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Abstract

The concept of capacitive-sharing readout, described in detail in a previous study, offers the possibility for the devel-
opment of high-performance three-coordinates (X–Y–U)-strip readout for Micro Pattern Gaseous Detectors (MPGDs)
using simple standard PCB fabrication techniques. Capacitive-sharing (X–Y–U)-strip readout allows simultaneous
measurement of the Cartesian coordinates x and y of the position of the particles together with a third coordinate u
along the diagonal axis in a single readout PCB. This provides a powerful tool to address multiple-hit ambiguity and
enable pattern recognition capabilities in moderate particle flux environment of collider or fixed target experiments in
high energy physics HEP) and nuclear physics (NP). We present in this paper the performance of a 10 cm × 10 cm
triple-GEM detector with capacitive-sharing (X–Y–U)-strip anode readout. Spatial resolutions of the order of σres

x =

71.6 ± 0.8 µm for X-strips, σres
y = 56.2 ± 0.9 µm for Y-strips and σres

u = 75.2 ± 0.9 µm for U-strips have been obtained
at a beam test at Thomas Jefferson National Accelerator Facility (Jefferson Lab). Modifications of the readout design
of future prototypes to improve the spatial resolution and challenges in scaling to large-area MPGDs are discussed.
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1. Introduction

Micro Pattern Gaseous Detector (MPGD) technologies such as Gas Electron Multiplier (GEM) [1], Micro-Mesh
Gaseous Structures (Micromegas) [2], or resistive micro-well (µRWELL) [3] are widely used or being considered for
tracking, particle identification and calorimetry applications in current and future HEP and NP experiments. These
detectors combine an electron multiplication device for the amplification of the electronic signal with anode readout
printed circuit boards (PCBs) made of finely segmented strip or pad pick-up electrodes to allow precise measurement
of particle position coordinates. As an example, triple-GEM detectors used in several particle physics experiments
[4, 5, 6] typically have two-dimensional (X–Y)-strip readouts with a strip pitch of 400 µm that provides spatial reso-
lutions better than 60 µm for both x and y coordinates. For large-scale particle physics experiments where large-area
trackers are needed, the requirement for fine segmentation strip readout to achieve ample spatial resolution will lead to
a prohibitively large number of electronic channels to be read out. This has serious implications in terms of electronic
and data acquisition costs, large data rate management as well as integration of the MPGD trackers inside the already
complex detector system of large scale collider or fixed target experiments in NP and HEP. Integration challenges in-
clude cooling, shielding of front end electronics, cables routing, connectors choices that optimize detector acceptance,
material thickness and radiation damages mitigation plans in high radiation environment. Each of these challenges
increases in complexity with the number of electronic channels to be read out.
In an attempt to reduce the level of complexity while maintaining spatial resolution performance of MPGD detec-
tors, several R&D efforts [7, 8, 9, 10, 11, 12] were initiated over the past ten years to develop low-channel counts,
high-performance readout structures for large-area MPGDs. A novel approach based on a large pitch (≥ 800 µm)
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capacitive-sharing readout structure was recently introduced as the anode readout structure of a µRWELL detec-
tor [13]. Spatial resolution performance of the order of 50 to 75 µm, comparable to that of a standard COMPASS
(X–Y)-strip readout [4] with 400 µm pitch was demonstrated via test beam experiments. Capacitive-sharing struc-
tures are a cost-effective and high-performance anode readout option, well suited for GEM, Micromegas or µRWELL
technologies and compatible with standard PCB fabrication techniques for large-area tracking detectors.
For large MPGD tracking detectors in particle physics experiments, even for low to moderate particle background
rate environment, events overlapping in time will cause multiple hits in both X and Y strips of the detector readout
layers, resulting in the so-called ”ghost hits” or multiple-hit ambiguity when attempting to match hits coordinates in
x and y for the 2D reconstruction of the particle positions. The probability of ”ghost hits” increases with the strip
length and width and thus consequently with the large pitch readout structures under development [11, 12, 13]. One
promising approach to mitigate the impact of ”ghost hits” is the development of a 3-coordinate readout structure such
as the (X–Y–U)-strip readout presented in this work. In this configuration, the U-strips which are oriented at a 45◦

angle with respect to the X-strip axis, provide the third coordinate u, correlated in space and time to both x and y
coordinates. The combination of capacitive-sharing structures with the 3-coordinate readout offers the possibility for
high-performance, low-channel count and cost-effective anode readout PCBs for large-area MPGDs.
We discuss in the current paper, the performance based on beam studies of a 10 cm × 10 cm triple-GEM prototype
instrumented with a (X–Y–U)-strip capacitive-sharing readout. In section 2, we provide a detailed description of the
readout design followed by a presentation in section 3 of the test beam setup at Jefferson Lab used for the performance
study of the prototype. In sections 4 and 5, the characteristic performances and spatial resolution performance of the
prototype are discussed. Finally, in section 6, we introduce future R&D ideas to improve performance of 3-coordinates
capacitive-sharing readout for tracking in future large experiments.

2. Triple-GEM prototype with (X–Y–U)-strip capacitive-sharing readout

A small (10 cm × 10 cm) triple-GEM prototype equipped with a 3-coordinate capacitive-sharing (X–Y–U)-strip
anode readout was assembled and underwent beam tests at Jefferson Lab. The readout PCB is based on a stack of
five layers of copper-clad 50 µm thick polyimide (Kapton) layers. The basic concept of the structure is described in
detail in a previous work [13]. The top side of each Kapton layer has a laminated 5 µm thick Cu-layer with a given
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Fig. 1: Left: Gerber file generated diagram of the capacitive-sharing PCB with a 3-coordinate (X–Y–U)-strip readout pattern. Center: zoomed in
view of the strip structure, Right: cross section of the multi-layer PCB with the stack of two capacitive-sharing layers (black pads) and the two strip
layers, Y-strips (green) in L3, X-strips (blue strips) and pads for U-strips (blue pads) in L4 and connecting the vias and traces (red) in layer L5.

pad or strip pattern. The Kapton foil serves as dielectric layer that facilitates the transfer of induced signals between
the Cu-layers via capacitive coupling. The five layers of the readout PCB of the prototype discussed in this work are
color-coded in the pictures of Fig. 1. The top two layers L1 and L2 are the capacitive layers, each having an array
of pads (black) with a pitch of 400 µm and 800 µm respectively. The Y-strips layer (L3) has horizontal strips (green)
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for y-coordinates and layer L4 has both vertical strips (X-strips in blue) for x coordinates and a matrix of rectangular
pads (blue) between X-strips that are connected together into U-strips along the diagonal axis through vias connecting
to traces (shown in red) on layer L5 and routed to the readout connectors for the u coordinates. The naming of the
Y-strips, X-strips and U-strips comes from the coordinate system in the test beam setup described in section 3 for x,y,
and u coordinates of the particle positions. Both Y-strips and X-strips have a pitch of 800 µm and a strip width of 200
µm and 330 µm respectively. The U-pads of L4 have a dimension of 330 µm × 550 µm and a pitch along the diagonal
axis equal to 800 µm × cos (45◦) = 567 µm. The traces in L5 have a width of 100 µm but could be made as narrow as
50 µm in future prototypes to minimize their contribution to the detector input capacitance and cross-talk induced on
X-strips.

3. Study of the performance of XYU-GEM prototype in beam test at Jefferson Lab

3.1. Beam test setup in the Experimental Hall D at Jefferson Lab

The prototype described in section 2, was installed in a tracking telescope setup in the electron arm of the Pair
Spectrometer (PS) equipment of the GLUeX [14] experiment in Hall D at Jefferson Lab and operated during the Fall
2022 run of the Continuous Electron Beam Accelerator Facility (CEBAF). The layout of the setup is shown on top
right of Fig. 2. The tracking telescope is composed of two pairs of standard GEM trackers [4], one upstream and
one downstream of the XYU-GEM prototype. The GEM trackers provide precision tracking for the study of spatial
resolution and efficiency of the prototype under test. The PS delivers a clean electron beam from gamma (γ) conversion
of the GLUeX photon beam line at an energy ranging from 3 to 6 GeV and at a rate of ∼7 kHz, corresponding to the
expected pair production rate for a CEBAF 300 nA beam current. The converted electrons are bent in the horizontal
direction by a 1.8 T dipole to cover the full range in the horizontal plane of the detectors in the tracking telescope. The
width of the beam in the vertical axis is 2.45 mm. All four GEM trackers, together with the XYU-GEM prototype

APV25-SRS readout crate

Setup of the prototypes in Hall D beam at JLab

SRS-APV25

HDMI cables

Fig. 2: Instrumentation setup to perform beam tests. Left: beam test telescope setup with four GEM trackers and the XYU-GEM prototype all
instrumented with APV25-SRS FE cards, installed in the electron arm of the PS. Top-right: layout of the telescope. Bottom-right: photograph of
the APV25-SRS readout crate.

were operated with a Ar:CO2 (70:30) gas mixture. A single HV channel of a CAEN N1470 power supply is coupled
to a standard COMPASS resistive divider [4] to distribute the voltages across the 7 electrodes of each triple-GEM
detector. All detectors are instrumented with the APV25-based [15] Scalable Readout System (SRS) [16] developed
by CERN RD51 collaboration [17]. The SRS-APV25 front end (FE) hybrids on the detectors are connected via HDMI
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cables to the SRS-ADC cards of the SRS crate [16], shown in the bottom right of Fig. 2. The SRS data acquisition
(SRS-DAQ) has a sampling rate of 50 ns and nine APV25 time samples, corresponding to an acquisition window of
450 ns are recorded per readout channel in the current setup. The DAQ operates in a standalone mode independently
from the GLUeX main DAQ system to keep the data under ≤1 kHz in order to cope with the limited performance
of the DAQ computer used during the beam test. DATE and AMORE software packages, both developed by the
ALICE collaboration at CERN [18], were used for the DAQ and online monitoring respectively. The monitoring and
analysis software tool used for the APV25-SRS electronics was developed in the AMORE framework and is called
amoreSRS [19]. It includes scripts for decoding the APV25 raw data, applying common mode correction, pedestal
offset subtraction and zero suppression.

3.2. SRS-APV25 gain calibration

The gain calibration of the SRS-APV25 signal amplitude as a function of the injected charge has been studied and
documented in [20]. The experimental setup for the gain measurement for the default settings and configuration of
the SRS implementation of the APV25 electronics are also described in detail in the document. The plots of Fig. 3
show the ADC channel of the SRS-APV25 as a function of the injected charge on a single strip. The plot on the left is
the APV25 gain curve over a wide range of injected signal, up to 100 fC and the response becomes non-linear starting
at ∼40 fC corresponding to an injected charge of ∼250 000 electrons. On the right, the plot demonstrates the limited
range of the injected charge in which the APV25 response is linear up to to 1000 ADC channels. The effective gain
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Fig. 3: SRS-APV25 gain calibration plots. Left: ADC count vs. injected charges (fC) in a single APV channel. Left: full range of the gain curve
showing response non linearity above ∼40 fC; Right: the limited range of interest for the X–Y–U GEM signal shows good linearity up to 40 fC.

of a typical triple-GEM detector operating with a Ar:CO2 70:30 gas mixture is ∼8 × 103 for an average voltage across
the GEM foils equal to 376V [4], equal to a total charge of ∼280 000 electrons at the front end electronics. If we
assume equal sharing between all 3 sets of strips, each set will collect ∼94 000 electrons. In this case with a cluster
size equal to 5 and assuming the central strips collect about 60% of the total charge or ∼56 000 electrons thus a little
less than 9 fC. This corresponds to 300 ADC channels and is thus within the linear range of the SRS-APV25 readout
electronics.

3.3. Electron beam characteristics

The characteristics of the electron beam during the beam tests were determined. For each triggered event, an
electron track is reconstructed when hits are recorded simultaneously in both the x and y axis of each of the four GEM
trackers. The plots in the top of Fig. 4 display a uniform distribution of the reconstructed PS electron beam hit profile
along the x-axis and narrow profile along y-axis fitted to a Gaussian with a width σ of 2.54 mm. The 2D profiles
of the PS electron beam obtained from the reconstructed hit positions in the X-Y and X-U planes of the XYU-GEM
prototype are shown at the left and right respectively at the bottom of Fig. 4. Note that the reconstructed u-coordinates
from the U-strips along the diagonal axis are plotted as a function of the x-coordinates as seen in the right plot.
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Fig. 4: Electron beam profile from Hall D Pair Spectrometer measured by the first tracker (GEMTRK1). Top: The 1D distribution of the hit
coordinates in x (left) and in y (right). Bottom: Reconstruction of the 2D profile of the PS electron beam in the X-Y plane (left) and the X-U plane
(right) of the XYU-GEM prototype under study.

4. Performance characteristics of the XYU-GEM prototype

High voltage scans were performed to study the performance of the (X–Y–U)-strip readout as a function of the
detector gain. Absolute gain measurements and gain curves as a function of applied voltage for standard triple-GEM
detectors are well documented in the literature [4, 21] and are not the focus of the study of the XYU-GEM prototype
in this paper. The gain of the detector is inferred from the average voltage across the GEM foils of the XYU-GEM
prototype based on the ADC gain calibration studies of section 3.2. Performance characteristics such as the efficiency,
the cluster charge (in ADC counts), the strip multiplicity and the charge sharing between strips as a function of the
voltage are discussed in detail in the following subsections.

4.1. Strip pedestal noises
The plots of the rms pedestal fluctuation distributions of the X, Y and U strips of the XYU-GEM prototype readout

planes are presented in Fig. 5. The rms value of the distributions represents the pedestal noise in ADC counts for each
APV25 channel. The first two plots on the left and center show the rms values for each of the 128 channels in X-strips
and Y-strips respectively. In this case, where all the strips have the same length of 100 mm, the rms values fluctuate
around 6.5 ADC counts for all channels. The slightly curved profile of the values with respect to the APV25 channel
number reflects the routing of the 128 channels of the APV25 chip to the 130-pin connectors on the FE card. The red
line is a polynomial function of the order 2 fitted to the experimental data. The rms values for the U-strips in the right
plot in Fig. 5 show a clear linear dependence with the strip number, varying from ∼7.5 ADC counts for the longest
strips at the diagonal axis to ∼5.5 ADC counts for channels connected to the shortest strips (≥ strip number 100) when
moving toward the corner of the readout plane. A straight line fit through the data indicates the correlation between
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Fig. 5: Plots of the pedestal noise (rms ADC counts) of the channels of APV25 FE cards connected to the three strips. The solid red line is a
polynomial function of the order 2 fit to the X-strips and Y-strips data points.

strip length and hence the input capacitance of the U-strips as seen by the APV25 channel and the rms noise of the
given channel. The remaining 28 strips are too short and provide a negligible contribution to the overall pedestal rms.

4.2. Efficiency vs. HV

The plots of Fig. 6 are the efficiency curves for X-strips, Y-strips and U-strips as a function of the average voltage
(HV) applied across the three GEM foils. This also corresponds to the voltage across the second GEM foil (GEM2)
when the COMPASS resistive divider [4] is used. For the results presented in the current study, we examined the
resulting efficiency achieved based on three different conditions which combined pedestal cuts and a minimum number
of strips per cluster requirement. The conditions tested are:

• 3σped pedestal cut and a minimum two strips per cluster requirement i.e. single-strip clusters events excluded
from the analysis - (3σped, 1-strip excl.).

• 5σped pedestal cut and a minimum two strips per cluster requirement i.e. single strip clusters events excluded
from the analysis - (5σped, 1-strip excl.).

• 5σped pedestal cut and single-strip cluster events included in the analysis - (5σped, 1-strip incl.).

The efficiency in each plane is defined as the ratio between the number of events with at least one cluster in given
plane of the XYU-GEM prototype and the total number of events in which a track is reconstructed from hits recorded
simultaneously in both the x-axis and y-axis for all four GEM trackers. Additionally, only the events in the XYU-
GEM prototype with the hit coordinates within a 500 µm radius of the projected coordinates from the fitted tracks
are considered in the efficiency analysis. For all three conditions the efficiency of the Y-strips on the GEM2 plateaus
at 96% for voltages higher than 372 V (middle plot of Fig. 6) for all three conditions of pedestal cuts and minimum
number of strips. The plateau is reached at higher voltage, ∼380 V for X-strips and U-strips because of the lower
signal on these strips which we will discuss in the following section 4.3. The efficiency drop at lower HV settings is
more severe for the condition 5σped cuts and single-strip clusters excluded (blue squares) in all three planes because,
at lower voltages, when the 5σped cut is applied a significant number of events will be single-strip cluster events. It
is noteworthy that the difference in efficiency for the other two conditions i.e. the 3σped cut with single-strip cluster
events excluded (red dots) and the 5σped cut with single-strip cluster events included (green triangles), is negligible
over all voltage settings for all three X-strips, Y-strips, and U-strips. This important result means one can apply a
3σped pedestal cut to achieve high a level of efficiency while minimizing the probability of false single-strip events by
requiring a minimum two-strip cluster events.

4.3. Cluster charge vs. HV

Plots of the cluster charge distributions in ADC counts for X-strips and Y-strips and U-strips for HV = 382 V on
GEM2 are shown in Fig. 7. The distribution for each readout plane is fitted to a Landau function as shown in red in
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Fig. 6: Plots of the efficiency for X-strips (left), Y-strips (center) and U-strips (right) as a function of the voltage on GEM2; red, blue and green
markers show data for 3σped, 1-strip excl., 5σped, 1-strip excl. and 5σped, 1-strip incl. respectively.

the plots and the most probable value (MPV) of the Landau fit is used as the average cluster charge at each HV setting.
The cluster charge is defined as the sum of the charge of all strips in a cluster, i.e consecutive strips above a chosen
pedestal cut (nσped) of the given channel. The strip charge is the integrated charge of all nine APV25 time samples.
As shown in the plots of Fig. 7, the average cluster charge for Y-strips is 709.5 ± 3 ADC counts which is more than
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Fig. 7: Cluster charge distribution for Y-strips (left), U-strips (center) and X-strips (right) for an average voltage of 382 V on the GEMs. The data
are fitted to a Landau function (red).

twice the average cluster charge for for X-strips (341.3 ± 1.6 ADC counts) and U-strips (329.3 ± 1.3 ADC counts).
This significant difference in charge collection between the Y-strips on the one hand and for X-strips and U-strips on
the other hand is explained by a sub-optimal design of the (X–Y–U)-strip readout. This is because the capacitance
coupling of the Y-strips on layer L3 with the pad of layer L2 is stronger than X-strips and U-strips on layer L4 as the
gap between layers L2 and L3 is half of the gap between layers L2 and L4 (See Fig 1). Possible ways to achieve a
more equal collection of the charges between strips on L3 and L4 are to reduce width of the strips on L3 or increase the
gap between layers L2 and L3. We plan to perform simulation studies to optimize strip width and dielectric thickness
for the X-strips, Y-strips and U-strips using tools such as Garfield++ [22] and COMSOL Multiphysics [23] to achieve
equal sharing of the charges between the three set of strips. The optimized parameters will be implemented in future
(X–Y–U)-strip readout prototypes. The plots of Fig. 8 show the average cluster charge as a function of the voltage
on GEM2 for X-strips (left), Y-strips (center) and U-strips (right). As already mentioned, Y-strips collect ∼50% of
the total cluster charge while X-strips and U-strips collect ∼25% of the total cluster charge each for all HV settings.
The average cluster charge is higher at the lower HV values when 5σped cut and 1-strip cluster events excluded (blue
squares) are applied.

4.4. Cluster charge correlation
The plots of Fig. 9 illustrate the excellent cluster charge correlation between the Y-strips and X-Strips (left), the

Y-strips and U-strips (center) and the X-strips and U-strips (right). The data points in each of the correlation plots are
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Fig. 8: Plots of average cluster charge (in ADC counts) for X-strips (left), Y-strips (center) and U-strips (right) as a function of the voltage on
GEM2; red, blue and green markers show data for 3σped, 1-strip excl., 5σped, 1-strip excl. and 5σped, 1-strip incl. respectively.

fitted to straight line functions with the slopes representing the charge ratio between the strips of two given planes.
The charge ratios for Y:X = 0.474, X:U = 0.962 and Y:U = 0.464 are consistent with the observation made on the
results of section 4.2 and 4.3.
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Fig. 9: Charge sharing correlation between different sets of two readout planes for a HV = 382 V on GEM2; (left) x-plane vs. y-plane; (center)
u-plane vs. y-plane; (right) x-plane vs. u-plane.

4.5. Strip multiplicity vs. HV
The strip multiplicity of an event is defined as the number of neighboring strips (i.e. a strip cluster) with ADC

counts (charge) above the chosen pedestal cut. Fig. 10 shows the distribution of strip multiplicity for X-strips (left)
and in Y-strips (center) and U-strips (right) planes for an HV = 382 V on GEM2, with a 3σped cut and minimum 2-
strip cluster requirement (i.e. single-strip cluster events excluded). The average strip multiplicity is 4.43 ± 0.77, 5.27
± 0.8, and 5.21 ± 0.8 for X-strips, Y-strips and U-strips respectively. The difference of ∼0.84 between X-strips and
Y-strips is due to the larger signal on Y-strips compared to X-strips, whereas the larger strip multiplicity for U-strips,
5.21 compared to X-strips is because along the diagonal axis, the actual pitch of U-strips plane is equal to 567 µm
(800 µm /

√
2) as opposed to 800 µm for X-strips. The plots in Fig. 11 are the average strip multiplicity as a function

of the voltage on GEM2 for X-strips (left) and in Y-strips (center) and U-strips (right) planes and for the three cut
settings described in section 4.2. The average strip multiplicity of the X-strips, Y-strips and U-strips (∼2.6, ∼3.5 and
∼3.3 respectively) is almost independent of the applied voltage for voltages ≤ 355 V with requirement of two strips
per cluster and the applied pedestal cuts of 3σped and 5σped for all three readout planes. For voltages ≥ 355 V, the
average strip multiplicity increases linearly with the applied voltage and as expected is slightly higher for the 3σped
cut than the 5σped cut. When single-strip cluster events are included in the analysis, the average strip multiplicity is
significantly smaller at lower HV values because of the higher probability of single-strip cluster events. At the higher
HV values, the average strip multiplicity for 5σped cuts, converge for both single-strip cluster events and for events
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Fig. 10: Histograms of trip multiplicity for 3σped cut and a minimum of 2 strips per strip cluster for X, Y and U strips.
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Fig. 11: Plots of the average strip multiplicity for X, Y and U strips as a function of the applied voltage on GEM2; red, blue and green markers
indicate data points for 3σped, 1-strip excl., 5σped, 1-strip excl. and 5σped, 1-strip incl. respectively.

when a minimum 2-strip is required in the cluster, because the probability of single-strip events becomes negligible
for the X-strips and Y-strips and small for U-strips.

5. Spatial resolution studies

For the spatial resolution studies, clean tracks were selected by requiring correlated hits from both the X and Y
planes in all four GEM trackers simultaneously. The tracks are fitted to a straight line function, independently for
X and Y planes. Hits from the XYU-GEM prototype under study are excluded from the track fit reconstruction in
order to avoid any ambiguity or bias in the track residuals analysis. The track residual for X-strips, Y-strips and U-
strips planes is the difference between the projected coordinates xFit, yFit and uFit of the fitted tracks at the z position
of the XYU-GEM prototype plane and at the measured hit coordinates xMeas, yMeas and uMeas from test beam data
within a 500 µm radius search area around the projected coordinates of the fitted tracks. The coordinates uFit are
calculated directly from both xFit and yFit coordinates of the fitted tracks. Fig. 12 shows the plots for the track residual
distributions for X-strips, Y-strips and U-strips. A double Gaussian function is fitted to the residual data and the widths
of the narrower Gaussian are σres

x = 78.5 ± 1.2 µm for X-strips, σres
y = 70.37 ± 0.7 µm for Y-strips and σres

u = 81.29 ±
1.3 µm for U-strips. As expected, the width of the residual distribution is about 10 µm smaller for the Y-strips than for
the X-strips and U-strips because of the larger signal-to-noise ratio. The tracking telescope in this study is identical to
the one presented in a previous work [13] and the same approach described in the paper is used to calculate the values
of the track fit error σerr

x and σerr
y associated to the fitted tracks for X-strips and Y-strips respectively at the z location of

(X–Y–U)-GEM prototype. The computed errors are σerr
x = (31.2 ± 0.6) µm for X-strips and σerr

y = (30.6 ± 0.6) µm for
Y-strips. The error σerr

u for U-strips is the average 0.5 × (σerr
x +σ

err
y ) = (30.9 ± 0.6) µm of the error in x and in y. The

spatial resolution in each plane is then obtained by subtracting in quadrature the track fit error values from the width
of the Gaussian fit to the residual distribution. Fig. 13 presents plots of the spatial resolution of X, Y and U strips as a
function of voltage on GEM2 for the three cut settings described in subsection 4.2. The best performance is achieved
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Fig. 13: Plots of the spatial resolution for X, Y and U strips (right) as a function of the voltage on GEM2; red, blue and green markers indicate the
data points for 3σped, 1-strip excl., 5σped, 1-strip excl. and 5σped, 1-strip incl. respectively.

for HV = 382 V on GEM2 and for 3σped cut and minimum 2-strip cluster requirement, resulting in a spatial resolution
of σres

x = 71.6 ± 0.8 µm for X-strips, σres
y = 56.2 ± 0.9 µm for Y-strips and σres

u = 75.2 ± 0.9 µm for U-strips. For higher
voltages (HV ≥ 363V), the spatial resolution no longer depends on the pedestal cuts and minimum number of strips
in a cluster, except for U-strips at the highest HV settings when we observe a small worsening of the resolution for
the 5σped data. The reason for the degradation is not obvious to us but we suspect some issues with the raw APV25
data during data acquisition. At lower voltages, when the detector gain is low, a large difference in spatial resolution
performance is observed for 5σped data between the single-strip and 2-strip cluster requirement and for 2-strip clusters
data between 3 and 5σped cuts because of the more significant impact of these requirements on signal-to-noise ratio
for each strip plane. The optimization of the (X–Y–U) strips readout planes for future prototypes as discussed in
subsection 4.4, will ensure a more equal charge sharing between the three X-strips,Y-strips and U-strips planes and a
more uniform spatial resolution performance of better than 60 µm.

6. Summary and future work

The performance of a 10 cm × 10 cm triple-GEM prototype with 3-coordinates (X–Y–U)-strip capacitive-sharing
anode readout was evaluated in test beam studies at Jefferson Lab. The new readout structure allows simultaneous
measurement of three coordinates of particle interaction in a single detector and provides a powerful tool to address
multi-hit ambiguity and pattern recognition challenges. These challenges occur when large MPGD tracking detectors
are operated in low to moderate particle rate environments such as expected for the EIC central detector or the tracking
systems of the large spectrometer installed in the Jefferson Lab experimental Halls B and D. The prototype was
fabricated and successfully tested in the electron beam of the Pair Spectrometer facility in experimental Hall D at
Jefferson Lab. We demonstrated that a spatial resolution better than 60 µm could be achieved for Y-strips plane and
∼75 µm for X-strips and U-strips planes at full efficiency with a strip pitch of 800 µm. Design modifications of the
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Fig. 14: Conceptual design of 3-coordinates U-X-V-strip layer of capacitive-sharing readout structures for large area µRWELL.

(X–Y–U)-strip readout PCB have been identified to improve the performance and response uniformity of all three
strip planes. The strip widths of the three strip planes as well as the gap between the capacitive and strip layers of the
capacitive-sharing structure need to be optimized to ensure equal charge sharing among the strip planes. An additional
optimization of the pad size of the capacitive-sharing layer is also necessary to limit the average strip hit multiplicity
to 3 strips per clusters instead of 5 strips per cluster that was obtained with the current prototype. A large pitch strip
readout optimized for a 3-strip cluster could achieve similar spatial resolution while reducing the signal size by 40%
and improving the rate capability of the detector accordingly. Another critical challenge of capacitive-sharing strip
readout for large area MPGD trackers is to minimize the detector input capacitance seen by front end electronics
connected to the readout strips. This is needed in order to maintain good signal quality and large signal-to-noise ratio.

Dedicated R&D efforts are ongoing to develop low-capacitance long and large strip readout PCB for MPGDs as
well as to explore design variations of the 3-coordinate capacitive-sharing strip readout concept. One such variation
is the (U-X-V)-strip design shown in Fig. 14 under development as part of the R&D program of large µRWELL
tracker for future EIC second detector. These modifications will be implemented in future prototypes. However,
large strip pitch readout structures such as the one discussed in this current study are not well suited for high rate
environments such as expected for the high luminosity LHC detectors. A signal spread over 5 × 800 µm-pitch strips
in a high rate application will result in a cluster size of 4 mm which makes it challenging in avoiding electronic pile-up
and resolving multiple-track situations. In this case, smaller pitch readouts and fast integration electronics are still
necessary to achieve adequate spatial resolution.
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