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The present study is carried out to demonstrate a new type of high-performance readout structure with
low readout channel count developed for large-area micro pattern gaseous detectors. The structure exploits
capacitive coupling between a vertical stack of 5 μm thick copper pad layers sandwiched between 50 μm
thick polyimide foils to simultaneously transfer and spread the avalanche charges from the gaseous detector’s
amplification structure to several strips or pads in the anode readout plane. The unique feature of the lateral
spread of the avalanche charge size on several readout strips or pads is possible owing to well-defined
configuration and sizes of the pads in layers of the vertical stack. This is known as a ‘‘capacitive-sharing’’
readout structure and this opens the door for high spatial resolution performance with low readout channel
counts for large-area Micro Pattern Gaseous Detectors. Capacitive-sharing readout structures are fabricated
using standard printed circuits boards manufacturing process. The concept is highly versatile as it can easily be
implemented in any type of Micro Pattern Gaseous Detector’s amplification structure (Gas Electron Multipliers,
micro-mesh gaseous structures, resistive micro-well detectors) and with a wide range of readout patterns (pads,
strips, zigzags etc.). The technology also has a high degree of flexibility in terms of readout segmentation
(pads or strip) pitch, with minimum impact on spatial resolution performances. The present study provides
a detailed description of the capacitive-sharing readout concept and discusses a small resistive micro-well
detectors prototype assembled with a two-dimensional capacitive-sharing strip readout structure as a proof
of concept and with strip pitch of 800 μm in both X and Y direction. The prototype was characterized in
electron beam in the Hall D Beam Test setup at Jefferson Lab and a spatial resolution of (60 ± 1) μm was
achieved for both X and Y strips with an efficiency of (98.0 ± 0.9) % at the plateau and a signal arrival
time jitter between neighboring strips less (6.00 ± 0.04) ns. Finally, we explore new ideas to expand the
concept of capacitive-sharing readout structures to large particle detectors for future large scale particle physics
experiments.
. Introduction

Micro-pattern gaseous detector (MPGD) technologies such as Gas
lectron Multiplier (GEM) [1], Micro-Mesh Gaseous Structure (Mi-
romegas) [2], Resistive Micro-Well (μRWELL) [3] or Thick GEM
THGEM) [4] are widely used for tracking, particle identification (PID),
alorimetry in high energy physics (HEP) and nuclear physics (NP)
xperiments across the world. These gaseous detector technologies
ypically combine an electron multiplication device with high segmen-
ation strip or pad pick-up electrodes used as anode readout PCB to
rovide precision particle position measurement. For example, the 2D
trip (X-Y) readout of the triple-GEM trackers used in the COMPASS
xperiment [5–7] at CERN can achieve a spatial resolution of ∼50 μm
ith a strip segmentation of 400 μm pitch. Alternately, for applications

hat require less stringent space point resolution, a pad readout with
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pitch of a few mm is typically preferred and provide space point reso-
lution equal to the pad pitch divided by

√

12. Better spatial resolution
performance would require smaller pad sizes resulting in a higher
number of electronic channels. For large-area tracking systems, such
as the detectors under consideration for future HEP and NP colliders
and fixed targets experiments [8–11], a large number of thin strips
or pads creates a whole set of challenges not only in terms of the
high cost of large number of readout electronics, but also in terms of
detector integration, cooling scheme for the electronics, cabling and
other services. A large number of electronics channels also has an
adverse impact in terms of dead area in detector acceptance, additional
material thickness affecting multiple coulomb scattering as well as
radiation hardness issues, especially when the front end cards have to
be mounted directly on the detectors.
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Several R&D efforts [12–14] are ongoing to develop low channel
ounts and high-performance readout PCB structures for large-area
PGDs. One such development is the resistive anode readout [14–

6]. This consists of an additional thin resistive layer directly on top
f pick-up strip or pad electrodes of the readout PCB, designed to
aterally spread electron charge from the amplification layer (MPGD)
ver several strips or pads to allow precise position reconstruction of
he particle using a center of gravity (COG) or a more complex algo-
ithm. The development of resistive readout structures is particularly
dvanced for TPC application using an MPGD end cap readout plane.
hese studies demonstrated that a spatial resolution of ∼60 μm can be

achieved with 3 × 3 mm2 size pad readout [14]. Another approach is
the development of ‘‘zigzag’’ or ‘‘chevron’’ readout [12,13]. The idea
in this case, is to modify standard square pads or straight strips into a
chevron shape geometry to improve further the charge sharing between
neighboring pads or strips. Spatial resolution performance in the range
of 50 to 70 μm has been demonstrated with 2 mm pitch ‘‘zigzag’’
pad readout on MPGD prototypes [12], comparable to the performance
achieved with standard ‘‘COMPASS’’style (X-Y) strip readout [5] with
a strip pitch of 400 μm. However, the implementation of zigzag or
resistive-sharing readout structures for large-area tracking detector
faces several critical challenges. Resistive-sharing readout structures
require very good uniformity of the thickness of the resistive layer
over large-area to ensure uniform pad response function across the
detector. The techniques currently available for producing resistive
layers such as sputtering or screen printing, do not allow good control
of the thickness uniformity of commonly used resistive foil such as
diamond-like carbon (DLC) foils. Careful mapping of the layer non-
uniformity and calibration of the pad response function of detector are
necessary for each individual detector to correct or compensate for the
non-uniformity and non-linearity. This approach is not practical for use
in large-area, mass production detectors for large scale particle physics
experiments.

Another critical challenge associated with resistive-sharing readout
structures is the large time delay between pads from the same event
cluster participating in the charge sharing due to the time constant
characteristics of the resistive layer. The issue has been extensively
studied and reported in literature, showing a peaking time delay as
large as 1 μs between neighboring strips that are sharing charge [16].
This constitutes a severe limitation for using this type of charge-sharing
readout in moderate and high background environment where mitiga-
tion of pile-up and optimization of rate capability are crucial. This also
creates additional challenges in the selection of the characteristics of
front-end electronics to read out the detectors. The resistive layers are
also used for spark protection for MPGD detectors such as Micromegas
and μRWELL detectors. So a compromise is always necessary between
the optimal surface resistivity of the DLC for the detector to operate in
a spark-free mode and ensure charge spread for high spatial resolution
performance. Zigzag readout structures have been initially developed
and optimized for 1D strip readout structures. Recent developments
of 2D ‘‘zigzag’’ readout structures [17] have shown encouraging early
performance but the development is still at an early stage. More im-
portantly, the key geometric parameters that define the zigzag readout
structures [18] are typically optimized for a given MPGD amplification
structures and are not easily interchangeable between technologies. In
addition, zigzag readout structures are technically complex structures
that pose non-trivial challenges for the large-area fabrication of these
structures.

In the current study, a novel concept of readout structure called the
‘‘capacitive-sharing readout structures’’ is presented. This technology
allows charge transfer and charge sharing for large pitch (strip or pad)
anode readout PCB layers using capacitive coupling between a stack
of layers of pads. Capacitive-sharing readout structures offer a high-
performance spatial resolution capability with significant reduction of
electronic channels required to read out large-area MPGD trackers.
The new readout structures are inherently flexible, versatile and easy
2

to implement in different types of readout pattern (straight strips,
zigzag strips, pad) and with all MPGD amplification devices (GEM,
Micromegas, μRWELL). The fabrication of capacitive-sharing readout is
based on standard PCB techniques, making the technology a low risk,
cost-effective option for large-area MPGD detectors.

In Section 2 of this paper, we introduce the concept of capacitive-
sharing readout with a detailed description of the principle. In Sec-
tion 3, we present the development of a small (10 cm × 10 cm) μRWELL
prototype with 800 μm pitch X-Y strip readout based on this capacitive-
sharing concept. In Section 4, the basic performance characteristics of
the prototype measured in beam test at Jefferson Lab are discussed.
The spatial resolution performance is reported in Section 6. Finally,
in Section 7, we introduce new ideas to improve the performance and
expand the capabilities of capacitive-sharing readout structures, before
the conclusion and a brief survey of future potential applications for
these new readout structures.

2. Concept of capacitive-sharing readout structures

2.1. Charge sharing via capacitive coupling between pad layers in a vertical
stack.

The basic concept of capacitive-sharing readout structures is shown
in Fig. 1. The figure shows a vertical stack of layers; each layer consists
of 5 μm copper (Cu) pads deposited on 50 μm polyimide (Kapton or
Apical) foils. The Cu-polyimide layers are based on the same base
material used for the production of GEM foils. The stack of several such
layers can be viewed, in a simple approximation, as a set capacitors
in series along the vertical direction as a way to simply describe how
charge are transferred from one layer to another. The more accurate
model describing the actual equivalent circuit is more complex than
a linear capacitor network and is under development and will be
presented in a future publication. The Cu on each layer is chemically
etched into pads with their pitch doubling in size from one layer𝑖 to
the layer𝑖+1 underneath it.

The layer at the bottom of the stack is the actual ‘‘readout layer’’,
the one connected to the front-end amplifiers cards of the readout
electronics. The readout layer can be pad or strip readout or any
other type of readout pattern. Above the readout layer, is the stack of
‘‘transfer layers’’ responsible for the propagation of the incoming signal
via a cascade of capacitive coupling process from the amplification
structure to the readout layer. The layer in grey at the top of the first
transfer layer in Fig. 1 is the resistive layer which is a nanometer scale
diamond-like carbon (DLC) layer required for the draining of incoming
charges to the ground. The yellow highlighting illustrates the incoming
electron charge cloud from the GEM amplification and mechanism
of charge spread over neighboring pads of increasing size during the
transfer from top pad layer up to readout layer via capacitive coupling.

The transfer layers always consists of pads with the geometrical
center of each pad in a given layer𝑖 of the stack, alternatively centered
with a larger pad in layer𝑖+1 underneath it and aligned with a boundary
between two adjacent larger pads of layer𝑖+1. This principle is shown
in Fig. 2. The relative alignment of the pads from one transfer layer
to the other, combined with doubling of pad size from layer to layer,
is the mechanism by which charge induced on any two neighboring
pads of layer𝑖 is transferred via capacitive coupling to two neighboring
pads of layer𝑖+1 below, with twice the pad size. The signal propagates
vertically through the transfer layers up to the readout layer via ca-
pacitive coupling while transversely spreading over pads of increasing
size. This is the unique and characteristic feature of this novel readout
structure concept that is referred to as ‘‘capacitive-sharing readout’’ in
this study. With this simple design, a pad or strip readout plane with
capacitive-sharing feature (transfer pad layers) only requires a small
number of large readout pads or strips to provide excellent spatial
resolution performance with an MPGD. For n layers, the number of
readout pads or strips along one axis of the readout plane, connected
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Fig. 1. Cross-sectional view of capacitive-sharing pad readout showing the transfer layers (black pads); the readout layer with 6.4 mm × 6.4 mm pads (red); the grey layer on
top is the DLC resistive layer and the yellow highlighting illustrates the mechanism of charge spread over neighboring pads during the propagation of the signal from the top to
the readout layer at the bottom.
Fig. 2. Cartoon illustration of the charge sharing scheme via capacitive coupling from small pads to larger pads of two transfer layers.
o the front end electronics is only a fraction 1/n of the number of pads
long the same axis of the first transfer layer collecting the incoming
ignal from the MPGD amplification structure. In essence, the pad
ize of this first transfer layer (layer1) defines the spatial resolution

performance of the readout plane and the pad size of readout layer
(layer𝑛) defines the total number of electronic channels required to read
out the detector plane. Therefore, unlike zigzag or resistive-sharing
readout structures, [12,14,16], the spatial resolution performance of
the capacitive-sharing readout structures is, in the first approximation,
independent of the pitch of the strip readout or the size of pad readout
segmentation as we will demonstrate in Section 6 of this paper.

2.2. Versatility of capacitive-sharing readout structures.

As mentioned in the introduction Section 1, the capacitive-sharing
readout concept described in Section 2.1 is extremely versatile and
could be coupled with all types of MPGD amplification structures
e.g. GEM, Micromegas or μRWELL with any anode readout patterns
such as pads, 2D strip, 3-coordinate (X-Y-U) strip, as well as zigzag
readout structures [18]. In addition, capacitive-sharing offers the flex-
ibility to select pad size or strip pitch over a large range without
compromising the spatial resolution performance of the MPGD. This
gives to the user the possibility to adjust the characteristics of the
detector readout structure to specific requirements such as reduction of
the number electronic channels or services related constraints such as
cabling, cooling and shielding related to integration of MPGD trackers
into large and complex detector systems at colliders or fixed targets
particle physics experiments.
3

3. 𝛍RWELL prototype with capacitive-sharing X-Y strip readout
structure

As a proof of concept, a small (10 cm × 10 cm) μRWELL PCB with
X-Y strip capacitive-sharing readout layer was designed and fabricated
in collaboration with the PCB workshop at CERN. The final assembly
of the detector with the gas volume and cathode layer was completed
and the initial testing on a cosmic setup was done in the MPGD Lab
at the University of Virginia before a more extensive test in beam in
Experimental Hall D at Jefferson Lab in Fall 2021. A picture of the
capacitive-sharing readout μRWELL PCB composite is shown in top left
of Fig. 3, with a zoomed-in view of the X-Y strip layer arrangement at
the bottom left, and the cross section views of the layout of the μRWELL
amplification stage, the capacitive-sharing layer stack along both X and
Y axes shown at the right.

The μRWELL PCB is composed of three parts:

• The amplification device: The amplification stage of the detec-
tor is the 55 μm thick μRWELL foil, a single copper-clad polyimide
foil featuring a high density of conical-shaped holes, similar to a
GEM foil, with a diameter of 70 μm at the top copper side, 50 μm
at the bottom, and a pitch of 140 μm. A thin DLC layer (≤ 100
μm) with a surface resistivity of ∼20 MΩ∕□ is sputtered on the
bottom side of the polyimide prior to the chemical etching process
that creates the amplification holes of the μRWELL. Finally, the
μRWELL/DLC foil is glued to the readout PCB layer. A set of
conductive strips at the perimeter of the DLC are used to drain
the charges from the amplification stage to ground.
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Fig. 3. Capacitive-sharing X-Y readout PCB for μRWELL prototype. Left, top: Picture of the PCB layer of μRWELL detector prototype with a single 130-pins Panasonic connector
per axis for 2 × 128 (X-Y) strip readout. Left, bottom: a zoom-in view of the Gerber file showing the X-Y strip readout configuration with the Y-strips (in red) and X-strips (in
blue). Right: Cross sectional view of the three capacitive-sharing pad transfer layers and the two readout strip layers along X and Y axis.
• The capacitive-sharing transfer pad layers: The capacitive-
sharing structure is based on the same concept described in
Section 2.1 but with only a 3-layer stack for transfer layers for
this prototype, with pad sizes of 200 μm ×200 μm, 400 μm ×400 μm,
800 μm × 800 μm for the three transfer layers. The stack is [art of
the readout PCB stack on top of which the μRWELL/DLC foil is
glued.

• The X-Y strip readout layers: X- and Y-strips are on the last two
layers of the PCB stack, below the 3 capacitive-sharing transfer
layers. The Y-strips (top readout strips), shown in blue on the
Gerber view (in bottom left of Fig. 3), have a strip width of 250
μm. The X-strips (bottom strip layer), in red, sit 50 μm below the
Y-strips, separated by a polyimide layer and have a width of 750
μm. The top and bottom strips sit respectively 25 μm and 50 μm
below the third transfer layer (800 μm × 800 μm pads), meaning
that the coupling capacitance of the top strips is twice that of the
bottom strips. The bottom strips need to be wider than the width
of the top strips to create equal charge sharing between the top
and bottom strips. The chosen width ratio (250 μm/750 μm) for
this prototype was guided by our previous experience with the
COMPASS readout design which has similar X-Y strip with a pitch
of 400 μm for both X- and Y-strip, but widths of 80 μm and 340
μm, respectively. We will discuss in Section 4 the impact of the
charge-sharing ratio on spatial resolution performance and will
propose the adjustment on X- and Y-strip width ratio for future
prototypes.

The μRWELL detector assembly is completed after the cathode foil is
added with a 3 mm drift distance and the stack is inserted in the gas
box enclosure and sealed for gas tightness with a set of O-rings and
gas box lid. The prototype is tested first in dry nitrogen with 600 V
applied to the μRWELL foil and the measured leakage current is less
than 10 nA. After successfully completing this HV test, the prototype is
ready to operated in an Argon - Carbon Dioxide (Ar:CO2 - 80:20) gas
mixture. We set the maximum voltage applied to the μRWELL foil to
HV = 580 V when operating the chamber, that is 20 V lower than the
maximum voltage during the test with dry nitrogen gas.
4

4. Studies in beam test of 𝛍RWELL prototype.

4.1. Beam test setup in Hall D at Jefferson Lab

The X-Y capacitive-sharing μRWELL prototype was installed in a
telescope with four standard COMPASS X-Y triple-GEM trackers in the
electron arm area of the Hall D Pair Spectrometer (PS) at Jefferson Lab
during the CEBAF fall run in August 2021. The X-Y capacitive-sharing
μRWELL prototype was installed in a telescope with four standard
COMPASS X-Y triple-GEM trackers in the electron arm area of the Hall
D Pair Spectrometer (PS) at Jefferson Lab during the CEBAF fall run in
August 2021.

The layout of the PS test beam area is shown in Fig. 4. The PS
delivers a clean electron beam at a rate of 10 kHz and in an energy
range of 3 to 6 GeV from 𝛾 conversion from the main GLUeX photon
beam line. The converted electrons are bent in the horizontal direction
by a 1.8T dipole, in a narrow band of ∼40 cm range in the horizontal
plane and 5 mm in the vertical direction. In the setup shown in the right
of Fig. 4, the μRWELL prototype is sandwiched between two sets of
two standard COMPASS X-Y triple-GEM trackers for precise tracking of
the electrons. All chambers in the setup were operated with an Ar:CO2
80:20 gas mixture and read out with the APV25 electronics [19] imple-
mented in the Scalable Readout System (SRS) [20] developed by CERN
RD51 collaboration. The ADC sampling rate was set at 50 ns during
data acquisition. For each triggered event, nine APV25 time samples
corresponding to a data window of 450 ns were recorded per readout
channel. The SRS DAQ received the trigger from Hall D PS coincidence
trigger to operate as a standalone system alongside the GLUeX main
DAQ, however the SRS trigger rate was reduced to a maximum ∼1 kHz
via software to avoid data corruption during data writing into the disk
because of low performance SRS DAQ PC. DATE package was used to
transfer the data via Gigabit Ethernet to the DAQ PC and amoreSRS,
the SRS online monitoring and offline analysis software implementation
in AMORE framework. Both DATE and AMORE packages have been
developed by the CERN ALICE collaboration [21] and later adopted by
RD51 collaboration for MPGD SRS readout system.
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Fig. 4. Layout of the Pair Spectrometer (PS) in Experimental Hall D at Jefferson Lab (left); the MPGD telescope with 4 COMPASS triple-GEM trackers and the capacitive-sharing
μRWELL prototype under study installed in the electron arm of the PS (right).
Fig. 5. Hall D PS electron beam profile reconstructed with the capacitive-sharing μRWELL prototype: 2D hit position map (left); reconstructed hit position distribution in 𝑥 (middle);
econstructed hit position distribution in 𝑦 (right). The efficiency loss caused by two dead channels of the APV25 FE connected to the x-strips is shown on the left and middle
lots at 𝑥 ∼ −18 mm.
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.2. Offline data analysis and PS electron beam profile

The primary goal for this beam test campaign was to evaluate the
erformances of capacitive-sharing readout structures with μRWELL
etector with a focus on the detector efficiency and spatial resolution.
everal voltage scan runs were taken with HV applied separately to the
rift cathode and to the μRWELL amplification structure to evaluate
he impact of the gain and drift electric field on efficiency, strip
ultiplicity and spatial resolution. The data are analyzed using the

moreSRS software package. The package includes the data decoder
or the raw APV25 events, scripts for common mode correction pedestal
ffset subtraction and 5 ×σped threshold cut for zero suppression, based
n uploaded channel by channel APV25 pedestal mean and rms data
rom previously computed and stored in root files. Strips cluster and
it position information in 𝑥 and 𝑦 axes from each event are computed
nd correlated to reconstruct 2D hit positions. The profile of Hall D
air Spectrometer electron beam is reconstructed with the hits in the
RWELL prototype as shown in the plots of Fig. 5. The electron beam
as a narrow width (3 mm rms) along the 𝑦-axis in the vertical direction
ut covers the full 10 cm width of the detector in the horizontal
irection (x-strips). The system is triggered by the electron/positron
oincidence event of the pair spectrometer. The event multiplicity
efined as the average number of charged particles producing hits in
he detector for each triggered event is 1.04, resulting in a clean event
ata sample for the analysis.
5

. Performance characteristics of the 𝛍 RWELL prototype

In beam test, two types of voltage scan studies were performed.
he first was a voltage scan in the drift volume of the prototype by
arying the voltage applied to the cathode from 875 to 1175 V by 25 V
teps while the voltage applied to the μRWELL was fixed at 575 V. The
oltage difference in the 3 mm drift region therefore increases from 300
o 600 V corresponding to an electric field in the drift volume varying
rom 1 to 2 kV/cm. In studies reported in the literature, μRWELL
etector typically operates at electric field in the drift region lower than
kV/cm. For standard triple-GEMs, the typical electric field in the drift

egion is 2 to 2.5 kV/cm. So a range 1 to 2 kV/cm for the HV scan of
he μRWELL prototype seems appropriate for this study. The second HV

study was a voltage scan of the μRWELL amplification structure from
550 to 580 V by 5 V steps while keeping a fixed electric field of 1.33
kV/cm in the drift region. We have not performed a direct gain curve
measurement as a function of the voltage applied to the μRWELL foil,
however, a gain curve study of μRWELL detector has been performed
and reported in [3]. A gain of 6000 is achieved for a voltage of 525 V
in Ar:CO2 - 70:30 gas mixture and based on the data of [3], this would
result in a gain of ∼ 1.2 × 104 at 575 V. With the operating voltage on
the μRWELL foil for this study of 575 V and the Ar:CO2 gas mixture of
80:20, we expected a slightly higher gain than 1.2 × 104.

For each voltage setting, the analysis requires a minimum of 10k
good tracks in all four GEM trackers. The μRWELL performance pre-
sented in this study where obtained for a 5 sigma pedestal cut to
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Fig. 6. Cluster ADC charge distribution in 𝑥 (left) and in 𝑦 (center); the data are fitted to a Landau function (red). Cluster charge-sharing correlation between x-strips vs. y-strips
(right).
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i

μRWELL data for the zero suppression. We also produce efficiency plots
for 3 sigma pedestal cut on μRWELL data to compare with 5 sigma
edestal cut and demonstrate that this does not impact the efficiency
f the prototype though it helps with the suppression of noisy strips
nd fake hits in the analysis. Moreover, we impose a minimum of 2-
trip-with-hit criteria for the selection of good cluster, with each strip
f the cluster with an ADC counts above pedestal threshold and the
otal cluster ADC counts ≥ 100 ADC counts. These two criteria were

only applied to the μRWELL data. Applying these criteria helps with
the spatial resolution analysis by removing fake hits but has no adverse
impact on the efficiency or resolution of the prototype as we will show
later in this paper. For the four triple-GEM detectors used as reference
trackers, we applied a higher threshold of 7 sigma pedestal cut for
zero suppression in order to eliminate any possibility of spurious tracks
caused by noisy strips or cross talk for the track selection.

5.1. Cluster charge and X-Y charge sharing vs. HV

Fig. 6 shows the cluster charge distribution plots (in ADC counts)
for x-strips (left) and y-strips (center). The cluster charge is defined as
the sum of the ADC charge of all the strips in the cluster. For each
strip in the cluster, the charges are integrated over all nine APV25 time
samples. The charge sharing between x-strips and y-strips is shown on
the correlation plot at the right, that is fitted to a straight line function
showing a slope of 0.7916 ± 0.0013, meaning that x-strips (top strips)
collect approximately 20% more charge than y-strips (bottom strips).
The non-equal sharing indicates that the initial choice of the relative
width for x- and y-strips as discussed in Section 3 is far from optimal
and need to be revisited when designing the next capacitive-sharing
μRWELL prototypes by slightly reducing the width of the top strips and
conversely increasing the width of the bottom strips.

The mean cluster charge, defined as the most probable value (MPV)
of the Landau function fitted to the data on x-strips (blue circle) and y-
strips (red square) are plotted as a function of the HV on the μRWELL
foil (left) and the electric field in the drift (right) in Fig. 7. In both
plots, the data are shown for two pedestal cuts, 3σ𝑝𝑒𝑑 (circle) and 5σ𝑝𝑒𝑑
(square) respectively. The mean cluster charge is higher for x-strips
than that of the y-strips as already discussed above. The mean cluster
charge are also slightly higher for 3σ𝑝𝑒𝑑 as expected. The data for 5σ𝑝𝑒𝑑
cut on the left plot fit very well to an exponential function as expected
from detector gain increase with the applied voltage to the μRWELL
amplification structure. More interesting is the linear increase of the
cluster charge as a function of the electric field in the drift region as
shown in the plot in the right of Fig. 7. An linear increase of ∼10% for
oth 𝑥 and 𝑦 strips is observed when the drift field varies from 1 kV/cm
o 2 kV/cm. This result is consistent with the study reported in [3] on
he charge collection efficiency of a μRWELL detector as a function of
he drift field. We would expect from the study in [3] a plateau for the
harge collection efficiency at about a drift field of 3 to 3.5 kV/cm.
6

5.2. Efficiency vs. HV

The detector efficiency along x- and y-strips is shown in Fig. 8 as a
function of the HV on the μRWELL foil (left) and the electric field in the
drift region (right). The efficiency for each axis is calculated by fitting
the coordinate of the 4 GEM trackers along that axis and looking for the
measured coordinate in the μRWELL prototype data within a 500 μm
adius of the projected coordinate from the fitted track. The analysis
s done at 3 and 5σ𝑝𝑒𝑑 cut. The efficiency exceeds (96 ± 1)% for both

and 𝑦 strips at a voltage of 570 V applied on μRWELL amplification
ven at 5σ𝑝𝑒𝑑 cut as shown in the plot on the left and exceed (98 ± 1)%

at 580 V.
The detector is fully efficient, ≥ (98 ± 1)%, at 575 V for both x-

trips and y-strips even when the ‘‘2-strip minimum in the cluster’’
riteria is applied as it is the case for the data in the current study.
his is another illustration of the unique feature of capacitive-sharing
eadout structures. The detection efficiency of a μRWELL detector with
conventional 800 μm-pitch 2D strip readout anode PCB, will drop

ignificantly if the single-strip cluster events are removed from the
nalysis. Having the possibility to eliminate single-strip cluster events
rom the position reconstruction analysis without degrading the detec-
or efficiency has two important advantages. The first is that it helps
mproving the spatial resolution performance of the detector because
ingle-strip cluster are not sensitive to the center of gravity (COG)
ethod used to accurately calculate the particle position coordinates.
he second is that, removing single-hit event from the analysis is a very
ffective method to eliminate or substantially reduce the probability
f fake hits or noisy channels from the reconstruction. The capacitive-
haring readout concept gives the flexibility to effectively control not
nly the strip multiplicity in the cluster but also and more importantly
o ensure a minimum of 2-strip cluster for all good events, almost
ndependently of the pitch of the strip readout structure and the size
f the ionization charge cluster from the amplification device i.e. the
hosen MPGD technology. This constitutes a big advantage compared
o alternative approaches [12–14].

For the lowest HV setting at 550 V, the efficiency drops below
90.0 ± 0.6)% for 𝑥 and (85.0 ± 0.6)% for y. The efficiency drop is
ore pronounced for y-strips as expected due to lower charge collection

s discussed in Section 5.1. The plot in the right of Fig. 8, shows the
fficiency curve as a function of the electric field in the drift region
nd a small linear increase with the drift field from 98.0 to 98.7% for
-strips and from 98.5 to 99.2% for x-strips is observed when the drift
ield increases from 1 to 2 kV/cm with a statistical error of ±0.4% in
oth cases.

.3. Strip multiplicity vs. HV

Strip multiplicity, which is defined as the number of strips with hit
n a cluster per event is a key parameter of the center of gravity (COG)
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Fig. 7. Left: Mean cluster charge distribution in 𝑥 (blue) and in 𝑦 (red) as a function of the HV applied to the μRWELL foil for 3σ𝑝𝑒𝑑 cut (circle) and 5σ𝑝𝑒𝑑 cut (square); the solid
lines are fits to an exponential function. right: Mean cluster charge distribution in 𝑥 (blue) and in 𝑦 (red) as a function of the electric field in the drift region for 5σ𝑝𝑒𝑑 cut; the
solid lines are fits to a straight line function.
Fig. 8. Left: Efficiency in 𝑥 (blue) and in 𝑦 (red) as a function of the HV applied to the μRWELL foil for 3σ𝑝𝑒𝑑 cut (circle) and 5σ𝑝𝑒𝑑 cut (square); the solid lines are fits to an
xponential function. right: Detector efficiency in 𝑥 (blue) and in 𝑦 (red) as a function of the electric field in the drift region for 5σ𝑝𝑒𝑑 cut; the solid lines are fits to a straight line
unction.
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ethod used for the reconstruction of the particle positions in MPGDs.
good spatial resolution requires a minimum of three strips on average

n the cluster. Fig. 9 shows the distribution of the number of strips in
he clusters in 𝑥 (left) and in 𝑦 (right) at 5σ𝑝𝑒𝑑 pedestal cut, for a drift
ield of 1.33 kV/cm and a voltage μRWELL foil equal to 580 V. The
trip multiplicity, extracted from the mean value of Gaussian fit to the
istributions is ∼ 4.04± 0.03 for both x-strips and y-strips.

Fig. 10 shows on the left plot, the strip multiplicity for x-strips (blue
ots) and y-strips (red dots) as a function of the voltage applied to the
RWELL electrode for two threshold levels 3 and 5σ𝑝𝑒𝑑 for the zero
uppression. at a 5σ𝑝𝑒𝑑 pedestal cut, the strip multiplicity increases
inearly from 3.30 to 4.04 ± 0.03 for both 𝑥 and 𝑦 axis as the voltage
s increased from 550 to 580 V. Even at lower gain for the lowest
oltage of 550 V on the μRWELL foil, the strip multiplicity is higher
han three for a readout pitch of 800 μm. We also observe in the
ight plot of Fig. 10 a linear increase of the strip multiplicity from
4.05 to ∼4.20 strips ± 0.01 in both 𝑥 and 𝑦 when the electric field

n the drift region increases from 1 to 2 kV/cm. The data shows a strip
ultiplicity larger than three strips for large ranges of detector gain

nd drift field which ensures a good position resolution performance as
hown in Section 6. The results demonstrates the characteristic feature

f capacitive-sharing readout structures, in full agreement with the p

7

bservation made in Section 5.2 regarding the 2-strip minimum per
luster criteria.

.4. Timing performance of capacitive-sharing readout

It has been reported that for resistive-sharing readout structures
14–16], a significant time delay is observed between the signal of the
entral strip in the cluster and its neighboring strips. The difference
n the measured peaking time of the signal on the front end (FE) pre-
mplifier of the central strip and the first neighboring strip is typically
few hundreds ns and can be as large as 1 μs. Moreover, the time

ifference varies significantly with the charge amplitude ratio between
he central strip and its neighbors. This time delay combined with
he dependence on the charge sharing ratio would severely limit the
etector performance and rate capability even in a relatively moderate
ate environment. This is because a large time window, (μs), would
e required from a data acquisition system to capture the signal of
ll the strips contributing to the cluster. In addition, resolving pile-up
ffect and multiple hit ambiguity becomes even more challenging as
he time correlation information can no longer be used as a reliable
ool to identify hits of the same cluster events. To study the timing

erformance of μRWELL prototype with capacitive-sharing X-Y strip
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Fig. 9. Left: Strip multiplicity distribution in 𝑥 (blue) and in 𝑦 (red) for HV(μRWELL) = 575 V, drift field 1.33 kV and for 3σ𝑝𝑒𝑑 ; The distributions are fitted to a Gaussian function
o obtain the strip multiplicity defined as the average number of strip per cluster for each HV setting.
Fig. 10. Left: Mean strip multiplicity in 𝑥 (blue) and in 𝑦 (red) as a function of the HV on the μRWELL for 3σ𝑝𝑒𝑑 cut (circle) and 5σ𝑝𝑒𝑑 cut (square); the solid lines are fits to an
inear function. Right: Mean strip multiplicity in 𝑥 (blue) and in 𝑦 (red) as a function of the electric field in the drift region for 5σ𝑝𝑒𝑑 cut; the solid lines are fits to a linear function.
eadout, we look at the timing correlation of neighboring strips of the
ame cluster. The first neighboring strips are defined as the two strips
mmediately at the left and right of the central strip and the second
eighboring strips as the second set of strips (third and fourth strips)
t the left and right of the central strip. The timing performance of the
RWELL prototype is compared to one GEM tracker with standard X-Y
eadout of the experimental setup.

The plots of Fig. 11 show a waveform shape of the digitized ADC
ime samples of APV25 signal from the μRWELL prototype (top plots)
nd the GEM tracker (bottom plots) for the 𝑥 and 𝑦 strips and for the
entral and first pair of neighboring strips for a typical triggered event.
he digitized waveform signal fit perfectly with a Landau function
nd the most probable value (MVP) of the fit function is chosen as
he APV25 signal peaking time with respect to the reference time t0
efined as the first APV25 time sample. This reference time t0 is the
rigger latency (time delay) relative to the Hall D PS coincidence signal
ime used to trigger the APV25-SRS readout and is the same for all
PV25 data. The distribution plots of the peaking time for a large data
ample are shown in Fig. 12 for both the μRWELL prototype (top plots)
nd the GEM tracker (bottom plots). The mean value of the peaking
ime distributions of the central strip (left), the first neighboring strips
middle), and the second neighboring strips (right) are (60.47 ± 0.07)

ns, (62.2 ± 0.1) ns and (57.36 ± 0.09) ns respectively, for the μRWELL
prototype and (120.1 ± 0.1) ns, (116.8 ± 0.1) ns and (104.7 ± 0.1)
8

ns for the GEM tracker. The width of the peaking time distributions
of the central strip (left), the first neighboring strips (middle), and the
second neighboring strips (right) are (15.98 ± 0.06) ns, (16.96 ± 0.06)
ns and (19.94 ± 0.07) ns respectively, for the μRWELL prototype and
(13.41 ± 0.04) ns, (14.11 ± 0.04) ns and (17.77 ± 0.06) ns for the
GEM tracker. The width of the peaking time distributions is dominated
by the APV25 time jitter of ∼12.5 ns [22] relative to the trigger
signal. The slightly higher value of the width of the peaking time
distributions compared to the 12.5 ns time jitter is due by the time
walk contribution of individual strip. The difference of mean of the
peaking time distribution between the central strip, its first and second
neighbors is less than 2 and 3 ns respectively for the μRWELL prototype
and less than 4 ns and 15 ns for the GEM tracker. The differences are
well below the 12.5 ns APV25 time jitter (width of the distributions)
for each set of strip, except for the second neighboring strips of the
GEM tracker. In addition the peaking time of the APV25 signal of the
GEM tracker is shifted by ∼60 ns with respect to the μRWELL APV25
peaking time. The shift is due by the additional 3 × 2 mm transfer
regions between the first two GEM foils and in the induction region
between the third GEM foil and the readout plane, adding a total of
6 mm drift time for the charges in the GEM trackers to reach the anode
when compared to the μRWELL prototype. The additional drift time of
the charge associated with this 6 mm gap in an Ar:CO2 (80:20) gas
mixture and electric field of 3.5 kV/cm is about 90 ns. However, the
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Fig. 11. APV25 waveform signal of strips in the cluster for the capacitive-sharing μRWELL prototype (top) and one GEM tracker (bottom) for a typical event: (From left to right):
PV25 waveform signal is shown for the central strip (left) and first neighbors (first strips on the left and right of the central strip) in the cluster for 𝑥 (middle left); for 𝑦 (right)

n the cluster.
Fig. 12. APV25 signal peaking time distribution plots in 𝑥 for the capacitive-sharing μRWELL prototype (top) and a GEM tracker (bottom) for the central strip (left), the first two
neighbors (first strips on the left and right of the central strip) (middle) and the second neighbors (second strips on the left and right of the central strip) (right) in the cluster.
electric field in the drift gap of the GEM is also higher (2.3 kV/cm)
than in the μRWELL prototype (1.33 kV/cm) which reduces the time
delay between the μRWELL prototype and the GEM tracker by about
15 ns. The expected time delay between the GEM and the μRWELL is
about 75 ns. The 15 ns discrepancy observed between expected and
measured delay is most likely due to other external factors such as the
gas pressure inside the detectors as well as cabling of the electronics.

The 2D correlation plots of the peaking time of the central strip
versus its first two neighbors are shown in Fig. 13 for the μRWELL
prototype (top plots) and GEM tracker (bottom plots). The first two
plots, starting from the left, show peaking time correlation between
the central strip and its first neighbors in 𝑥 and 𝑦 axis respectively, and
the last two plots show the correlation between the central strip and
its second neighbors in 𝑥 and 𝑦 axis respectively. The 1D distribution
lots of the difference in the timing between signal of the central strip
nd its first two neighbors are shown in Fig. 14. These plots show a
mall difference in the peaking time between strips of the same cluster
vent in the μRWELL detector. The highest difference is 4 ns between

the central strip and its second neighbor for the x-strips and 2 ns
9

difference between the central strip and its first neighbors for y-strips.
The timing difference between the central strip and its first neighbor is
three times worse the GEM trackers and is as high as 17 ns between the
central strips and the second neighboring strips in both 𝑥 and 𝑦 axis.
Also, these results show that external parameters are the cause of the
small timing difference for these detectors and that capacitive-sharing
readout structures induce only a small difference in time between the
strips sharing the charge from the same event in a cluster.

The excellent timing performance of capacitive-sharing readout
structures as compared with resistive readout structures can be at-
tributed to the fact that the charge sharing mechanisms for these two
structures are completely different. In resistive sharing readout, the
resistive layer can be modeled as a resistive-capacitive network to the
pad or strip readout plane. The lateral dispersion of a localized charge
impinging the readout is governed by the RC time constant of the
surface resistivity of the resistive layer. The propagation of the induced
charge to the neighboring pads or strips from the central pad is defined
by the RC time constant of the resistive layer. Consequently, a large
acquisition time window is required for the readout electronics to cap-
ture the peaking time of the signal from different channels connected
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Fig. 13. APV25 signal peaking time correlation plots for the capacitive-sharing μRWELL prototype (top) and a GEM tracker (bottom). (From left to right): peaking time correlation
between the central strip and its first neighbors (first strip on the left and right of the central strip) in 𝑥 (left), and in 𝑦 (middle left); and between the central strip and its second
eighbors (second strips on the left and right of the central strip) in 𝑥 (middle right) and in 𝑦 (right) in the cluster.
Fig. 14. APV25 signal peaking time difference for the capacitive-sharing μRWELL prototype (top) and GEM tracker (bottom). (From left to right): peaking time difference between
he central strip and its first neighbors (two first strips on the left and right of the central strip) in 𝑥 (left) and in 𝑦 (middle left); and between the central and its second neighbors
second strips on the left and right of the central strip) in 𝑥 (middle right) and in 𝑦 (right).
to the pads of strips of the same cluster events. With capacitive-sharing
readout, the signal propagates vertically at near the speed of light via
capacitive coupling through the transfer layers of the PCB and the
sharing of the charges over several strips is determined by the electric
field configuration between pad along the vertical axis. No resistances
are involved in the charge transfer process and therefore there is no
time delay for charge collected and shared between strips of the readout
layer.

6. Spatial resolution performance studies

As shown in Fig. 4 of Section 4, the beam test setup consists of four
standard COMPASS GEM trackers, two upstream and two downstream
of the μRWELL prototype under study, to allow a clean reconstruction
of the electron tracks by requiring hits in both 𝑥 and 𝑦 axis of the four

trackers for spatial resolution analysis of the prototype. The tracks are

10
fitted using only the hit information from the trackers and excluding
the hits from the μRWELL prototype.

6.1. Detector response linearity

The response linearity of the prototype is shown in the plots of
Fig. 15. The linearity plots for x-strips (left) and y-strips (center right)
show excellent correlation between measured coordinates in the detec-
tor and expected coordinates from the track fit. The 2D distribution of
the track fit residuals are shown in the center left plot for x-strips and at
the right for y-strips. No differential nonlinearity is observed, indicating
a good and continuous response uniformity of the detector over the full
active area. The few vertical occupancy gaps in the x-coordinate plot
are caused by dead channels in the APV25 front end cards used to read
out both the μRWELL prototype as well as the GEM trackers. Since we

require hits in all four trackers for a good event, missing hits from dead
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Fig. 15. Left: Correlation between expected and measured coordinates in 𝑥 (left); 2D distribution of the track fit residuals in 𝑥 (center left); Correlation between expected and
measured coordinates in 𝑦 (center right); 2D distribution of the track fit residuals in 𝑦 (right).
Fig. 16. Track fit residual distribution plots for all four GEM trackers in 𝑥 (top) and 𝑦 (Bottom).
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channels from the trackers electronics will reflect as occupancy gaps in
the μRWELL data. The low occupancy gap at the left of the plots is a bad
channel of the μRWELL prototype readout electronics as also observed
in the hit position distribution plots of Fig. 5.

6.2. Track fit residuals

The first step of the analysis of the spatial resolution performance
of the μRWELL prototype, is to estimate the contribution to the track fit
error due to the finite resolution of the GEM trackers and to subtract
in quadrature this error from the width (σ) of the Gaussian function
it of the μRWELL residual distributions. To that effect, we develop a
imple ROOT script that simulates the beam test setup and produces
racks reproducing the Hall D PS electron beam characteristics in term
f the angular and position distributions along both 𝑥 and 𝑦 axis.

The coordinates (x𝑡𝑟𝑢𝑒𝑖 , y𝑡𝑟𝑢𝑒𝑖 ) of the projected ‘‘true’’ tracks at the
𝑖 location of each of the four GEM trackers Trk𝑖 are smeared with a
aussian distribution with a width equal to nominal spatial resolution
f tracker 𝜎𝑖. The smeared coordinates (x𝑠𝑚𝑒𝑎𝑟𝑖 , y𝑠𝑚𝑒𝑎𝑟𝑖 ) are then fitted to a
traight line function. The residual distributions (x𝑓𝑖𝑡𝑖 - x𝑠𝑚𝑒𝑎𝑟𝑖 ) and (y𝑓𝑖𝑡𝑖
y𝑠𝑚𝑒𝑎𝑟𝑖 ) are extracted and compared with the residual distribution of

he trackers data from fitted tracks using these same trackers data. The
nput spatial resolution 𝜎𝑖 of each tracker used as input in the ROOT
cript for the ‘‘true’’ tracks is tuned to match the output of the residual
istributions from simulated data shown in Fig. 17 with the residual
istributions from the beam test data shown in Fig. 16. In both Figs. 16
nd 17, the plots on top show the residual distributions in 𝑥 for all four

trackers and the bottom plots show the residual distributions in y. The
input spatial resolution was set to 45 μm for each tracker.

The width of the track fit residuals 𝜎𝑓𝑖𝑡𝑖 (𝑥) and 𝜎𝑓𝑖𝑡𝑖 (𝑦) varies from 33
to 40 μm, for both real and simulated data. From these results, we can
11
now extract the error expected from the fitted tracks at the z location
of the μRWELL in the beam test setup. The track fit error is defined as
the width 𝜎𝑒𝑟𝑟 of the Gaussian fit to the residual distributions (x𝑡𝑟𝑢𝑒𝜇𝑅𝑊 𝐸𝐿𝐿

x𝑓𝑖𝑡𝜇𝑅𝑊 𝐸𝐿𝐿) and (y𝑡𝑟𝑢𝑒𝜇𝑅𝑊 𝐸𝐿𝐿 - y𝑓𝑖𝑡𝜇𝑅𝑊 𝐸𝐿𝐿), calculated from the projected
oordinates at z𝜇𝑅𝑊𝐸𝐿𝐿 of the ‘‘true’’ tracks (assuming the trackers
patial resolution is equal to 0) and the fitted tracks from the smeared
oordinates of the trackers. For both ‘‘true’’ and fitted tracks, the spatial
esolution of the μRWELL prototype is set to zero for the purpose of
inding the track fit error. The residual distribution plot of the track
it error is shown in Fig. 18. The plots show (21.2 ± 0.6) μm and
20.6 ± 0.6) μm for the widths 𝜎𝑒𝑟𝑟𝑥 and 𝜎𝑒𝑟𝑟𝑦 of the narrower Gaussian
unction of the double Gaussian fit to the distributions respectively.

.3. Spatial resolution performance of the 𝜇RWELL prototype

The plots of Fig. 19 show the residual distributions of fitted tracks
in the 𝑥 and 𝑦 axis, respectively, of the μRWELL prototype. The detector
operates at a voltage setting of 575 V and a drift field of 1.33 kV/cm.
The widths of the narrower Gaussian function of double Gaussian fits
to the residual distributions are σ𝑟𝑒𝑠𝑥 = (63.1 ± 1.0) μm and σ𝑟𝑒𝑠𝑦 =
(62.6 ± 1.0) μm for x-strips and y-strips, respectively. The spatial
resolutions in 𝑥 and 𝑦 axes are calculated by subtracting in quadrature
the track fit error 𝜎𝑒𝑟𝑟𝑥 and 𝜎𝑒𝑟𝑟𝑦 , discussed in Section 6.2, from the width
of the residual distributions, respectively, as shown in Eq. (1).

σ2𝑥 = (σ𝑟𝑒𝑠𝑥 )2 − (σ𝑒𝑟𝑟𝑥 )2

σ2𝑦 = (σ𝑟𝑒𝑠𝑦 )2 − (σ𝑒𝑟𝑟𝑦 )2 (1)

Fig. 20 shows an example of the residual widths σ𝑟𝑒𝑠𝑥(𝑦) (red dots) and
the calculated spatial resolutions σ𝑥(𝑦) after track fit error subtraction
(blue dots) for 16 independent runs for x-strips (left plot) and y-strips
(right plot). The mean value of the σ width of the Gaussian fit to the
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Fig. 17. Simulated track fit residual distribution plots in for all four GEM trackers in 𝑥 (top) and 𝑦 (Bottom).
Fig. 18. Simulated track fit residual distribution plots at the z location of the μRWELL prototype in 𝑥 (left) and 𝑦 (right). The width of the Gaussian fit to the distribution represents
the track fit error σ𝑒𝑟𝑟𝑜𝑟.
Fig. 19. μRWELL residual distribution plots in 𝑥 (left) and 𝑦 (middle) for HV = 575 V and drift field = 1.33 kV/cm.
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esiduals over 16 runs is σ𝑟𝑒𝑠𝑥 (mean) = 64.61 μm and σ𝑟𝑒𝑠𝑦 (mean) =
4.09 μm with ∼2 μm fluctuation from run to run. The mean value
f the calculated spatial resolution is σ𝑥 (mean) = 61.03 μm and σ𝑦
mean) = 60.69 μm. The contribution of the track fit error σ𝑒𝑟𝑟 to spatial
esolution in both 𝑥-axis and 𝑦-axis is in the order of ∼ 3.5μm.

We looked at the spatial resolution performance of the μRWELL
rototype as a function of the voltage applied to the μRWELL foil and
he electric field in the drift region. The plot in the left of Fig. 21,
hows a clear dependence of the spatial resolution on the detector
12
ain and a steady improvement of the resolution, that is, a decrease
f the resolution from 80 μm to 60 μm when the voltage applied to
RWELL foil increases from 550 to 580 V. This result is very interesting
s it shows that even with 550 V applied to the μRWELL foil which
orresponds to a gain of ∼ 4.5× 103 [3], and with the efficiency
ropping below 90%, the spatial resolution which is equal to 82 μm is
till well below 100 μm for an 800 μm pitch strip readout. The spatial

resolution improves by 20 μm when the voltage on the μRWELL foil
increases by 30 V which corresponds to a gain increase by a factor of
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Fig. 20. Widths (σ𝑟𝑒𝑠𝑥,𝑦) of the Gaussian fit to the residuals in (red) and spatial resolution (σ𝑥,𝑦) after track fit error correction (blue) in 𝑥 (left) and in 𝑦 (right) for 16 independent
runs at HV = 575 V and drift field = 1.33 kV/cm. The mean values σ𝑟𝑒𝑠𝑥,𝑦 (mean) and σ𝑥,𝑦 (mean) are also shown as horizontal line on the plots.
Fig. 21. Left: Spatial resolution in x-strips as a function of HV on the μRWELL foil; Right: Spatial resolution in 𝑥 (blue) and in 𝑦 (red) of μRWELL prototype as a function of the
electric field in the drift region of the prototype.
2 as shown in Fig. 7. The mild dependence of the spatial resolution on
the voltage applied to the μRWELL foil i.e. detector gain is a feature of
the capacitive-sharing structure and an advantage over the alternative
such as zigzag or resistive-sharing readout structures. This feature
allows more flexibility with operating voltage defining the gain without
compromising too much on the spatial resolution performances. The
HV scan run was performed at the beginning of the beam test and
unfortunately there was a mistake in the configuration of the APV25-
SRS electronics connected to the y-strips of all four GEM trackers used
for the fit. For this run, data were not available to fit the tracks in 𝑦
axis and extract the spatial resolution on y-strips as a function of the
HV on the μRWELL foil. Fig. 21 shows the spatial resolution plots for
x-strips only. However, as shown in the plots of Fig. 19, the expected
spatial resolution performance in y-strips is similar to the x-strips,
within 1 or 2 μm fluctuations. In the right of Fig. 21, the plots show
that spatial resolution is basically independent of the electric field in
the drift region of the detector within the range of 1 to 2 kV/cm. The
resolution is equal to 60.51 μm on average for both x-strips and 61.08
μm for y-strips with ∼2 μm fluctuation and in very good agreement
with the observation of Fig. 20. These results are further evidence
that capacitive-sharing structures have a very mild dependence on the
parameters defining the charge amplification in MPGD structures and
provide a high level of flexibility for optimization and operation of
these detectors.
13
7. New capacitive-sharing readout structures

7.1. Development of 3-coordinates capacitive-sharing (x-y-u)-strip readout

Operating large MPGD tracking detectors with strip readout in high
rate environments requires addressing issues of pile up and multiple hit
ambiguity. The situation becomes even more critical with the develop-
ment of low channel count readout structures with larger strip pitches.
One obvious solution to address both multiple hit ambiguity and pile
up effects is the development of 3-coordinate (x-y-u, u-v-y, . . . ) strip
readout structures on a single PCB anode readout to enhance tracking
capability in a high background rate environment. These 3-coordinate
readout structures, when combined with fast electronics, are expected
to combine time and amplitude of the charge shared by the strips in
all three coordinates axes together with space information of the hit
to precisely reconstruct the hit position, limit the impact of multiple
hit ambiguity and pile-up as well as to help with background rejection.
However, the main limitation so far to developing 3-coordinate strip
readout on large-area PCB emanates from the fabrication of the devices.
In fact, current fabrication techniques of 3-coordinate strip readout on
standard PCBs requires a minimum strip pitch of 600 μm in order to
preserve the spatial resolution performances. Even with this require-
ment, fabrication of 3-coordinate strip readout PCB remains extremely
challenging with small size detectors and impractical for large-area
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Fig. 22. Design of the 3-coordinates capacitive-sharing, 1 mm pitch, (x-y-u)-strip readout. Left: Gerber view of the (x-y-u)-strip readout PCB prototype; top right: Zoomed-in view
of the readout active area with the x,y and u strip configuration and routing; bottom right: cross sectional view of the readout structures showing triple stack of capacitive-sharing
pad layers and 2-layer readout for the x, 𝑦 and u strips.
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PCBs. In addition, a standard 3-coordinate strip readout PCB requires
a large density of metallized vias with a multi-layer PCB process for
connecting the strips to external connectors. Capacitive-sharing readout
structures have the potential to overcome these technical limitations
and allow the fabrication of cost effective, high-performance, large-
area, 3-coordinate strip readout structures with strip pitch on the order
of 1 to 2 mm and expected spatial resolution performances better than
100 μm. The first prototype of a 3-coordinates capacitive-sharing (x-y-
u)-strip readout PCB was designed and is currently under fabrication.
The design characteristics of the readout are shown in Fig. 22. The
pitch of the strips is 800 μm. The x-strips, highlighted in green in
Fig. 22 are on the first readout layer below the last capacitive-sharing
transfer pad layer, and y-strips and u-strips are on a second layer
below. The x-strips and y-strips are both straight strips while the u-
strips are a set of pads that are interconnected through metallized
vias along the diagonal axis to traces running on a third layer below;
these traces carry the signal to the front-end electronics. This first 3-
coordinates capacitive-sharing (x-y-u)-strip readout prototype will be
tested with triple-GEM amplification to establish the proof of principle.
We will subsequently develop a second prototype with 1 mm pitch and
a μRWELL amplification.

7.2. Minimization of the capacitance noise

The input capacitance of the readout strips connected to the front
end electronics should be kept as low as possible to minimize the
capacitance noise at the FE and maximize the signal-to-noise ratio. This
requirement presents a real challenge to any type of strip readout struc-
tures with large pitch, including zigzag or resistive-sharing readout and
capacitive-sharing structures. In the case of capacitive-sharing readouts
however, there is an easy solution for the large input capacitance noise
problem. In fact, for capacitive-sharing readout structures the pitch
of the strips or pads rather than the actual width of the strips or
size of the pads is the key parameter for high-performance and low
channel counts. This is because, unlike zigzag or resistive-sharing read-
out [13,15,16,18], for capacitive-sharing readout structures, the charge
sharing between neighboring strips or pads does not require narrow
inter-strips or inter-pads gaps. With narrower strips of smaller pad
size, the collected signal is expected to be smaller, however, the signal

amplitude can be compensated by an increase of the detector gain in g
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order to maintain the charge sharing properties between strips or pads,
regardless of the size of the pads or the width of the strips with respect
to the pitch. This key feature of capacitive-sharing readout structure is
expected to be maintained for low capacitance, large strips (or pads)
anode readout PCBs for large MPGD detectors. In addition, with a
larger inter-strip or inter-pad gaps, the cross-talk induced by inter-
strip capacitance [23] would be greatly reduced. The cartoon sketch
on the left of Fig. 23 shows the ideas for a low capacitance X-Y strip
capacitive-sharing readout design, with a 2 mm strip pitch for both x-
strips (red) and y-strips (blue). The width of the strips is 500 μm which
is four times smaller than the strip pitch. The green, magenta and light
brown square at the top right corner represents the pad sizes of the pad-
transfer layers of the readout scheme. The cartoon on the right shows a
similar idea with a capacitive-sharing pad readout PCB with a pad pitch
and size of 2 and 4 mm, respectively; the pad electrode area is four
times smaller than the pitch area. In summary, the capacitive-sharing
concept allows users to freely adjust pad size or strip width for a given
segmentation pitch to the specific application requirements. We intend
to test new triple-GEM and μRWELL prototypes with capacitive-sharing
anode readout PCBs to validate the concept.

7.3. Minimization of the material thickness for capacitive-sharing readout
structures

Finally, some applications require low mass, that is, low-radiation-
length tracking detectors to minimize multiple Coulomb scattering in
order to achieve good position and momentum resolution performance.
R&D efforts [9,17] are ongoing to develop thin and low mass transfer
pad layers for capacitive-sharing readout structures, by using 0.1 μm
hromium pads rather than the standard 5 μm Cu pads and by reducing
he thickness of the dielectric layers by a factor of 2 to 4. A low
ass μRWELL prototype with a thin layer Cr-based capacitive-sharing

eadout structure is under development to validate the idea.

. Summary and outlook

Large-area MPGD trackers are being considered for several future
P and HEP experiments due to the many advantages (low cost, high

patial resolution, and high rate capabilities), offered by these technolo-

ies for large scale particle physics experiments. The capacitive-sharing
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Fig. 23. Two design implementations of capacitive-sharing readout structures with low capacitance x-y strips on left and low capacitance pad readout on the right.
readout is a new concept aimed at developing high-performance anode
readout PCBs for MPGD amplification structures, with coarse segmenta-
tion (1 to 2 mm pitch for strip readout) to significantly reduce readout
electronics channel count and hence the cost of readout electronics. The
concept of capacitive-sharing is based on a special spatial arrangement
of metallic pads between dielectric layers in a vertical stack of these lay-
ers that allows the transfer of the induced charge signal from the MPGD
amplification through capacitive coupling between the pad layers to
the coarsely segmented pick-up strip (or pad) electrodes of the anode
readout PCB of the detector. Capacitive-sharing readout structures open
the possibility for the development of cost effective large-area tracking
detectors with reduced number of channels while maintaining excellent
spatial resolution performance. A μRWELL prototype with capacitive-
sharing 2D strip anode readout PCB was developed in collaboration
with the CERN PCB workshop group as a proof of concept. The pro-
totype was based on a standard μRWELL amplification structure and
a 3 mm drift gap combined with X-Y strip readout with a strip pitch
of 800 μm and was successfully tested in the electron beam of the
Pair Spectrometer setup in experimental Hall D at Jefferson Lab. A
detector efficiency better than (98 ± 1) % was achieved. A spatial
resolution performance in both x-strips and y-strips of the order of
(60 ± 1) μm was achieved and is comparable to the performance of a
standard triple-GEM detector with 400 μm pitch X-Y strip readout. The
spatial resolution performance shows only moderate dependence over
a large range with the voltage on the amplification structure, which is
correlated with the μRWELL detector gain. No significant dependence
of the spatial resolution performance on the electric field in the drift
region was observed within a range of 1 to 2 kV/cm. The results
also show a timing difference smaller than (6.00 ± 0.04) ns between
neighboring strips of the same cluster which is less than the time jitter
of the APV25 FE electronics. This is an indication that the capacitive-
sharing readout structure does not introduce time delay between signal
of neighboring strips sharing the charges. Future prototypes are under
development to further study the capabilities of capacitive-sharing
readout for MPGDs. These ongoing R&D efforts include the develop-
ment of low mass, low noise strip readout structures for large-area
MPGD trackers, with the development of a 3-coordinate (X-U-U or U-V-
Y) strip readout configuration for suppression of multiple hit ambiguity
and the mitigation of the pile-up impact on tracking in high background
rate environments. In summary, capacitive-sharing readout structure
is a very promising option for cost effective, high-performance large-
area MPGD trackers for future nuclear physics experiments such as at
Jefferson Lab or future collider experiments such as at the electron–ion
collider (EIC) at Brookhaven National Laboratory.
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