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The current RPC system of the ATLAS Muon Spectrometer is undergoing a major upgrade, with
the installation of approximately 1000 RPC detector units of new-generation in the innermost
barrel layer. The goal of the project is to increase the detector coverage and improve the trigger

robustness and efficiency. The Italian collaboration is taking care of the construction and test of

Lo

— .

=] the chambers located in the large sectors of the ATLAS barrel (BIL). Here we present the state
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1. The RPC system upgrade for the Phase 2 of the Atlas experimetn

The ATLAS [1] experiment at the Large Hadron Collider (LHC) is undergoing a significant
upgrade to handle the increased luminosity and particle density expected with the High Luminosity
LHC (HL-LHC). In the Phase 2, the instantaneous luminosity will increase up to 7 x 10** cm™2s~!
at 4/s = 14 TeV, with an average number of interactions per bunch crossing, <u>, reaching 200.
The RPC system upgrade [2] involves the installation of about 300 new generation chambers in the
Barrel Inner (BI) region and the replacement of the on-detector PADs, which contain the time-to-
digital converter (TDC) and the Region of Interest (Rol) logic matrix, with new Data Collector and
Transmitters (DCT). The installation of new detectors will increase the trigger redundancy from 6 to
9 layers widening the detection acceptance from 78% to 92%, and up to 96% asking for coincidence
between inner and outer barrel detectors. The spectrometer lever arm will be also extended from
2.3 meters to 4.5 meters, which will improve tracking precision and trigger capability. Replacement
of the on-detector PAD with the new DCT will improve the time resolution of RPC in the middle
and outer barrel, thanks to the new time-to-digital converter with 0.7 ns time resolution.

2. The new RPC-BI detector

The mechanical constraints and the radiation environment posed by the ATLAS experiment
layout in the barrel inner region required the design of a new thinner gauge RPC detector with a rate
capability of the order of 10kHz/cm?. The RPCs installed in the current ATLAS trigger system,
known as legacy RPCs, are characterized by gas gap and electrodes respectively 2 mm and 1.8 mm
thick. The maximum counting rate they can support is 1 kHz/cm? and are certified to work for 10
ATLAS years at a maximum rate of 100 Hz/cm?. The hit coordinates are measured thanks to a
read-out system made up of strips oriented perpendicularly on the two respective faces of the gas
volume. In the BI sectors, installing the front end electronics on the long sides of the new detectors
is not possible so that a new system for reconstructing the hit position must be implemented. For
these reasons, both the gas volume and the read-out panels with the respective front-end electronics
have been redesigned.

2.1 The gas volume

RPC gas volumes consists of two High Pressure Laminates plates (HPL) made of kraft paper
layers impregnated with phenolic resin. The two plates are kept apart by poly-carbonate spacers
which define the gas gap width. A poly-carbonate frame glued along the perimeter ensures gas
tightness and provides connections with the gas distribution pipes. The high voltage potential is
distributed on the external faces of the HPL plates through a graphite layer of calibrated resistivity,
while the electrical insulation is ensured by two PET sheets covering the graphite layer sealed on
the perimeter with hot glue. Internal surfaces are coated with a thin layer of linseed oil. All the
components constituting the gas volume of the new RPC-BI detectors have been modified with
respect to the ATLAS legacy RPC design. The gas gap and the HPL electrodes were thinned to a
thickness of 1 mm and 1.4 mm respectively. The attenuation of the signal induced on the read-out
electrode depends on the ratio between gas-gap and electrode thickness, therefore the two parameters
are linked: reducing gas-gap thickness requires thinning the electrode. This solution, in addition
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to allowing the installation of three detection layers in the available room, has made it possible to
improve performance both in terms of time resolution and rate capability. The time resolution of
the RPC detector improves almost linearly as the gas gap narrows, so it has gone from around 1
ns of the legacy system to around 400 ps for the RPC-BI. The rate capability depends mainly on 3
parameters: electrode resistivity, electrode thickness and average charge produced in the avalanche
discharge. By setting the resistivity in a range between 1.5 — 6 x 10'% Q cm , the rate improves
proportionally to the thinning of the electrode which translates to an improvement of approximately
28% compared to the legacy system. The average charge produced in the gas discharge depends
on the operating voltage, therefore it is strongly defined by the discrimination threshold of the
FE electronics. Nonetheless, the thinning of the gas gap provides a non-negligible contribution,
modifying the charge-distribution shape thanks to a geometric quenching of the discharge process.
The performance improvement comes on the other hand with a greater criticality of the device,
especially concerning mechanical strength. Once the discrimination threshold is fixed, for the same
efficiency, a 1 mm gas gap requires a higher electric field than a 2 mm gap, with a consequent
increase in the electrostatic force between the two plates, which is difficult to reconcile with the
thinning of the electrode. For this reason the spacer matrix pitch was reduced to 7 cm and spacer
diameter reduced to 1 cm to limit the loss of acceptance caused by the increase in the number of
spacers. The resistivity of the graphite layer has been increased from 100 kQ /0 up to 320 kQ/0O,
balancing the performance in order to minimize the voltage drop produced by the absorbed current,
the cluster size of the signal on the pick-up strips and to increase the transparency of the electrode
to the fast signal. Based on the experience with the gas inlets of the legacy system, the connection
between the gas pipes and the gas volume has been completely overhauled. The pipes are connected
to the detector inserted into a hole drilled on a solid profile glued to the short side of the gas volume.
Each corner has a gas pipe and a distribution system has been designed inside the gas volume to
make the gas flow uniform with respect to the detector width. The high-voltage connection has
been moved to the side of the gas volume so as not to collide with the read-out panels, and the
connection wire has been replaced with a 1 mm thick one rated up to 18 kV.

2.2 Read-out panels and front end electronics

A cornerstone of the upgrade project is the new front-end electronics, which provides the
main contribution to increase the rate capability from 1 kHz/cm? to 10 KHz/cm?. To achieve this
performance, in light of the wide RPC charge distribution, the electronics FE must have a sensitivity
of approx 1 —2 fC. Furthermore, reconstructing the second coordinate from the difference between
the signal propagation times on the read-out panels, with an accuracy of one centimeter, requires a
front-end time resolution of 100 ps. The FE electronics is designed in a mixed technology consisting
in Silicon BJT for the discrete-component preamplifier and IHP Silicon-Germanium BiCMOS for
the full-custom ASIC containing discriminator, TDC, and serial-trasmission logic. The read-out
panels were designed to host electronics with such level of sensitivity and to ensure excellent
flatness and rigidity to support the new thin-gap gas volume. New read-out panels consist of one
layer of aramid paper honeycomb 3 mm thick, glued between two layers of 0.4 mm thick single
side copper-plated FR4 with Araldite 2011 glue. Strip lines with an average pitch of 20 mm are
produced on one face of each panel through a photo-etching process. There is a 0.8 mm decoupling
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wire between adjacent strips to reduce the cluster size of the signals. The second face of the panel
is plated with a copper sheet which forms the Faraday cage after the detector assembly.

3. Production and quality control

3.1 Production and factory acceptance tests of gas volumes

Most of gas volumes are produced by the italian company General Tecnica Engineering (GTE),
which will produce about 700 volumes from 2023 till 2025. The remaining 30% is shared between
the Max Planck Institute for Physics, in cooperation with new industrial partners, and the University
of Science and Technology of China (USTC). INFN supervises production at GTE and defined a
quality control protocol consisting of Factory Acceptance Tests (FATs), carried out by the manu-
facturer, and certification tests, performed by INFN researchers. Factory acceptance tests involve
the following certifications: spacer gluing traction limit, linseed oil coating quality, graphite layer
resistivity, gas tightness, envelope dimension, mechanical rigidity, current leakage, PET gluing
quality. Certification tests performed by INFN regards: I-V characterization, gas tightness, gas
volume conditioning through gamma irradiation at the GIF++ facility. Gas volumes are certified
in batches of 24 samples through custom devices designed to collect all the components for gas
and high voltage distribution besides monitoring sensors. These devices host 12 HV manifolds
to provide HV power supply with 24 series resistors for current read-out. Gas flow is monitored
from each gas volume output with an Omron D6FPO010A sensor driven by a power supply and
compactor circuit board with signaling LED and two adjustable threshold. Two mainboards provide
power supply and signal read-out to the sensors. A data control system has been developed with
LabView to monitor all the parameters and perform I-V characterization of gas volumes. The
software interfaces with sensors through two National Instruments USB-6218 ADC boards and
samples signals at 0.3 S/s. The following parameters are monitored: gas volume absorbed current
with 2 nA sensitivity, gas flux out of each gas volume with 0.08 1/h margin error, gas temperature
at the manifold input, room temperature, humidity, atmospheric pressure, pressure of the gas at
the manifold input. Transient induced signals allow the system map to be verified checking for
cross-talks between adjacent volumes. The gas sensors have sufficient sensitivity to observe the
small flow variation caused by the deformation of the electrodes during voltage variations even
with a ramp up of only 30 V/s. Each gas volume is characterized by performing a voltage scan
and measuring the current on the 100 k{2 resistor connecting one of the two HPL plates to the
ground. The scan is carried out in 500 V steps up to 4 kV and then 200 V steps up to the maximum
operating voltage of 6.2 kV. The set high voltage HV is corrected for pressure and temperature
with the relationship[3] HV, sy = HV X TZO X %, being Tp = 293 K and Py = 1010 mbar reference
temperature and pressure. Leakage current flowing between the two electrodes passing on the frame
and spacers surface has an ohmic trend and is measured in the range 0 — 3.5 kV. Current flowing
in the gas has an exponantial trend and is evaluated in the range 4 — 6.2 kV after subtracting the
ohmic contribution. Gas volume absorbing more current then 1 pA at 3.5 kV or with exponential
current grater then 3 pA at 6.1 kV are rejected.

Each volume of gas is tested to ensure gas tightness. The test is carried out by increasing
the pressure inside the sealed volume up to 3 mbar compared to the atmospheric pressure. The
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differential pressure is monitored for one minute. Gas volumes showing a pressure drop greater
than 0.1 mbar after one minute are rejected. The observation of some leaks on the first production
batches moved the collaboration to carry out tests by stressing the gas volumes with thermal cycles.
The thermal chamber of the INFN National Laboratories of Frascati was used for the tests: 8 gas
volumes of BILA and BILB type were selected. The cycles were repeated in four temperature
intervals: 5 x [10,30]°C; 4 x [0,30]°C; 3 x [-10,30]°C; 3 x [-20,30]°C. During the temperature
variation the gas volumes were flushed with dry air constantly checking the dew point temperature.
Two temperature probes were inserted into a dummy detector to monitor the delay in heating of gas
volumes due to thermal capacitance. The gas tightness was measured between each temperature
intervals, highlighting no critical issues in the selected detectors. Further tests are underway on
BIS type detectors in the thermal chamber at the University of Cambridge

Until August 2024, 206 gas volume of BIL A-B and BIS A-B type were produced and tested.
Only two gas volume ware rejected because of anomalous current in the ohmic range.

3.2 Read-out panels and FEE certification tests

Paper honeycomb impregnated with phenolic resin is produced by IMATEC srl (Milan, IT).
The single side copper clad FR4 plates are produced by MDT srl (Milan, IT) while copper clad
photo-incision is performed by Eltos (Arezzo, IT) to get the strips pattern. INFN Cosenza will
produce about 1000 read-out panels using the vacuum bag on a granite table technique for strip
panel assembly. All BIS panels are produced in China, about 100 BIS1 and 500 BIS2-6 types,
with similar techniques. Produced panels and components are qualified for thickness and envelope
dimensions. Two automatic machines have been developed to carry out sample measurements on
the surface of the panels, moving on a 7 cm pitch grid. Tolerance on panel dimensions is 0.16 mm
for thickness 2 mm for length and 1 mm for width. SMD resistors are soldered to the ends of each
strip and decoupling wire to match the line impedance. A 17-channels test board was developed
and produced by INFN Bologna to speed op the resistors value check after soldering. Until August
2024, 330 BIL strip panels corresponding to 49.1% of the total BIL types have been produced in
Cosenza and about 38.7% delivered to CERN. About 142 BIS 2-6 panels were produced in USTC.

FE board test is shared between Rome Tor Vergata, USTC and Hong Kong University. A
test station has been designed and is under construction in Rome Tor Vergata, which consists of:
a Tektronix AWG70000 stimulius system, two Keithley DAQ6510 mounting 7711 multiplexing
boards, two Keithley 2230G power supply, a INGUN pcb test fixture and a Tektronix MSO64
oscilloscope. Each channel of the FE board will be pulsed individually while acquiring outputs
from all 8 channels. The stimulus signal will be switched from one channel to another via the
multiplexing network and attenuated within the test fixture at the FE board input. The test fixture
ensures the positioning and shielding of the PCB and is equipped with spring contacts and probes.
The test will be divided into two steps. In the first step, carried out on a sample board, the
analog signal from each signle channel is read via the FE output with the Tektronix TDP3500
differential LVDS probe and analyzed on the MSO64 oscilloscope using the Manchester decoding
packages and the advanced jitter analysis tool. In the second step, the output of all 8 channels is
read simultaneously via the Tektronix TLPO58 logic probe terminated on a line receiver. The 8
outputs are decoded with the manchester decoding package in order to analyze time distributions
and cross-talk.
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3.3 Singlets and chambers production and tests

The ATLAS RPC-BI chamber consists of 3 independent detectors called singlets sharing the
same mechanics and services. A singlet is a gas volume closed between two read-out panels
and shielded on the sides with copper tape. Singlets and chambers will be assembled in different
production sites. INFN will assemble and test all BIL singlets and chambers and 50% of BOM/BOR
chambers in the CERN-BBS site. After assembly, singlets are tested for envelope dimension with
micro-metric gauge comparators. Current leak is measured up to at 7 kV before FE boards soldering.
Both singlets and chambers are characterized with cosmic rays. A cosmic-ray test stand has been
completed at the INFN production line in CERN-BBS to test up to 6 singlets and 2 chambers
simultaneously. The trigger detectors are 4 RPC of BOL ATLAS legacy type with an active area
of 2430 x 1010 mm? each, characterized by 2 mm gas-gap thickness. The system has 448 read-out
channels connected to receiver concentrator boards which produce a fast-OR signal for each FE
board. Signals from the receivers are discriminated and sent to a CAEN V2495 module, where
the trigger logic is implemented on the Altera Cyclon V FPGA. All trigger chambers have been
installed and acquired while firmware using all trigger layers is still under development. Preliminary
tests using 2 out of 4 trigger chambers showed a trigger time resolution of 2 ns. Different tests
will be performed on singlets and chambers to qualify all the figures of merit: noise, efficiency,
time resolution, cluster size, second-coordinate reconstruction and detector tomography. One of the
trigger chambers could be also read-out directly by the new BMBO-DCT board to improve tracking
capabilities and test the integration between BI and legacy system.

4. Conclusions

The production for the the RPCs required for the Phase II upgrade of the ATLAS spectrometer
has begun. All production facilities have established assembly lines and necessary infrastructure
for component storage and qualification. Quality control protocols are now in place for nearly all
components. The manufacturing of gas volumes has started at GTE, with quality control processes
currently underway. Read-out panel production has begun at both the Cosenza and USTC sites,
with the BIL read-out panels being 50% complete and the BIS2-6 panels 30% complete. The
preparation for the FE board test stand is in progress, with preliminary tests concluded waiting
for fixture customization. Additionally, the cosmic-ray stand at the CERN-BBS5 production site is
nearly ready, and a large area trigger for double coincidence is now available.
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