

These detectors make use of the localisation of the primary charge production in space and time at
the photocathode as well as thin pre-amplification and amplification gaps with high electric fields.
These are used to start avalanche multiplication as soon as possible to minimise the influence of the
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primary electrons’ movement and profit from statistical averaging over a larger number of charge
carriers. Previous studies of PICOSEC detectors with Micromegas and μRWELL amplification charges
have achieved time resolution values better than 15 ps on small, single readout pad prototypes [2] and
better than 20 ps on multi-channel prototypes with 100 channels [3]. The tillable multichannel prototype
modules feature 1 × 1 cm large readout pads which are individually readout. One possible electronic
readout chain with custom developed RF amplifiers and the SAMPIC waveform TDC as digitiser has
been shown to manage the readout of full detector modules without significant degradation in timing
resolution. In the following, we describe the achievable spatial resolution of PICOSEC Micromegas
detectors and strategies to improve it which include charge sharing and finer readout granularity.

2 Experimental methods

The spatial resolution of three different geometries of PICOSEC Micromegas precise timing detectors
was studied: a multipad detector with square 1 cm×1 cm pads, a smaller so-called “medium granularity”
prototype with hexagonal pads at a pitch of 3.5 mm and a “high granularity” prototype with hexagonal
pads at a pitch of 2.2 mm, all produced at the CERN Micro-Pattern Technologies workshop (MPT).
A comparison of the two readout granularities is shown in figure 2.

Figure 2. Comparison of Picosec readout structures: medium granularity (left) and high granularity (right).
The active area is 15 mm diameter in both versions.

The Cherenkov radiator was a 3 mm thick MgF2 crystal with a semitransparent photocathode
coated on it by thermal evaporation. The photocathode coating consisted of a 3 nm thick Ti layer for
electrical contact and an 18 nm thick CsI photo conversion layer. This photocathode has previously
been shown to provide > 10 photoelectrons per Minimum Ionising Particle (MIP). With a Cherenkov
angle close to 45deg, a light cone diameter of about 6 mm diameter is expected for MIPs crossing
the 3 mm thick radiator crystal. The amplification stage for the different prototypes was a resistive
bulk Micromegas with a resistive layer based on Diamond-Like Carbon (DLC) with a nominal
sheet resistivity of 20 MΩ/sq. This high resistivity was chosen to offer protection against discharges
while minimally influencing the signal shape and thus timing resolution. The preampfification stage
was 180 μm for the multi-pad detector prototype and 120 μm for the medium and high granularity
prototypes. The mesh was fixed by coverlay pillars defining an amplification gap thickness of around
128 μm. Detectors were operated in a Ne-CF4-Ethane (80/10/10 %) gas mixture at ambient pressure in
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flushing mode with about 2 l/h flow. With the cathode at negative high-voltage and the mesh grounded,
the resistive layer used as anode was powered with positive high-voltage. Readout pads were separated
from the anode by a 50 μm thick insulating polyimide layer. Prototypes were studied in muon beams at
the CERN SPS H4 beamline with a momentum of 150 GeV/c. Timing performance was characterised
with a telescope based on three triple-Gaseous Electron Multiplier (GEM) tracking detectors and a
MCP-PMT as timing reference. The GEM telescope achieved a tracking resolution of better than
100 μm. The MCP-PMT provides better than 5 ps timing resolution in the central region of its active
area and is thus a minimal contribution to the overall timing resolution measured. The contribution
of the MCP-PMT reference detector was not subtracted from the reported time resolutions. The
MCP-PMT signal was split to be used as trigger and timing reference signal simultaneously. Custom
preamplifiers based on a RF pulse amplifier design from [4] were connected to the readout pads to
preamplify signals before digitising them either at 10 GS/s with oscilloscopes or at 8.4 GS/s with
the SAMPIC Waveform Time-To-Digital (WTDC) digitiser. A SAMPIC system capable of reading
out up to 128 channels was used with each channel triggering independently. The trigger threshold
was set to 20 mV below the baseline, which was set at 1 V to obtain the maximum dynamic range
for the negative signal from the readout pads. While the trigger and timing reference MCP-PMT
was kept in a fixed, aligned position for the medium and high granularity detector, it was scanned
across and area of multiple pads for the multipad prototype.

3 Spatial and timing resolution measurements

The measurement of spatial and timing resolution with the different readout granularity prototypes
are presented in the following subsections. Specific details of measurement conditions and results
for each prototype are provided.

3.1 Multi-pad module prototypes

A detector with 100 square pads with a pitch of 10 mm was characterised. A region of 4 pads in
a 2 × 2 matrix was used for spatial resolution measurements. For a Cherenkov cone diameter of
6 mm, 1–4 pads are expected to see a signal for each MIP.

A spatial resolution, defined as the RMS of the distribution of residuals between the position
reconstructed by a center-of-gravity method and the known particle track location from the tracking
telescope, was measured to be 2.9 mm (X) and 2.5 mm (Y) [5]. The timing resolution between
a single pad with the highest amplitude of the detector under test and the MCP-PMT as timing
reference was measured to be 45 ps [5].

3.2 Medium readout granularity

A detector with 19 hexagonal pads with a pitch of 3.5 mm was characterised. The total size of the active
area of the detector was 15 mm diameter. For a Cherenkov cone diameter of 6 mm, around 4–7 pads
are expected to see a signal for each MIP. An exemplary event of a MIP event recorded by the medium
granularity detector is shown in figure 3 with the color scale representing the signal amplitude registered
at each pad. As shown, most pads overlapping with the Cherenkov code were hit and recorded signals.

The distribution of the number of hit pads per event is shown in figure 4(a) which shows an
average value of 4.0.
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Figure 3. Exemplary event recorded with the medium granularity detector. Four pads are hit, the green point
displays the reference tracker information, the semi-transparent blue circle shows the extent of the Cherenkov
cone and the red dot shows the reconstructed position from a center-of-gravity algorithm.

(a) Number of hit pads for medium granularity readout. (b) Number of hit pads for high granularity readout.

Figure 4. Distribution of the number of hit pads per event for the two readout granularities.

Due to the limited active area of the detector, signals outside of a 9 mm diameter circle were
not fully contained and the spatial resolution measurement was thus focused on a central region of
the detector with a diameter of 6 mm as shown by the red circle in figure 6(a). A spatial resolution,
defined as the RMS of the distribution of residuals between the reconstructed position and the known
particle track location from the tracking telescope, was measured to be 0.50 mm as shown in figure 5.
The resolution in X and Y directions is comparable.

The timing resolution for tracks crossing the central pad and considering only this pad with the
highest amplitude was measured to be 16.9 ± 0.1 ps.

3.3 High readout granularity

A detector with 37 hexagonal pads with a pitch of 2.2 mm was characterised. The total size of the
active area of the detector was 15 mm diameter. For a Cherenkov cone diameter of 6 mm, around
7–12 pads are expected to see a signal for each MIP.
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Figure 5. Residual distribution in X direction between measured and reference hit position of the medium
granularity readout.

(a) Medium granularity readout selection. (b) High granularity readout selection.

Figure 6. Overlay of a 6 mm diamter circle in green displaying the region of the active area which was evaluated
for timing and spatial resolution. The red circle shows the full active area.

However, in many events multiple pads overlapping with the Cherenkov code were not recording
any signal as signal amplitudes on those channels were probably below the self-trigger threshold of
the SAMPIC WTDC set at 20 mV below baseline. The distribution of the number of hit pads per
event is shown in figure 4(b) gives and average value of 3.6 pads hit.

A spatial resolution, defined as the RMS of the distribution of residuals between the reconstructed
position and the known particle track location from the tracking telescope, was measured to be 0.65 mm.
The timing resolution for tracks crossing the central pad and considering only this pad with the highest
amplitude was measured to be 28.3 ± 0.3 ps. Due to the limited active area of the detector, signals
outside of a 9 mm diameter circle were not fully contained and the spatial resolution measurement
was thus focused on region of the detector with a diameter of 6 mm as shown by the red circle in
figure 6(b). In contrast to the medium granularity detector, this region was not centered but shifted
to the bottom-right by about 2 mm in each direction to avoid a non-responsive pad.
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4 Discussion

While the average number of hit pads for the medium granularity readout geometry is 4.0 and lies
within the expected range, the average number of hits pads for the high readout granularity is even
lower at 3.6 despite the finer readout pad pitch. At the same time, compared to the mean amplitudes
of the multipad prototype and the medium granularity detector, which is well above 100 mV, the
mean amplitude of 62.3 mV of signals from the high granularity variants is significantly lower. With
the self-triggering threshold of the SAMPIC WTDC set at 20 mV, a significant fraction of signals
below this threshold may not be recorded. Due to the noise level of the amplifier and inherent noise
of the SAMPIC WTDC, it was not possible to set a significantly lower threshold. Thus, the lower
number of average pads hit is lower for the high granularity prototype as some pads are below the
self-triggering threshold. An alternative readout mode could be a centrally triggered mode in which a
single pad above a certain threshold triggers the readout of all readout channels. This readout mode
will be evaluated in future tests. An alternative to modifying the readout mode, would be the operation
of the detector at higher gains to ensure that even signals originating from a single photoelectron
are large enough to trigger readout of a pad. The preampfification and amplification electric fields
at which the detectors were operated were the highest stable values at each configuration thus no
margin is available in the same gas mixture. However, studies have shown that a gas mixture of
Ne/Isobutane (85/15 %) can achieve significantly higher gain and may thus be interesting to achieve
higher signal amplitudes with the high granularity geometry. In addition to providing the hit location
of MIPs with better than millimetre accuracy, the demonstrated spatial resolution can also be used
to apply advanced corrections for possible non-uniform detector response to further improve timing
resolution. No such corrections were applied in the presented results but previous studies which
showed a limitation of timing resolution due to non-uniform preamplification gap thickness could
profit from position-dependent corrections of the signal-arrival-time (SAT). As an alternative to the
signal sharing due to the extent of the Cherenkov light cone over multiple readout pads, resistive or
capacitive signals sharing may be explored. In the case of resistive signal sharing, significantly lower
anode resistivity values would be employed to spread signals across multiple readout pads. In addition
to decreasing the protective effect of resistive discharge protection, lower resistivity values would also
result in slower signal characteristics due to a modification of the delayed signal component and may
impact the achievable timing resolution negatively. Capacitive charge sharing is being explored for
PICOSEC detectors including Micromegas and μRWELL detector variants. In addition to the three
readout geometries presented in the previous sections, large hexagonal readout pads with an outer
diameter of 10 mm were previously evaluated. With a 10 MΩ/sq resistivity detector with, a spatial
resolution of 1.190 ± 0.003 mm in both X and Y directions was achieved [6, 7].

5 Conclusions

Three different readout pad geometries and granularities were compared for the achievable spatial
and timing resolution. A spatial resolution down to 0.5 mm was achieved with a medium readout
granularity with a pitch of 3.5 mm, while a further increase of the readout granularity did not achieve
better results likely due to a limitation of noise and the self-triggering readout mode. The timing
resolution in the single leading amplitude readout pad was slightly lower than the value achieved with
a single pad detector which may be explained by a part of the signal being recorded by neighbouring
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pads. Timing resolution measurements which take advantage of time of signal information in all
active pads may further improve the measured resolution. The presented studies show that good
spatial resolution can be achieved with PICOSEC Micromegas detectors while preserving high timing
resolution below 20 ps. Further optimisations in the readout chain and possible operation and higher
gains in a different gas mixture will be explored.
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