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A B S T R A C T

We describe the development of a position-sensitive Gas Electron Multiplier detector prototype, providing for
each ionizing event three coordinates: the cartesian X and Y, and U at 45◦. Simultaneous recording of the
three projections permits ambiguity-free reconstruction of multiple tracks, and aims at operation in very high
intensity radiation fields.
1. Introduction

The Gas Electron Multiplier (GEM) [1] is a high gain gaseous detec-
tor capable of detecting ionizing events at radiation fluxes up to, and
above, 106 mm−2 s−1 [2]. Sub-mm position determination is achieved by
ollecting the amplified electron charge on sets of narrow-pitch anode
trips, and performing a center-of-gravity calculation on the recorded
harge distributions. Two-dimensional localization is performed by
haring the charge on two perpendicular sets of strips, named X and
[3]. The projective coordinate readout scheme has been adopted for
ost GEM-based experimental setups; a comprehensive summary of
hich can be found in [4].

For large detection areas and high-rates events can overlap in time,
esulting in ambiguities in the position determination. In the case
f charged particle trackers, this can be resolved by combining the
nformation from several aligned detectors, often mounted at different
ngles. This is not always possible, with neutral radiation or single
hoton detection, like the COMPASS RICH detectors [5], being prime
xamples. One can make use of the redundant 1D XYU strips instead of
D pads, reducing required channels and improving resolution.
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Various methods have been used to permit operation in high-rate
environments. In the central region of the upgraded GEM-based tracker
of the COMPASS spectrometer, the strip readout is replaced by a matrix
of small pads equipped with individual charge readout due to its
location at the highest beam flux [6]. While effective for ambiguity-
free reconstruction of multiple events, this method vastly increases
the electronics inventory and lessens the position accuracy. In an
alternative scheme, the so-called hexaboard, the anode consists of an
array of hexagonal pads interconnected on the back plane along three
sets of readout strips at 60◦ to each other [7]. Permitting to reconstruct
multiple events a few mm apart [8], the difficulty in manufacturing
reliable multi-layer printed circuit boards with thousands of metallized
holes has discouraged the adoption of this scheme for large size detec-
tors. Alternative methods to implement three-projections readout were
developed for the resistive MICROMEGAS with capacitive coupling;
however, this method is limited to moderate particle rates [9].

Motivated by the increasingly demanding requirements of particle
physics experiments at high luminosity colliders, Fabio Sauli conceptu-
alized a simpler readout scheme providing three projective coordinates
for each detected event, named the XYU-GEM. Its development will
https://doi.org/10.1016/j.nima.2023.168257
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Table 1
Optimized design and practical manufactured geometry.

Optimized Manufactured

Strips X Y U X Y U

Pitch (μm) 400 400 400 400 400 283
Width (μm) 50 150 350 80 180 220
Insulator 25 12.5
Thickness (μm) 12.5 22.5

be presented here. While the optimal choice would be for the three
coordinates to be at 60◦ to each other, the first prototype, based on
xisting mechanical structures, had two perpendicular sets of readout
trips (X and Y) and one at 45◦ to the others (U).

Alongside the additional information gained from adding the bot-
tom coordinate layer for ambiguity resolution or spatial resolution
improvement, one can envision other applications, such as using the
U strips solely for triggering. In this configuration, the geometry of the
third layer would be coarse and not necessarily confined to strips alone.

2. Anode readout circuit design and manufacturing

Based on a standard Triple-GEM design1 [10], the detector has been
odified to avoid the need for assembly bolts through the signal strip

ayers and to mount three GEM foils, a cathode and an anode plane in
gas-tight box. The operating conditions were the standard used for

he COMPASS tracker with a gas mixture of argon and CO2 70–30. The
igh-voltage is distributed to all electrodes through a resistor chain2

dentical to the one given in [10], as visible in Fig. 1. With an active
rea of 10 × 10 cm2, the detector has 256 readout strips with a 400 μm
itch both for X and Y (identical pitch as in [10]), and 511 strips at 283
m pitch for U. The latter ensures a discrete symmetry every 400 μm in
he x- and y-direction, with a diagonal strip running through the vacant
pace of the upper two layers (see Fig. 2).

A chain of simulation programs (Garfield++ [11] and COMSOL Mul-
iphysics [12]) has been used to estimate the optimum geometry that
rovides near-equal collected charge for the three sets of readout strips
hat are separated by thin insulating ridges. The optimized parameters
an be found alongside the ones used for production in Table 1. Here
he optimized width of the X and Y strips to ensure equal sharing
ould be 50 and 150 μm, respectively. However, with the present
anufacturing procedure, it was found that too fine strips would tend

o detach from the insulator during the Kapton etching process. As a
esult, their widths were increased to 80 and 180 μm, resulting in a
on-equal charge sharing. Better control over the manufacturing may
llow the following devices to approach the optimum layout.

Fig. 3 shows the result of the charge sharing calculation for the op-
imized and manufactured design; experimental measurements confirm
he unbalance of the collected charge (see later).

The XYU readout board manufacturing process, developed by
ERN’s Micro Pattern Technology (MPT) group, aimed to realize three
verlapping sets of metallic strips at different angles, separated by thin
nsulating ridges. For the upper two layers, the insulating material
etween the neighboring strips in the same coordinate plane has been
emoved, exposing the copper strips of the layer below. This ensures
irect collection of the shared electron charge on the three electrodes
see inset in Fig. 2). This structure differs from those used in other de-
ices, e.g., the resistive MICROMEGAS that achieves two-dimensional
eadout by utilizing capacitive couplings through the insulators, which
ould charge up and affect the high-rate performances [13].

1 The gap sizes are 3, 2, 2, and 2 mm for the drift gap, first transfer region,
second transfer region, and induction gap, respectively.

2 𝐸Drift∕𝐸T1,T2,Induction∕𝐸GEM1∕𝐸GEM2∕𝐸GEM3 = 2.45∕3.67∕80.7∕73.4∕
64.6 kV∕cm.
 o

2

Fig. 1. Prototype of the XYU-GEM detector.

Fig. 2. Schematics of the XYU anode readout board.

Fabrication of the board required several processing steps, here only
briefly described. First, the bottom layer (U) is photolithographically
patterned on a single-side copper-clad 12.5 μm polyimide foil; the layer
is laminated on a 1.6 mm thick fiberglass plate, that will constitute
he main supporting board. The middle layer (Y) is then patterned
n the bottom side of a double-side copper-clad thin polyimide foil
nd coated with an etchable glue 10 μm thick; the U and Y layers
re pasted together under pressure. To allow the realization of the
etalized holes contacts for the connector, the copper layer thickness

or the X strips was increased to 15 μm; calculation shows that this
ncrease over the 5 μm design value only slightly affects the sharing.

ith one more photolithography step, the top copper layer is patterned
o realize the X strips. The composite structure then undergoes several
tages of polymer and glue etching to open the channels for charge
ollection on the three layers of metal strips. Fig. 4 is a magnified view
f the overlapping strips, and a schematic cross-section of the structure.

Before assembly into the detector, the readout board undergoes a set
f electrical testing procedures to verify connectivity and the absence

f shorts between strips.
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V

Fig. 3. Computed collected charge as a function of time for the optimized (top) and
actually manufactured (bottom) XYU readout geometry.

3. Experimental measurements

For the measurements in the laboratory the detector was equipped
with a strip readout electronics based on the ATLAS/BNL 64-channels

MM3a chip with a peaking time set at 200 ns, and the RD51 Scalable
Readout System (SRS) for digitizing the input charge of all strips [14].
For confirmation, the signal current from different layers was measured
with pico-amperometers while the bottom side of the last GEM was read
out with a Multichannel Analyzer. To irradiate the detector, we used
5.9 keV X-rays from an uncollimated 55Fe source that, unless stated
otherwise, was placed at a sufficient distance to cover the full active
area during the measurements. For what follows, a detector gain of the
order of 104 was used.

As expected, the detector built with the geometry in Table 1 exhibits
an unequal charge sharing between coordinate planes, due to the
manufacturing constraints discussed. Fig. 5 shows the pulse height
spectra recorded on the three projections on exposure to a 5.9 keV 55Fe
X-ray source; the relative ratios between the main peaks are 42: 38: 20,
a sharing confirmed by a direct measurement of currents on the three
coordinates (45: 34: 21), corresponding well to the simulations done

using the actual production parameters.

3

Fig. 4. Schematic cross section and close view of the three overlapping strips.

Using the 55Fe source, the chamber was irradiated to study the
charge correlation between the coordinates. Fig. 6 shows a good corre-
lation between the charges on X and Y and, respectively, on X and U
coordinates. As indicated above, the charge on U is lower by about a
factor of two due to the detector manufacturing parameters.

The charge sharing ratios, imposed by the manufacturing technol-
ogy, can be modified by applying small polarization voltages to the
anode strips; with +15 V on the U strips, the charge on the three coor-
dinates is almost equal. The present design of the front-end electronics
does not allow the application of a voltage at the input of the DC-
coupled amplifiers; this feature could be implemented with a circuit
modification or by using an adaptor.

For each event contained in the main 5.9 keV peak, the cluster size
has been deduced from the root mean square (RMS) of the number of
adjacent channels going over the threshold. After considering the pitch
of the strips (400, 400 and 283 μm respectively, for the X, Y and U
coordinates), the cluster size is shown in Fig. 7 for each coordinate
plane. As expected, due to their smaller total amount of collected
charge, the U distribution is slightly narrower; this difference is not
expected to affect the localization properties of the detector signifi-
cantly. The average value for X and Y, around 375 μm, is consistent
with previously measured values in GEM detectors with standard XY
projective strip readouts [10]. While the results of the three coordinates
are encouragingly close, there is an apparent discrepancy looking at the
cluster size of U. This warrants further investigation.

Since, by design, the readout system is inherently overdetermined,
the U coordinate of an event within the photopeak can be deduced

Fig. 5. Pulse height spectra recorded for 5.9 keV X-rays on the X, Y and U projections.
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Fig. 6. Recorded charge correlation between XY (left) and XU (right) coordinates.
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sing the X and Y projections. We analyzed the residual distribution
f the difference between the reconstructed, 𝑈 (𝑋, 𝑌 ), and measured

position in 𝑈 . This revealed a small distortion of the correlations,
probably due to the angle of the U strips slightly deviating from 45◦.
After correcting for this, the result of the calculation is shown in Fig. 8.
A Gaussian fit of the distribution has a FWHM of 127 μm. To improve
he event selection, by reducing the uncorrelated noise hits in the U
nd XY-readout, only events in this distribution that deviate at most a
istance less than a few times the strip pitch form zero are accepted.

The multi-track capability of the detector could not be verified in
he laboratory, due to the low intensity of the source; we have therefore
mulated a multi-particle event, adding up by software several recorded
ingle-particle events into a single frame. Fig. 9 is an example of
ine events overlapping, with the X,Y and U recorded strips and a
ircle marking their known positions. Due to the large number of
trips with signals, the frame shows also several accidental three-strips
rossings. Despite falling short of a proof of its capacity to disentangle
ulti-particle events, it showcases its potential given the additional

nformation available from the inclusion of the third coordinate layer.
Due to charging-up of the insulator in the holes, the effective gain

f the detector after powering changes under irradiation, reaching a

Fig. 7. Cluster sizes RMS for X, Y and U.

m

4

Fig. 8. Computed distance of the U projection from the hits position obtained from
the X and Y coordinates, using 𝑈 (𝑋, 𝑌 ) = 511 −𝑋 − 𝑌 , where 511 is the total number
f U strips.

onstant value within a time that depends on source intensity; the hole’s
eometry affects the amount and sign of the change [2]. It was observed
hat the relative charge sharing between the three coordinates changes
y about 10% during irradiation, possibly due to a modification of the
ield lines structure resulting from the accumulation of electrons on the
nsulator’s ridges separating the coordinate layers.

An example of change of sharing with time, after normalization to
he gain as measured on the bottom electrode of the last GEM, and
ecorded at a moderate source intensity (∼2.5 Hz mm−2) is seen in
ig. 10; the sum of the charges is constant, showing that there are
o losses. In addition, we measured the saturated sharing for rates up
o ∼60 kHz cm−2, which only showed minimal variation. The extent
f the change (a few percent) is not expected to affect the detector’s
erformances.

. Summary and future work

The present work demonstrates the capability of the XYU-GEM
tructure to detect and localize radiation, providing three independent
rojections of the events. To assess the properties and efficiency of

ulti-hit events, it is planned to expose the detector to a high-intensity
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Fig. 9. A frame of an assembled multi-hit event from overlaying nine single-point
measured events. Here the X, Y and U strips detecting a hit are represented by the
purple, blue and green lines, respectively. Only when also using the U coordinate the
red circle marked event positions can be obtained.

Fig. 10. Relative charge sharing between the three coordinates, after normalization to
he effective detector gain.

eam, with a setup having a full triggering and tracking capability,
ncluding three triple-GEM tracking detectors with XY readout, and
hree scintillators for additional timing information.

Based on the experience acquired with the prototype, a redesign
f the geometry of strips and insulating layers could be envisaged to
et closer to the desirable equal sharing of charge between the three
oordinates; the strip pitch on the U projection should also be increased
o the standard 400 μm to provide a more uniform response.

A detector with more advanced design can enhance the use of the
rojective readout, with round GEM3 electrodes and three sets of read-

out strips at 120◦ to each other, to have the projections symmetrically
distributed. Named New EXtraordinary Tracker (NEXT), the concept is
shown in Fig. 11.
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