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Summary. — The High Luminosity LHC phase includes an upgrade to the muon
stations for the CMS Experiment. CMS trigger and muon identification performance
will be crucial, and it is, therefore, necessary to install new GEM stations to extend
acceptance in the high-η region. An explanation of the quality control test and an
update on the status of production will be provided.

1. – Introduction

High Luminosity LHC (HL-LHC) will increase the integrated luminosity up to 3000
fb−1, tenfold compared to the design value of LHC, and instantaneous luminosity up to
5 - 7.5 ·1034cm−2s−1 [1]. To enhance CMS trigger and muon identification performance
in high-rate environment, a second GEM (Gas electron multiplier)-based muon endcap
station will be installed [2]. CMS performance improvements aim to extend acceptance
in the 1.6 < | η | < 2.4 region(1) by adding new detectors in GE2/1 position [3] achieving
a rate capability of 2 kHz/cm2, a time resolution of 8− 10 ns and an angular resolution
of 500 μrad. The construction of GE2/1 station, begun in 2021, incorporates advanced
quality controls and performance checks [4].
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(1) Where η is pseudorapidity, defined as: η = − ln[tan( θ

2
)], with θ the angle between the

particle three-momentum p and the beam axis.
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Fig. 1. – Positioning of GE2/1 chambers in CMS.

2. – Detector assembly and Quality Control

A GEM is a 50 μm Kapton foil, metal-coated on both sides with a 5 μm copper layer
and pierced with a high density of holes. With a voltage applied across the two sides
of the foil, a strong electric field (60-100 kV/cm) is produced inside the GEM holes.
By cascading the foils, it is possible to contain the amplification per individual stage,
avoiding discharges while maintaining high gains (order of 104).

The module for GE2/1 station consists of a stack of three GEM foils, enclosed between
a drift and a readout electrode, held together by an external frame. The internal volume
is filled with a mixture of Ar/CO2 (70/30). Three GEM foils are stacked at their edges
using thin internal frames. Foils are segmented in strips to protect them from irreversible
damages, reducing the energy released by a possible discharge. Module ROBs (Readout
Boards) are also divided in 12 sectors, each with 128 strips.

Modules are assembled partly at CERN, partly at external production sites (Frascati,
Bari, Aachen-Ghent, Beijing). The collaboration adopted this decentralized production
approach to guarantee timely mass production with inherent redundancy. All modules
undergo rigorous Quality Control (QC) divided into 8 phases: QC1-2 at CERN, QC3-5
at CERN and external production sites, QC6-8 at CERN.

QC1 involves the preliminary inspection of the module main components: the foil
surface conditions, the HV lines and the SMD resistors, the Printed Circuit Boards
(PCBs) that host the drift and readout electrodes, the internal and external frames.

QC2 involves the qualification of the GEM foils, that are electrically cleaned from dust
or chemical contaminants. The foils resistance is checked: if the final impedance is higher
than 10GΩ the foil is accepted. Subsequently, the leakage current and discharge rate are
monitored for several hours with the GEM foil stored stored in a N2 box and powered
with HV. The observed leakage current must be less than 20μA with HV between 100
and 600 V for 90 minutes, and less than 2μA with HV at 600 V for 14 hours [5].

After QC1 and QC2, construction kits are shipped to the production sites for assembly.
After assembly, the first test to be performed is the QC3 gas tightness check. The pressure
drop inside the module is monitored as a function of time. Efficient gas tightness also
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Fig. 2. – Results plot for QC3 and QC4. (a) Internal over-pressure, atmospheric pressure and
temperature as a function of time. (b) High voltage vs. divider current curve and spark rate for
a GE2/1 detector [5].

prevents contamination from external source that may affect the detector performance
(O2, other electronegative elements and dust can compromise charge amplification and
foils integrity). The maximum allowable pressure drop is Δp(t) < 7mbar/h [4].

QC4 aims to establish the I-V characteristic of the detector to identify any malfunc-
tions and defects in the HV circuit that powers the module.

The module is flushed with CO2, powered up to 4900 V, and the current through the
powering circuit is measured as a function of applied voltage. The test is considered suc-
cessful if the I-V curve shows a linear behavior. Non-linearity would indicate a parasitic
impedance, caused by a defect in the HV circuit or an issue with the GEM foils.

The final QC5 step of in-site tests is divided into two parts and includes the effective
gain measurement as a function of the divider current and gain uniformity test across
the entire module. An X-ray source is used to irradiate the whole module and generate
a primary current, then subject to amplification; the test is conducted using an Ar/CO2

mixture (70/30). The charge collected by each strip segmented on the ROB is measured.
If the charge distribution has the same shape for each strip, then the detector is uniform.

Once all test at the production sites are completed, the modules are shipped back
to CERN for final quality tests on the electronics and validation of module performance
(QC6, QC7, QC8).

3. – Results and conclusion

A total of 288 modules (144 each endcap) is planned to be assembled. As this report
is being prepared, 98 modules have been assembled (64 modules at CERN, 20 modules at
Frascati and Bari sites). The CMS Frascati group has also contributed to the implemen-
tation of the FBG (Fiber Bragg Grating) sensors [6] used for monitoring the operating
temperature, a critical parameter for detector efficiency [7]. Production of the GEM
modules will continue throughout 2024, followed by installation in the CMS detector.
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Fig. 3. – Effective gain vs. divider current curve and spark rate for a GE2/1 detector.
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