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ABSTRACT. Micro-Pattern Gaseous Detectors (MPGDs) with resistive anode planes provide intrinsic
discharge robustness while maintaining good spatial and time resolutions. Typically read out with 1D
strips or pad structures, here the characterisation results of resistive anode plane MPGDs with 2D
strip readout are presented. A ptRWELL prototype is investigated in view of its use as a reference
tracking detector in a future gaseous beam telescope. A MicroMegas prototype with a fine-pitch
mesh (730 line-pairs-per-inch) is investigated, both for comparison and to profit from the better field
uniformity and thus the ability to operate the detector more stable at high gains. Furthermore, the
measurements are another application of the RD51 VMM3a/SRS electronics.
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1 Introduction

In recent years, various experiments and detector R&D lines started the use of Micro-Pattern Gaseous
Detectors (MPGDs) with resistive elements, mainly because of their discharge robustness [1-4].
Additionally, parameters such as the signal induction, i.e. the spread of the charge over a given number
of readout channels, and rate-capability can be tuned to the desired values of the experiment by
adjusting the design of resistive elements. This is most prominently employed in MPGDs with a
single amplification stage, such as MicroMegas (MM) [5] and pnRWELL [6].

In this paper, the results of a characterisation of these two technologies are shown. The studies are
conducted in view of various R&D aspects. The first aspect is focused on the readout structure. So far,
most MPGDs with continuous resistive layers employ either 1D-strips or pad structures [2] separated
from the resistive layer. Here, the results for detectors with 2D-X-Y-strips underneath the resistive layer
are presented. The second aspect is specific to the pfRWELL detector that has been investigated. It is a
prototype intended for use as a reference detector in a new additional third beam telescope for particle
trajectory reconstruction of the DRD1 collaboration [7, 8] — the preceding RD51 collaboration [9, 10]
provides for its joined test beam campaigns at the H4 beam line of CERN’s SPS two beam telescopes,
one based on MicroMegas and one based on triple-GEM detectors [11]. This prototype detector was
also investigated in terms of the charge sharing between the two strip layers underneath the DLC
— a previous prototype with 2D-X-Y-strip readout showed good performance [12] but an unequal
signal sharing between the two strip layers. For the new prototype, this imbalance has been addressed
by reducing the strip width of the top strips from 80 pum to 60 pm and reducing the insulating layer
between the strip layers from 50 pm to 25 pm (for more details on the detector geometry see section 2.1
and figure 1). The third point is specific to the investigated MicroMegas detector. The particular
detector is equipped with a fine mesh in the amplification stage with 730 line-pairs-per-inch (LPI),
corresponding to a mesh cell pitch of 35 um. The motivation for investigating a mesh structure like
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Figure 1. Sketched cross-section of the MicroMegas (a) and the pPRWELL (b) amplification stages, as used in
the here presented measurements.

this is a more uniform electric field and thus the possibility to operate the detector at higher gains.
While the stability measurements are part of a separate study — here only the results on the spatial
resolution, time resolution and charge behaviour are presented — it can be noted that the MicroMegas
detector could be operated at gains more than twice as high as the pRWELL detector. Another more
general aspect is the use of the VMM3a front-end Application-Specific Integrated Circuit (ASIC) [13]
together with the RD51 Scalable Readout System (SRS) [14] with a wider range of detectors.

2 Experimental methods

2.1 Devices under test

The gas mixture used to operate the detectors is Ar/CO, (70/30 %). Both detectors (sketched in
figure 1) have an active area of 10x 10 cm? with a 2D X-Y-strip readout with 256 strips in each direction.
The strip pitch is 400 pm. In both detectors, the anode is a layer of Diamond-Like Carbon (DLC) with
similar surface resistivities — 40 MQ/sq for the pPRWELL and 37 MQ/sq for the MicroMegas. The
drift region of each detector had a width of 3 mm. Although both detectors were operated with a
negative high voltage on the cathode, the MicroMegas detector was operated with a grounded mesh
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Figure 2. Gain curves of the (a) MicroMegas and the (b) pnRWELL detector, obtained from measuring the
signal current on the DLC layer. The solid line shown in (a) covers the fit range, while the dashed line is an
extrapolation not included in the fit.

and a positive high voltage on the DLC anode, while the ptRWELL was operated with a negative high
voltage at the top layer of the Well structure and a grounded DLC anode.

When performing gain scans, the drift field was kept constant at around 2.4kV/cm for the
BRWELL, which corresponds to 724 V difference between the drift cathode and Well, and 0.9 kV/cm
for the MicroMegas detector, which corresponds to 275 V between cathode and mesh. During the
test beam measurements, the amplification voltages were varied from 460 to 570 V for the nRWELL
and 580 to 700 V for the MicroMegas — at higher voltages, the detectors started to show instabilities
in operation due to discharges leading to high voltage trips. Beforehand, a gain calibration was
performed with an Fe radioactive X-ray source to relate the effective gain Geg of the detectors with
the applied amplification voltage V. The effective gain itself is determined for each voltage point
from the current measured on the DLC layer Ipic by

Ipic
Noe fi’

with Ny being the number of primary ionisation electrons, e the elementary charge and f; the rate
of interacting X-ray photons. Fitted to the data (figure 2) is an exponential function

Get = (21)

Ger(V) = expla(V - b)] ., (2.2)

to obtain the final calibration curve.

When performing drift scans, the amplification voltage was kept constant at 680V for the
MicroMegas, which corresponds to an effective gain of around 40 000 at 0.9 kV /cm drift field, and at
540V for the nRWELL, which corresponds to a gain of around 15000 at 2.4 kV /cm drift field.

2.2 Beam telescope and readout electronics

Both detectors have been characterised as Devices Under Test (DUTs) with the RD51 VMM3a/SRS
beam telescope [11]. It consists of three COMPASS-like triple-GEM detectors [15] with an active



area of 10 x 10 cm? almost equally spaced with a total lever arm of around 1 m to provide the position
information. In addition, it contains three scintillators with Photo-Multiplier Tubes (PMTs) connected
to a NIM coincidence unit as a time reference. Similar to the DUTs, also the GEM detectors have
been operated with Ar/CO, (70/30 %).

For the readout of the detectors, including the output of the NIM coincidence unit, the ATLAS/BNL
VMM3a front-end ASIC [13] in its integration [16, 17] of the RD51 Scalable Readout System
(SRS) [14] has been used. It provides the acquired charge per channel (10-bit ADC, effectively 7-bit)
in a continuous, multi-channel self-triggered readout mode with around 1 ns time resolution and a
MHz rate-capability. The adjustable analogue front-end parameters of the VMM?3a have been set to
200 ns peaking time, 9 mV /fC electronics gain and around 10 000 electrons threshold per channel for
both the DUTs and the reference detectors. The threshold level might seem high, but it should be
considered that the VMM3a is operated in its self-triggered readout, meaning that each signal above
the Threshold Level (THL) will be processed and become part of the data stream, i.e. a THL that is
set too low will results in a lot of external pick-up noise being part of the raw data.

To reconstruct the acquired data, two software tools were used. The first step is the cluster
reconstruction with vimm-sdat [18] on each strip plane individually. From the continuous data stream
of the readout system, it first finds all signals within a predefined time window — set to 700 ns
length — under the condition that the time difference between two consecutive hits is not larger than
350 ns. Within these so-called ‘time clusters’, the geometrical clustering is performed, allowing one
missing strip between the hits. For more details on this procedure see [18, 19]. The second step is the
event-building followed by the track reconstruction within the events. For this anamicom [20, 21] is
used. The event building finds all the previously reconstructed clusters that are within a predefined time
window — it was set to 2500 ns length, which was regarded as acceptable, considering an expected
event rate of 50kHz. For a detailed description of the event-building procedure see [19]. Within
each event, the track finding and fitting are performed with a Kalman filter [22], which is described
in detail in [23]. Both, for the studies on the efficiency of the DUTs (figure 4(b)) and their spatial
resolution (section 4) it is required that the clusters in the DUT are part of the track finding. However,
they are excluded from the track fit to not bias the spatial resolution results.

3 Charge and efficiency behaviour

With the previous tRWELL prototype showing an imbalance of the charge collection between the top
and the bottom readout strips [12], the first point of investigation is the charge sharing and collection
behaviour of the detectors. For this, the charge distribution (Landau distribution) is generated from
all recorded interactions that can be assigned to a reconstructed particle trajectory from the beam
telescope. Then the mean value of this measured distribution is taken and plotted depending on
the effective gain of the detector (figure 3(a)). It can be seen that both strip planes collect almost
the same amount of charge, resulting in a charge-sharing ratio between the top and bottom strips of
each detectors close to one. Another observation is that the mean charge measured with the Landau
distribution increases linearly with the gain for the pnRWELL detector, while for the MicroMegas
detector, the increase starts to flatten out at higher gains. This is due to the ADC saturation of
individual readout channels which at higher gains is more likely to occur.

Another observation is that the total collected charge for the pRWELL is significantly less than for
the MicroMegas detector, despite the same effective gain. A similar behaviour can be also observed
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for the cluster size (number of channels above the THL), with the mean cluster size being plotted
against the effective detector gain (figure 4(a)). It can be seen that the cluster size and the mean of the
measured Landau distribution scale accordingly, with the bottom strips of the tRWELL collecting
slightly more charge, also having a slightly larger cluster size, as well as an almost doubled cluster size
for the MicroMegas detector at similar gains, with almost twice the amount of measured charge.! This

Tn order to identify possible explanations for the observed difference, various simulation studies have been performed.
However, as the simulations did not point in a specific direction, a full comparison of the two detectors in simulation is
required. As this would overload the current work, the authors decided to simply report the observations and keep the



behaviour is also reflected in the detector efficiency (figure 4(b)), which is defined as
= — (3.1

Here, Niacks 1S the number of particle tracks reconstructed, using only the reference tracking detectors.
This corresponds to the number of interactions expected within the DUT. It is compared with N,
which is the number of tracks that include a cluster within the DUT.

Due to the difference between the investigated tRWELL and MicroMegas detectors, reflected by
the smaller cluster size and mean value of the Landau distribution for the pRWELL, higher detector
gains are needed to reach comparable cluster sizes and signal charges and thus comparable efficiencies.
The maximum efficiencies that are reached are around 98 % for the MicroMegas — within the plateau
region (see figure 4(b)) — and around 96 % for the pnRWELL, which did not reach the plateau region.
The reason for the deviation from 100 % efficiency of the MicroMegas is caused by two geometrical
effects: the detector was slightly misaligned by around 3 mm, i.e. partially outside of the telescope’s
active area, as well as one of the front-end channels was not working.

From the observed differences in the signal charge between MicroMegas and pPRWELL it is,
important to note that while the effective detector gain was determined from the current measured on
the resistive anode layer, the front-end electronics only measures the induced current in the capacitively
coupled readout strips. Hence, the gain at which a discharge might occur in the detector is the one
determined via the signal current on the anode plane.

In addition to the dependence on the effective gain of the detector, also the dependence of the
measured charge depending on the electric drift field was studied, representing the charge collection
behaviour by the amplification stage. The results are shown in figure 3(b). Both detectors show a
charge collection behaviour, which was as also observed in the work of other groups: the pnRWELL
has a much broader peak at higher drift fields (e.g. as shown in [6]), while the MicroMegas shows
a more well define peak at lower drift fields (e.g. as shown in [21]).

4 Spatial resolution

4.1 Basic results

The spatial resolution of the DUTs is extracted from the width of the residual distributions that are
generated from the difference Ax = xf —x’ between the reference particle position x.¢ that is provided
by the reconstructed trajectory from the reference tracking detectors and the interaction point x’
reconstructed in the DUTs. To determine the width, two overlapping Gaussian functions are fitted
to the residual distribution, with the mean value being identical, but a weight factor w to account
for the different scales and different standard deviations o to account for the core and the tails of
the residual distribution. The final width is thus defined as

o-ix = waczore +(1- w)o-tz£Li1 . 4.1

The spatial resolution is then obtained by quadratically subtracting the contribution from the uncertainty
on the track reconstruction, as described in [19, 21, 24].

Using the Centre-Of-Gravity (COG) to determine the position of the particle interaction within
the detector, the gain dependence of the spatial resolution as shown in figure 5(a) is obtained. For

simulation studies subject to a separate paper.
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Figure 5. Dependence of the spatial resolution of the two DUTSs on (a) their effective detector gain and on (b)
the electric drift field, determined for both readout planes individually.

both detectors, the spatial resolution improves with increased detector gain. Taking the cluster size
behaviour (figure 4(a)) into account, this is related to more charge information being available and
distributed over more than a single readout strip. This also explains the better spatial resolution of the
MicroMegas compared to the ptRWELL, as it has a larger charge collection and cluster size. A similar
dependence can be observed when plotting the drift behaviour (figure 5(b)). The spatial resolution
is inversely proportional to the charge collection depending on the electric drift field (figure 3(b)),
i.e. the more charge collected, the better the spatial resolution.

At very high gains (figure 5(a)), the spatial resolution starts to decrease for the MicroMegas
detector. This is due to the saturated readout channel that also caused the flattening of the measured
charge-gain-dependence (figure 3(a)). The position reconstruction by COG loses accuracy when the
relative amount of charge is not correctly represented anymore because the corresponding readout
channel is in saturation.

Another observation is that the spatial resolution for the pRWELL is almost the same for the two
readout planes, as it is expected from equal charge sharing, while for the MicroMegas the behaviour
between the top and bottom strips deviates. This was found to be the result of the so-called ‘readout
modulation’, as illustrated by figure 6. It shows the distribution of the reconstructed interaction points
with high granularity. This makes a peak structure visible which originates from the readout pattern
modulated into the position distribution that is expected to be uniform due to the detector’s uniform
irradiation. Due to this modulation effect by the discrete readout structure in combination with a
threshold-based zero-suppressed readout electronics, the interaction points are more likely to be
reconstructed to the central strip for odd-strip-count clusters and in-between the two central strips for
even-strip-count clusters. For a more detailed description of this effect please refer to [25], while it
should be noted that the effect has already been observed with Multi-Wire Proportional Chambers [26].
This behaviour affects the accuracy of the position determination, with a stronger effect leading to
a worse spatial resolution. This is what can be deduced from figure 6, where the modulation effect
is stronger for the top strips than for the bottom strips. It seems to be an intrinsic behaviour of the
detector as it is also observed in laboratory measurements using an >>Fe source.



80 [ 80 [T
F — Top strips E F — Top strips E
— e Bottom strips | — e Bottom strips |
g 60 1 g 60y ]
I i ) I i )
S 40+ = S, 40+ =
0 [ n [ 7
< - < - 1
g f R f

O 20 A O 20

I R I oY PR G LS L e OO 3 LR £

115 116 117 118 119 120 115 116 117 118 119 120

Position / strips [400 pum] Position / strips [400 pum]
(a) High gain, approximately 40 000 (b) Low gain, approximately 8000

Figure 6. Distribution of the reconstructed interaction points at high granularity for the MicroMegas detector at
high detector gains (a) and low detector gains (b).

0.9 \ \ ] 0.8 \
L —— Top strips 1
0.8[; -a- Bottom strips ]
o F2R Al sizes o 8
g o7 . g | |
o L ] ) K _
= r ] > L ,
& 06 . 8 E ,
O L ] O L i
r i 0.2 . m
05r Cluster size >1 g —-Topstrips
N 15 r -a- Bottom strips 1%
L IR r 1
0.4 P P I L X o PR P P L X
0 20 40 60 80 0 20 40 60 80
Effective gain Effective gain
(a) All cluster sizes (b) Selected cluster sizes

Figure 7. Average ratio between the charge of the strip with the highest amplitude within a cluster and the total
cluster charge. In (a) this is shown for all cluster sizes, as well as all cluster sizes that are larger than one strip.
In (b) it is shown for specifically selected cluster sizes.

A possible explanation that was found for this behaviour is the way the signal is induced. With
the top strips being much thinner than the bottom strips, the distribution of the induced signal charge
changes compared to the bottom strips, with more charge being in the cluster’s central strip for the top
strips and less charge being acquired in the outer strips. This explanation is underlined by what is
shown in figure 7. There, the average ratio between the charge of the strip i within the cluster that
acquired most of the charge Q; max and the total cluster charge Qq:

Qimax
= - . 4.2
0 = (2] @2)

It can be seen that the charge distribution is different, especially for the most probable cluster sizes




with three and four strips, with the largest amplitude strip acquiring less of the total cluster charge
in the bottom strip layer.

4.2 Improving the spatial resolution

While so far, the results have been obtained with COG to calculate the position, previous studies [11, 25]
showed that a different weighting of the charge in the COG formula

r_ Zi Q;lxi
2 9F

X (4.3)
with i the index of the readout strip with a signal above THL and n the weighting factor reduces the
modulation effect and thus improves the spatial resolution. This is because of low amplitude signals
in the tails of the charge distribution that go above the THL on one side of the charge distribution
with respect to the centre of the cluster but not on the other one. Thus, a certain fraction of charge
information to reconstruct the position is lost and the reconstruction of the interaction point is forced
towards the signal above the THL. To reduce the weight of the charge distribution’s tails and thus
mitigate the bias in the calculation of the interaction point, n > 1 can be selected. In previous studies
with triple-GEM detectors [11], n = 2 was used due to its simplicity and its proximity to the optimal
solution obtained from simulation studies [27, 28]. Thus, it was investigated, if this O weighting can
also be used to improve the spatial resolution of pRWELL and resistive MicroMegas detectors.

In addition, an orthogonal approach was investigated, making use of a hardware feature of the
VMM3a front-end ASIC, its Neighbouring-Logic (NL). By default, the neighbouring-logic is turned
off, but when enabled, the NL triggers the acquisition of an induced signal with an amplitude below
the THL, if the neighbouring channel has a signal that surpasses the THL. This allows to obtain more
charge information and thus to improve the reconstructed position.

The results of these two methods, including their combination, are shown in comparison with
the COG reconstruction in figures 8, 9. It can be seen that the Q% weighting has a large impact
and significantly improves the spatial resolution. This is in line with the previous results for GEM
detectors. However, it was also found that for the top strips of the MicroMegas detector (figure 9(a)),
the spatial resolution improves only at low gains, when the top and bottom strips behave similarly
in the COG reconstruction. As soon as the gain increases and the top and bottom strips start to
deviate, the spatial resolution with Q? becomes worse. Although this is a very specific case, it
shows a known limit of the Q2 reconstruction, identified previously by simulation studies [25]. In
the case that a significant fraction of the cluster charge is contained in a single strip — which is the
case for the top strips of the MicroMegas detector, as shown before (figure 7) — the Q% methods
‘over-corrects’ and thus the spatial resolution decreases.

Compared to the Q? reconstruction, the effect of the NL is only visible at low gains, i.e. at low
efficiencies and low signal-to-threshold ratios, where the relative amount of collected charge on the
total cluster charge is large, with a large fraction of the induced signal charge being still below the
THL. At higher gains, this effect gets reduced, which is also reflected in the larger cluster size, i.e. on
more channels a signal above THL was acquired. Thus, the tails of the measured charge distribution
contain less induced signal charge and the probability of acquiring electronics noise increases. As
a result, the spatial resolution decreases. These two outcomes on Q% and the NL are exactly in line
with what has been observed in previous studies [11, 19].



Figure 8. Dependence of the spatial resolution on the effective detector gain for the two different methods to
determine the interaction point, with and without NL enabled. Here only the results of the bottom strips are
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bottom strips of both detectors, the MicroMegas (a) and the pnRWELL (b).

5 Time resolution

As the last part of the characterisation studies, the time resolution of the two detectors is investigated.
For this, the interaction time of the particle measured in the DUTs is compared with the reference
time measured with the scintillator/PMT/NIM-coincidence-unit combination, both acquired with
VMM3a/SRS. The reference time is provided as a constant amplitude signal by the NIM output
of the coincidence unit on a single channel of the VMM3a. The measured interaction time in
the DUTs is defined as

, 1
r= E(Itop + Z‘bottorn) . (51)
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Figure 10. Measured time resolution for the two different detectors, depending on the electric drift field (a) and
the electron drift velocity (b). For comparison purposes, also the results from measurements with a small-pad
resistive MicroMegas detector from the RHUM project have been added [3].

The interaction timestamps for each plane, #o, and fyorom, correspond to the time of the signal within
each cluster with the largest peak amplitude.

With both timestamps found, their difference Ar = t,.t — ¢’ is calculated. Fitted to the resulting
distribution is a single Gaussian function, with its width oa,. The final time resolution is then this
width, from which the time resolution contributions of the VMM3a (around 2 ns at the used peaking
time of 200 ns) and the scintillator/PMT/NIM-logic (around 1.5 ns) are quadratically subtracted. The
obtained time resolutions have been plotted against the electric drift field (figure 10(a)) and the electron
drift velocity (figure 10(b)) which was calculated through Magboltz [29]. Added for reference, are
data from measurements with a small-pad resistive MicroMegas detector from the RHUM project [3].
All data points show the same trend of an improved time resolution with increasing drift velocity. Two
aspects should be noted though in regard to the used gas mixtures. The RHUM data have been obtained
with a mixture of Ar/CO,/iC4H;¢ (93/5/2 %) for the low drift velocities and Ar/CF4/iC4H;¢ (88/10/2 %)
for the high drift velocities (> 6 cm/ps). In the case of the pfRWELL, which has been filled with
Ar/CO; (70/30 %), the drift velocity does not change significantly at fields above 2.5 kV /cm — a linear
increase of around 1 cm/ps over a range of 2.5kV. This explains the observed saturation behaviour of
the time resolution. In the case of the MicroMegas detector, this saturation behaviour could not be
observed, because of the high-voltage power supply, which did not allow it to go to larger drift voltages.

In addition to the observation that the time resolution in the three detectors follows the same trend
and that the results are compatible with each other, two other points are shown by the measurements.
Especially highlighted by the results from the resistive plane MicroMegas detector, it becomes clear
that the working point for the best detector performance in terms of charge collection and spatial
resolution (here at 0.9 kV /cm) is not necessarily the working point for the best time resolution (here
> 3kV/cm), when the detectors are operated with Ar/CO; (70/30 %). Secondly, due to the capabilities
of VMM3a/SRS, both types of detectors, as well as the reference timing detectors, could all be read
out by the same front-end electronics, with the corresponding data being contained in a single data
stream. This shows the versatility of the readout system, but also how it simplifies the data-taking
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and analysis process as it is not necessary to rely on additional high-precision timing electronics with
an additional data stream that requires additional effort in the offline data analysis.

6 Conclusion and outlook

In this paper, the results from characterising two single-stage resistive plane MPGDs, a ptRWELL
detector and a MicroMegas detector, with 2D strip readout have been presented. Due to the capabilities
of the new VMM3a/SRS readout electronics, it was possible to study simultaneously the charge
behaviour, the spatial resolution and the time resolution of these two detectors.

One immediate observation was the difference in the amplitude of the induced signal measured
by the front-end electronics between the two detectors, despite them being operated at the same gain.
The full understanding of this behaviour requires simulation studies, which would go beyond the
scope of this paper. However, it shows the importance of good signal development as otherwise, the
detector efficiency can be still not sufficient although the detectors might be operated close to the
breakdown voltages. Both detectors showed good performance though, which have been obtained
using a gas mixture of Ar/CO; (70/30 %).

The nRWELL detector was investigated as a prototype detector for a future beam telescope
of the DRDI1 collaboration, in addition to the existing MicroMegas and GEM telescopes. With
time resolutions of 10 ns, spatial resolutions of better than 70 pm and equal charge sharing between
the two readout strip planes, the detector fulfils the requirements to be used in the new telescope.
The MicroMegas detector was built with a 730 line-pairs-per-inch (LPI) mesh, corresponding to a
mesh cell pitch of 35 pm, in order to increase the operation stability. Although the stability studies
will be presented separately, the detector showed a good performance — e.g. spatial resolutions
of around 50 pm — while being operated stably at gains of more than 50 000. In addition, the
results demonstrated that in the chosen gas mixture the optimal working point to achieve the
best spatial resolution and charge collection, is not necessarily the best working point to achieve
the best time resolution.
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