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Study on discharge and short circuit generation in CMS
GE1/1 triple-GEM detectors during Run 3

The GEM group of the CMS collaboration

E-mail: antimo.cagnotta@cern.ch, simone.calzaferri@cern.ch

ABsTRACT: The installation of the new GE1/1 station of Gas Electron Multiplier (GEM) detectors in
the Compact Muon Solenoid (CMS) experiment was completed during the Long Shutdown 2 (LS2)
phase of the Large Hadron Collider (LHC). The GE1/1 station has been operational in the CMS
detector since the beginning of the Run-3 data-taking phase, and for the first time the GEM technology
was deployed on a large scale, comprised of 144 chambers and tested in running conditions as integral
part of the CMS data acquisition, reconstruction, and analysis chain. The deployment of the GEM
detector required careful planning throughout the years, posing several challenges of practical and
conceptual nature in integrating an entirely new subsystem in the existing CMS frame. Operations
on the other hand provided a unique opportunity to test the GEM technology in never-before seen
conditions, and an occasion to study their behavior during data taking.

In describing some of the solutions to the posed challenges and the findings during the data-taking,
the article will focus on the aspects related to power system management, including high-voltage and
current monitoring, which is intrinsically related to the response of the chamber due to the workings
of the GEM foil charge flow. To this end, this article will illustrate the operations of GE1/1 detectors
in the first two years of Run-3, with a particular focus on the analysis of discharge occurrences, on
the generation of short circuits in GE1/1 GEM foils and on the adopted mitigation strategies. The
applied layout of the GEM detectors is thoroughly described, and detailed operating conditions of the
detectors are discussed, along with the actions taken to mitigate these events.

Keyworps: Electron multipliers (gas); Gaseous detectors; Micropattern gaseous detectors (MSGC,
GEM, THGEM, RETHGEM, MHSP, MICROPIC, MICROMEGAS, InGrid, etc)
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1 Introduction

The muon system of the Compact Muon Solenoid (CMS) experiment [1] was upgraded during the
Long Shutdown 2 (LS2) phase of the Large Hadron Collider (LHC) program [2]. The upgrade included
the installation of a new station in the muon spectrometer based on the Gas Electron Multiplier
(GEM) [3] technology, and in specific triple-GEM foil detectors. The station is called GE1/1, and it
consists of two wheels of chambers in both the endcaps of CMS. This station is shown in figure 1,
portraying a quadrant of the muon spectrometer. In the same figure, the other detector stations of the
muon system are shown, which include detectors using Drift Tubes (DT), Resistive Plate Chambers
(RPC), and Cathode Strip Chambers (CSC) technologies [1].



GEM detectors belong to the category of Micro Pattern Gas Detectors (MPGDs) [4]. Their
installation in CMS is intended to enhance the capability of the CMS detector to trigger upon and
reconstruct high-n muons, extending its overall physics reach and improving the selection efficiency
of ongoing physics searches. In figure 1.2 in [5], the single muon trigger rate curves before and
after the GE1/1 upgrade for the region 1.6 < |5| < 2.2 are shown. With the upgrade, the L1 muon
trigger thresholds can be maintained at low pr values, keeping high the efficiency for capturing
interesting physics processes featuring soft leptons.

A key benefit of upgrading CMS with the installation of GEM detectors is their ability to enhance
muon detection and triggering efficiency in the high pileup scenario foreseen for the High Luminosity
phase of the LHC [6]. The pileup increase implies indeed a greater complexity of reconstruction
of proton-proton collision events, potentially degrading the performances. The complete GEM
project consists of installing three GEM stations (GE1/1, GE2/1, and MEO) in the forward region
of CMS. This also increases the redundancy of the muon system and extends its acceptance up to
|7| = 2.8, as illustrated in [7]. The choice of GEM technology was driven by its robustness against
radiation and its precision in both temporal and spatial resolution. This also dictated the layout
and position in CMS of GEM chambers, and of the services necessary for its regular operation.
Details on the GE1/1 layout, operational principles, and the power distribution system are described
in the sections 1.1, 1.2, 2 respectively. One description in detail of the manufacturing process and
quality control can be found in [8—10].

The new station is composed of 144 modules, or chambers, which are paired in 72 super-chambers.
Each super-chamber is composed of two modules and divided into 36 super-chambers at each endcap.
The GE1/1 station provides two position measurements by pairing two individual modules into a
super-chamber as described in [5], and therefore each endcap comprises 36 super-chambers. The
two modules of each super-chamber are referred to as Layer 1, installed closer to the interaction
point, and Layer 2. Due to mechanical constraints of the CMS detector, trying to maximize the
detector area and ensuring the space needed to fit the services for the detectors’ functioning, two
slightly different length models of GE1/1 super-chambers have been produced: long (GE1/1-L) and
short (GE1/1-S). Once installed, they alternate in the azimuthal plane as shown in figure 2 with the
mechanical structure that limits the detector dimensions. The chambers have a trapezoidal shape and
each of the 36 super-chambers per endcap subtend an angle of 10.15° giving full azimuthal coverage
in a staggered pattern that includes an overlap of 2.6 mrad. The specifications for the geometrical
parameters of the chambers are listed in table 1.

Table 1. Geometrical parameters of the two version of GE1/1 chambers: short (GE1/1-S) and long (GE1/1-L).
Reproduced from [5]. CC BY 4.0.

Trapezoid parameter (active volume) GE1/1-S GE1/1-L

Longitudinal length (cm) 106.1 120.9
Short basis (cm) 23.1 23.1
Long basis (cm) 42.0 44.6
Thickness (cm) 0.7 0.7




1.1 Scope of GE1/1 and functioning of GEM technology

The GE1/1 detector helps to track, identify, and measure the muon bending angle with respect to
the adjacent Cathode Strip Chamber (CSC). By integrating the measurement of the bending angle
into the first trigger level (L1) system [11] the efficiency to select muons can be kept high while
keeping the L1 rate constant. The momentum resolution is increased by the more precise measurement
of the muon bending angle thanks to the angular resolution of 300 prad [5] of the GE1/1 detectors.
The GEM station will play an important role in the High Luminosity phase of the LHC [6], where
these unique characteristics will be crucial for the performance of the L1 trigger. The GEM detector
sandwiches three GEM foils between a cathode (or Drift) plane and an anode readout plane, numbered
in order as GEM1, GEM2, and GEM3. The planes are separated by thin gas gaps, referred as Drift
for the gap between cathode and GEM 1, Transfer 1 between GEM1 and GEM?2, Transfer 2 between
GEM?2 and GEM3, and Induction gap between GEM3 and the anode readout plane. The schematics
showing the structure of the electrodes stack in triple-GEM detectors is displayed in figure 3, while
the thicknesses of the four gas gaps are listed in table 2.

A GE1/1 GEM foil is a 50 pm thin polyimide foil with 5 pm copper-coated faces. During the
manufacturing, the foil gets perforated with microscopic holes by chemical etching. The holes have a
truncated double cone shape, with an outer and inner diameter of 70 pm and 50 pm respectively. In
addition, the holes are arranged in an hexagonal pattern and they are spaced with a pitch of 140 pm.

When an ionizing particle enters the gas medium, it ionizes atoms in the gas and generates
primary ionization electrons. These are then accelerated by the intense electric field present inside
the GEM holes, thus creating secondary ionization electrons, producing an avalanche multiplication
of the primary ionization signal, which grows while crossing the GEM foils and being transported
across the gas gaps [3].

The avalanche multiplication of the primary ionization electrons can achieve a high amplification
gain of up to 10° by applying a modest voltage (~ 400 V) between the two faces of each GEM foil
in the stack. The multiplied charge is collected by 3072 readout copper strips, clustered in groups
of 128 channels. In particular, we have three groups along the ¢-coordinate and eight along the
n-coordinate. Each of the 24 readout groups is read by one VFAT3 front-end chip, a trigger and
tracking ASIC that is specially designed to read out the signal from groups of 128 strips in the GEM
detectors in the CMS, including the condition they will have to endure during the High Luminosity
LHC phase. A detailed description of the VFAT3 chip can be found in [12]. The services required
to operate a GE1/1 detector properly include:

* gas mixture Ar/CO, (70/30), with a renewal rate of 0.5 detector volumes per hour in an open
loop. The gas exiting from the detector is not recirculated;

* High Voltage (HV), needed to multiply and transport the electrons produced during the primary
ionization by a particle traversing the gas medium. This is provided by multichannel power supply
boards (CAEN A1515BTG [13]): their main characteristic is that they have 14 independent
channels. To power a single module, seven of them are needed. This feature offers flexibility for
the setting of the potential difference between each plane of the stack of a triple-GEM detector.
The board ensures a current resolution of 100 pA when the delivered current is below 100 pA.
Otherwise, the resolution is 1 nA.
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Figure 1. A quadrant of the CMS detector, showing the different types of chambers used in the muon system [1].
The original system consisted of the DT chambers (yellow) in the barrel region, together with the RPCs (light
blue) and CSCs (green) in the endcap regions. The new GEM detector station GE1/1 is indicated in red.
Reproduced from [5]. CC BY 4.0.

Figure 2. Schematic view of the GE1/1 super-chambers once installed in CMS, characterised by a staggered
arrangement. Detectors in red (dark in monochrome print) identify the short detector module, while those in
blue (light in monochrome print) identify the long ones. Reproduced from [5]. CC BY 4.0.
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* Low Voltage (LV), to power the readout electronics. This is provided by CAEN A3016-HP
boards [14];

* Cooling water, with a temperature of 16 °C and a pressure of 9 bar, needed for the refrigeration
of the front-end detector electronics.

Table 2. Thickness of the gas gaps used for triple-GEM detectors in the GE1/1 station.

Gap Thickness [mm]

Drift 3
Transfer 1 1
Transfer 2 2
Induction 1

Drift cathode /
Drift
GEMl m== EEEEEEEEEEN
 Transfer 1
GEM2 m = EEEEEEEEEEE
J Transfer 2
GEM3 mw/m = AJIIIIIIIIII

- Induction
Readout PCB' “

/

Figure 3. Diagram showing the functioning principle of a triple-GEM detector: an avalanche induced by an
ionizing particle crossing the detector develops from the drift gas gap, across the three foils, and generates the
signal on the readout copper strips. Reproduced from [7]. CC BY 4.0.

Amplifier

1.2 GEM foils HV distribution in GE1/1

In GE1/1, all the GEM foils have the same trapezoidal design. For each GEM foil, we distinguish
between a top face (the side oriented towards the cathode) and a bottom face (oriented towards the
readout plane). The top one is segmented in 40 (47) HV sectors of the same area for the GE1/1-S
(GE1/1-L) detectors: each segment consists of a copper strip parallel to the narrow side of the trapezoid
(a transverse segmentation, with respect to the LHC beampipe). The bottom one is instead a single
continuous conductor. In figure 4 the scheme adopted to apply the HV to the foil sectors and the
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Figure 4. HV distribution schematics from the power supply to a GE1/1 GEM foil. The schema shows the
10 MQ resistors connected to each HV sector on the top face of the foil (called protection resistors R,), and the
0.33MQ HYV filter resistors, R¢1 and R ¢», installed between the power supply and each side of the GEM foil. In
the HYV filter is present also a 2.2 nF capacitor, Cr. Reproduced from [23]. The Author(s). CC BY 4.0.

segmentation is represented. The distribution schema shows the presence of several components
between the power supply and the GEM foil: protection resistors (R,), connected to each HV sector
on the top face of the GEM foil, and filter resistors (Ry; and R r;), connected on the two faces of the
GEM foil, together with a capacitor (Cy), needed to remove the noise given by the power supply.

The size of each HV sector has been designed to have equal area for all of them, going from
the narrower to the wider side of the chamber, ~ 100 cm?. This design choice is intended to limit
the charge that can be drained by the occurrence of a discharge, also limiting its total energy. The
distribution schema shows that in the event of a discharge in one sector, the damage would be confined
to that sector, thereby protecting the remaining parts of the detector.

1.3 Voltage configuration in terms of equivalent divider current /.4

Henceforth, the HV working point will be indicated with an equivalent divider current Ioq value:
this value fixes the voltage of each gap, assuming a voltage divider powering the entire detector as
shown in figure 5. This convention to label a voltage configuration in terms of /e is practical to
have a unique number for comparison of detector performances.

Table 3 reports the voltage difference applied between each pair of surfaces of the detector
stack, followed by the electric field values in the center of each gap and the gain multiplication
achieved by setting the whole GEM stack at a given Ioq. The HV channels used to power the
stack are named as follows:

* Drift, identifies the voltage difference between the cathode plane and the top face of foil GEM1;
* Gl1Top, the voltage difference between the top and bottom face of foil GEM1;

* G1Bot, the voltage difference between the bottom face of GEM1 and top face of GEM2,
generating an electric field in the Transfer 1 gas gap;



G2Top, the voltage difference between the top and bottom face of foil GEM?2;

G2Bot, the voltage difference between the bottom face of GEM?2 and top face of GEM3,
generating an electric field in the Transfer 2 gas gap;

G3Top, the voltage difference between the top and bottom face of foil GEM3;

G3Bot, the voltage difference between the bottom face of GEM3 and the anode readout plane,
generating an electric field in the Induction gas gap.

HV
10 MQ
wWW— Drift
1125MQ 2 0 v
WW— G1Top
0.562 MQ
G1Bot
0.437 MQ
10 MQ
YWW—— G2Top
0.550 MQ
G2Bot
0.875 MQ e
WW—— G3Top
0.525 MQ
G3Bot
0.625 MQ

Figure 5. Scheme of the reference resistive divider, which fixes the ratios of voltages applied to the seven
HYV electrodes. The divider was only used during the quality controls performed during the production of the
detector. The voltages proportions have been maintained during the phase of operations in CMS, where the
voltage configuration is identified with Iy, the current flowing in this reference resistive divider. On the CMS
detector the voltage is provided by multichannel power supply boards CAEN A1515BTG. Reproduced with
permission from [9].

2 The GE1/1 HV system

The section is divided into three parts: the first part describes the original design of the HV system,
the second part focuses on the phenomena of discharges and trips, and the third part describes the
short circuits in a GE1/1 GEM foil. The phenomena described in these section are not exclusive to
the GE1/1 station, or GEM detectors in general, but they are common to all MPGDs and represent
one of the most critical aspects of their operation [15-17].



Table 3. The top part of the table outlines the voltage difference applied across the GEM foils and gas gaps for a
given equivalent divider current Ieq. This is not the absolute voltage applied to the electrode, referred to the
ground. After the voltages, the corresponding electric fields present inside the GEM foils and gas gaps for a
given equivalent divider current I are listed. The last line of the table reports the gain achieved setting a given
I¢q voltage configuration.

Equivalent divider current Ieq [nA] 580 690 700 710
Voltage on drift gap [V] 653 776 788 799
Voltage on GEM1 foil [V] 325 387 392 398
Voltage on transfer 1 gap [V] 254 302 307 311
Voltage on GEM2 foil [V] 319 379 385 391
Voltage on transfer 2 gap [V] 508 604 613 621
Voltage on GEM3 foil [V] 305 362 368 373
Voltage on induction gap [V] 363 431 438 444
Electric field in drift gap [kV /cm] 2.18 2.59 2.63 2.66
Electric field in GEM1 foil [kV/cm] 65.0 77.4 78.4 79.6
Electric field in transfer 1 gap [kV/cm] 2.54 3.02 3.07 3.11
Electric field in GEM2 foil [kV/cm] 63.8 75.8 77.0 78.2
Electric field in transfer 2 gap [kV/cm] 2.54 3.02 3.07 3.11
Electric field in GEM3 foil [kV/cm] 61.0 72.4 73.6 74.6
Electric field in induction gap [kV/cm] 3.63 4.31 4.38 4.44
Total gain (3.99 +0.14) - 102 (1.98 +0.08) - 10* (2.83 £0.11) - 10* (4.05+0.17) - 10*

2.1 GE1/1 HV system original design

The HV system designed to operate GE1/1 detectors is based on CAEN mainframes SY4527 hosting
CAEN A1515BTG boards.

The system is designed to power GE1/1 detectors in pairs, having each group of seven channels
powering two GE1/1 detectors, with each board channel group connected to the electrical outlets of
a custom made patch panel with a Y splitting cable, as shown in figure 6. In this design, the first
and second layer of each GE1/1 super-chamber were powered by the same group of channels. As
a consequence, the same electrode of the two layers of a given super-chamber is powered by the
same channel in the power supply board (for example, the channel O of the A1515BTG board powers
both the G3Bot electrodes of the two connected chambers).

2.2 Discharges and trips

One of the potential issues to be accounted for in MPGDs is the occurrence of discharges between
the HV powered surfaces inside the detector. A discharge in GEM detectors happens when the
density of electrons, produced by the multiplication in a GEM hole, overcomes the Raether limit [18]
(~ 107 electron-ion pairs) and therefore the streamer regime is reached [3]. This phenomenon has
been observed also in GE1/1 detectors during operation and is still under investigation, as well as
possible mitigation strategies.

From the HV monitoring point of view, what we have observed are current spikes that lead to
recharging of the GEM foil. An example of discharge is shown in figure 7, which shows a current
peak at the instant of occurrence of the discharge, followed by an exponential decrease, due to the
power supply action which restores the drained charge on the GEM foil. The number of measurements
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Figure 6. Schematic drawing of the connections from an A1515BTG board to the single detectors. Each board
has two groups of seven channels needed to power the seven electrodes of a Triple-GEM detector. In the CMS
GE1/1 station, each group of seven channels powers two GE1/1 chambers corresponding to the two layers of a
super-chamber.

shown in the plot, and in general in the following study, is limited by the archiving rate performed by
the GEM Detector Control System (DCS) [19]. The GEM DCS saves a voltage value every time there
is a variation of at least 1 V, while a current value is saved for a variation of at least 0.01 pnA.

A protection system is implemented in the A1515BTG board: for each HV channel, a maximum
current tolerance Iy is defined, which can be sustained for a maximum duration, referred to as #;p.
If the channel monitored current overcomes I for a time longer than f;,, the HV channel involved
gets powered off. This protection power off event is called trip.

The GEM DCS can take up to 3.75 minutes to recover an electrode after a trip. This depends
on the voltage to reach (examples are given in table 3) and on the speed of the voltage ramp up
(6 V/s for the drift HV channel and 3 V/s for all the others). To obtain the total recovery time, 20
seconds have to be added to the ramp-up time: this offset is the time that the GEM DCS waits after
a trip before recovering the channel automatically.

The board trip mechanism is designed to protect the detector from possible damage caused by
the energy carried by a discharge, which could involve the front-end electronics or the GEM foils. A
discharge can indeed gain energy in case of propagation inside the triple-GEM stack [20].

2.3 Short circuits in a GE1/1 GEM foil

A further potential issue for GEM detectors is the formation of an electrical connection between
the upper and lower surfaces of the GEM foil. In the following, this phenomenon is referred to
as a “short circuit”.

The electrical connection can be generated by the presence of material that gets stuck inside
of a GEM foil hole. This can be attributed to a number of factors, including imperfections in the
manufacturing process of the foil, the presence of pollutant chemicals within the detector, or the
melting of the copper layer, which can occur as a result of elevated levels of discharge activity [15-17].
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Figure 7. Example of monitored current observed during a discharge event in a GE1/1 detector.

The result of a short circuit is that the two electrodes are at the same potential, which consequently
disables the amplification power of the foil. As described in section 1, the top face of the GE1/1 foils
is segmented in 40 (47) HV sectors for short (long) chambers. On the contrary, the bottom face of the
foil is not segmented. Therefore, the presence of the short circuit connects one top HV sector with the
unique copper surface on the bottom side: this design does not imply having a complete deactivation
of the amplification on the whole GEM foil but only on the affected HV sector. This de-activated
area corresponds to 2.5% (2.1%) of the total surface of a GE1/1-S (GE1/1-L) detector.

Table 4. Summary of electrical components of the HV distribution from the power supply to the GEM foil,
depicted in figure 4.

Component Value

Protection resistor (R,) 10MQ
Filter resistor 1 (Ry1) 100 kQ
Filter resistor 2 (R ;) 230kQ
Filter capacitor (Cy) 2.2nF

During operation, it is crucial to understand the behavior of chambers affected by a short circuit,
because a short circuit drains more current than a healthy detector, and the unaffected HV sectors will
have a lower voltage than the one set by the power supply. To estimate these voltage values, one can
analyze the circuit that powers the entire foil, taking into account the protection resistors R, and the HV
filter resistors R ¢ and R 2, as shown in figure 4. The values of the resistors are summarized in table 4.

—10 -
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Figure 8. Example of the circuit present between the power supply and the GEM foil in case of a single HV sector
affected by a perfectly conductive short circuit. In this case the total resistance present between the power supply
and the GEM foil is R, + 2(Rs1 + R2), instead of being an open circuit for a GEM foil with no short circuit
connection. The values of the components are summarized in table 4. Reproduced with permission from [21].

The circuit formed by the power supply and the GEM foil in presence of a short circuit in a single
HYV sector is represented schematically in figure 8. The calculation can be done, starting from the
non-zero current flowing in the protection resistor of the sector affected by the short circuit. For the
remaining protection resistors, only the amplification current flows. This current is approximately 25
times lower than the short circuit current and can be practically zero (few tens of nA) in the absence
of background radiation produced by LHC beam collisions. The current seen by the power supply
due to the short circuit is the total current flowing in the equivalent circuit. For example, if a single

HYV sector is affected by a perfectly conductive short circuit and the foil is powered by AV =392V,

AV _
Rp +2(Rf1+Rf2)

drop is AVgrop = 2+ (Rf1 + Ry2) - I = 24.4V. In conclusion, in this example, the effective voltage
applied to the GEM foil is approximately 6 % lower than the voltage provided by the power supply,
while the expected current flowing through the HV electrode is around 37 pA.

If the foil has more than one HV sector affected by a short circuit, the total resistance of the

the current provided by the power supply is / = 37.0 pA. Accordingly, the voltage

circuit generated by the connection is

Rp

R=2-(Rp1+Rp)+—, 2.1)
NS

where N; is the number of HV sectors affected by a short circuit. If more than one GEM hole in

a given HV sector is affected by a short circuit connection, the current flowing will be the same as

in the case of a single hole, if at least one connection is perfectly conductive.

Understanding short circuit dynamics is essential for improving the operational stability of GEM
detectors in high-energy physics experiments. The insights gained from this study can inform future
design modifications and operational strategies to mitigate short circuit occurrences, enhancing the
overall reliability and performance of the detectors.

3  Run-3 operations with beam

This section provides an overview of the main problems encountered during the commissioning of
the new GE1/1 station [22, 23], focusing on baseline amplification current during beam collisions
and the first two years of operation with the LHC beam.
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3.1 Baseline current in presence of beam

In presence of colliding LHC beams, a non-zero current is observed to flow on each channel of the
A1515BTG board due to signal amplification. This effect is particularly noticeable on the G3Top
electrode, where the number of incoming avalanche multiplication electrons is much higher than
on the other two GEM foils.

A typical representation of the current behavior flowing on the G3Top channel of the A1515BTG
board, in the presence of proton-proton (p-p) collisions, is illustrated in figure 9(a). It shows the
presence of current spikes, that are a signature of discharges, and a baseline current mirroring
the instantaneous luminosity of particle collisions. This can be seen by comparing a zoom of the
current plot (figure 9(b)) and the plot showing the instantaneous luminosity of proton-proton (p-p)
collisions (figure 9(c)). The amplitude of a discharge is calculated subtracting the baseline current
at the corresponding timestamp.

3.2 First year of Run-3 operations with beam

In July 2022, the LHC began producing proton-proton collisions at a center of mass energy /s =
13.6 TeV. At the beginning of 2022 LHC activities, the detectors were operated at the HV working
point Ioq = 700 pA.

Since the first LHC fills, as expected for MPGDs [24], the GEM detectors began producing
discharges under stable beam operating conditions. On the contrary, the production of discharges
decreases after each beam dump, with the chambers basically stopping to produce discharges keeping
the HV operating point at the same I.q value used during collisions.

During the first LHC fills, the HV working point I.q was reduced due to frequent discharges
and was subsequently adjusted by monitoring the chambers’ discharge rate. In addition, G3Bot was
deactivated during this phase, to protect the readout electronics and reduce the amount of energy a
discharge can gain during a propagation between the planes of the stack.

The behavior of the first part of data-taking of 2022 is summarized by the plots in figure 10
and figure 11.

In the first plot, the average rate of discharges per hour per single chamber is shown. In particular,
it is worth noting the evolution of the average from the initial period with an HV working point of
Ieq = 700 pA and a discharge rate of about 18 discharges per hour per single chamber, until the end of
August, when the operating point was lowered to 690 pA and the discharge rate decreased by about 94%.

In the second plot, the maximum, minimum, average, and median discharge rate per HV power
line — and consequently per pair of chambers — are shown. In the considered period, the discharge
rate per HV power line corresponds directly to the discharge rate per super-chamber, as each HV power
line supplies one super-chamber. The rate is displayed per pair of chambers because it is not possible
to distinguish which module within a pair generated a given discharge, since the pair of chambers
is connected to the same HYV line, as described in section 2. The data are calculated considering all
the HV power lines and thus include 72 values of discharge rate, per each LHC fill analyzed. During
this period, one module in a single super-chamber was not connected to the HV. This is the only case
where the discharge rate per HV power line is not that of a super-chamber.

In August 2022, the HV working point was set to Ioq = 690 pA, in a first moment with the G3Bot
still OFF. After it was observed that the discharge rate was stable, the full stack was powered at
Ieq = 690 1A, achieving a discharge rate of around one discharge per single chamber per hour.
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Figure 9. (a) Example currents observed on the G3Top electrode in presence of the stable collisions of 2450
proton bunches of the LHC beams in one GE1/1 module. The presence of discharges (current spikes), over a
baseline current evolving in time, can be observed (b). The shape of the baseline current reflects the profile of
instantaneous luminosity of the p-p beam collisions (c). Reproduced from [23]. The Author(s). CC BY 4.0.

The HV working point /oq = 690 pA was maintained till the end of 2022 data taking, with a stable
mean discharge rate of around 0.5-1 discharges per hour per single module.

From the 2022 data collection, we can derive several key points:

* the electrodes most prone to discharges are those that provide the potential difference responsible
for generating the electric field inside the GEM foil holes — specifically, the Top channels of the
A1515BTG board. This phenomenon can be clearly seen in figure 12, where the raw number of
discharges are shown per each electrode as function of their amplitude.
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* The discharge rate decreased over time following the first irradiation period of the chambers,
likely due to factors such as GEM foil conditioning and the removal of imperfections in the
GEM holes. This trend is evident when comparing the first week of data-taking — when the
chambers were operated at I.q = 700 pA and experienced the highest number of discharges —
with the period at the end of July, when the same HV working point was used. This comparison
highlights how the discharge rate evolved under consistent operational conditions.

This effect of decreasing discharge rate at a fixed HV working point can better be observed from
the decreasing trend of the maximum discharge rate at the center of figure 11 (between the 31st
of July and 2nd of August), and the same trend is also followed by the median. This is in part due
to the effect of repeated occurrence of discharges in the same chambers, which in time removed
the imperfections in GEM holes. On the other hand, the occurrence of discharges can lead to the
generation of short circuits, which in turn can result in a reduction of the discharge rate due to the
lower voltage effectively applied to the GEM foil. Nevertheless, only one chamber developed a
permanent short circuit during the second period with Ieq = 700 pA, also maintaining the same
discharge rate (~ two discharges per hour). Therefore, the main contribution to the reduction in
the discharge rate over this period was due to the conditioning of the foils. Indeed, the difference
in the mean luminosity delivered by the LHC is only approximately 5%, which is not compatible
with the observed difference in the discharge rate, as can be seen in figure 10 between the 31st
of July and 2nd of August.

e Finally, the mean discharge rate per super-chamber with G3Bot ON at /.4 = 690 nA is around
two times higher than the one observed with the G3Bot OFF at the same HV working point, as
reported in table 5.

Table 5. Comparison of discharge rate between G3Bot OFF and G3Bot ON, with HV working point Ioq = 690 pA.
The lower threshold on the discharge amplitude, to count a discharge, is 2 pA.

Average LHC delivered  Discharge per LHC delivered  Discharge per hour
G3Bot status luminosity per hour luminosity per Super-Chamber per Super-Chamber

(pb~! /hour) (events/pb~') (events/hour)
OFF 421 (1.8+0.3)-1072 0.8+0.1
ON 44.5 (3.8+0.5)-1072 1.7+0.2

In conclusion, the generation of several short circuits in GEM foils was observed during the
data taking. Their evolution in time is illustrated in figure 13. The most significant period for their
generation is represented by the first months of the year, where detector and magnet commissioning
activities are performed. The context of generation and healing of short circuits will be analyzed more
deeply in section 4. The term “healing” for a short circuit is the process by which a short circuit in the
GEM detector resolves itself, restoring the normal function of the affected HV sector or detector.

3.3 Second year of Run-3 operations with beam

During the second year of Run-3 (2023), the detectors were operated at a globally lower HV working
point, with respect to the previous year. In addition, the individual chambers working points were
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Figure 12. Example of the raw number of discharges observed during an LHC fill, on each electrode powering
143 GE1/1 detectors installed in CMS, as a function of their amplitude. On top of the plot, the information
describing the LHC fill parameters and the global HV configuration of the two endcaps is shown. In the bottom
right side is reported the number of single chambers powered by HV (Layers) and the number of independent
HYV lines (Pairs). The number of independent HV lines was still 72. A total of 143 modules were connected to
the HV system and only one was disconnected, due to an issue on one of its HV filters. The label “All” on the
first line of the plot indicates the logical OR between the different seven electrodes, to have a global number of
discharges in the fill, without double counting. Reproduced from [23]. The Author(s). CC BY 4.0.

adjusted, depending on the needs of the single modules in terms of efficiency. In general the HV
working points used during 2023 were Iq = 670 pA, 675 nA and 680 pA. During p-p collisions, an
average discharge rate R < 0.1 discharges/(hour - chamber) was observed.

Finally, in 2023 the LHC produced the first Run-3 collisions of lead-lead ions (Pb-Pb). In this

~25~1 is around 7 orders of

case the instantaneous luminosity of colliding LHC beams O (10?7) cm
magnitude lower than the instantaneous luminosity during p-p collisions, 0(10**)cm=2s~!. As a
result, only a few units of discharges were observed per LHC fill. The HV data analyzed covered
2005.7 pb~! of luminosity delivered by the LHC, with a medium number of discharges counted in
the whole system per fill around 5.9 + 0.7. Throughout the entire Pb-Pb collision period, the number
of discharges counted by the whole GE1/1 station was always lower than 30 discharges per fill. The
same HV working point adopted in the previous months for p-p collisions was used also for the Pb-Pb

period. The numbers corresponding to the observation done in this period are summarized in table 6.
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Figure 13. Evolution in the number of HV sectors affected by a short circuit in GE1/1 detectors during 2022
data-taking period (July-November) and during the detector commissioning activities in the first month of 2023.
The total number of HV sectors in the GEM foils in the whole GE1/1 station is 18792, with 40 (47) HV sectors
in each of the three foils of the 72 short (long) modules. Reproduced from [23]. The Author(s). CC BY 4.0.

Table 6. The table summarizes some numbers for the operations with Pb-Pb collisions, respectively concerning
the discharges and the LHC delivered luminosity observed. The number of discharges shows the average counts
per fill generated by all the 143 GE1/1 detectors and the total summing the contribution of all analyzed Pb-Pb
fills. Similarly, the second line shows the luminosity delivered by the LHC per fill and the total integrated over
all Pb-Pb analyzed fills.

Quantity Average per fill Total

Discharges (143 chambers) 59+0.7 347
Delivered luminosity 34.0+2.7pub~"  2005.7 pb~!

This last part of 2023 data-taking confirmed the observation of a correlation between the
instantaneous luminosity and the discharge rate. The correlation between the two quantities is under
study. For physical reasons, such a correlation is expected: a higher number of ionizing particles
creates a more demanding operational environment for the detectors, making them more susceptible
to discharges. A thorough study is needed to understand if the correlation is due only to this aspect
or some other phenomena play a role.

4 Generation and healing of short circuits in GEM foils

In this section, we will summarize the observations accumulated during the first years of operation
of the GE1/1 detectors in CMS, until 2023. The focus will be on the generation and healing
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Figure 14. Number of times a given GEM foil is involved in a generation or healing event of a short circuit.
The plot shows that the GEM3 foil is involved in the generation of short circuits in a number cases around two
times higher than the other two GEM foils.

of short circuits. The origin of these phenomena is already treated in [25, 26], where it can be
inferred that one of the probable causes of the generation of short circuits is the presence of dust
inside the chamber.

From previous observations, a correlation between the presence of the magnetic field and the
generation of short circuits has been observed, and in the following a more detailed study of the
behavior of the chamber under the influence of the CMS magnetic field [27] is presented. Then, the
correlation with the applied HV and the gas mixture is studied.

In order to determine the circumstances surrounding the generation or healing of the short circuit,
we considered the data related to the chamber’s operational conditions, including the gas-mixture
utilized, the HV working point, the presence of discharges, and the voltage ramp up of the affected
electrode and the whole chamber. Additionally, the status of CMS at the same timestamp of short
circuit generation or healing is investigated, taking into account the presence of the LHC beam
and the magnet operations.

As a preliminary observation, the generation and healing of short circuits have been noted, as
illustrated in figure 14. The number of short circuits generated and healed is obtained by examining
the behavior of the currents in each HV power line, as detailed in section 2.3. The plot shows
that GEM3 foil is involved in the generation of short circuits with a factor of two higher with
respect to GEM1 and GEM2, shown also in figure 13. The reason behind this observation could be
explained by looking at the triple-GEM structure, where the GEM3 foil represents the final stage in
the avalanche multiplication and thus the stage that collects the highest amount of charge among the
three amplification stages of the primary ionization charge. In addition, the observations indicated
that the majority of the events resulted in the generation or healing of a single HV sector at a specific
point in time, as can be seen in figure 15.
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Figure 15. Variation in number of HV sectors affected by a short circuit at a given instant, in the whole GE1/1
system (both long and short chambers). A positive number means a generation of a new short circuit, while a
negative number flags a healing. In one single occasion it was observed the healing of one HV sector in two
distinct foils in the same module at the same timestamp. Because it affected two different foils, this event is
represented as two distinct healing events (two entries for —1 in the plot).

4.1 Role of the magnetic field

A particular role in the generation of short circuits is played by a variation of magnetic field during a
CMS magnet ramp. The generation of short circuits appears to be independent of both the magnetic
field strength and the direction of the ramp (up or down), as shown in figure 16. However, the
distribution shows a slight excess of short circuits during magnet ramp down compared to ramp up.
This is attributed to the contribution of the initial magnet ramp down in November 2021, which
occurred when HV was OFF and a procedure to handle HV during magnet ramps had not yet been
developed, more detailed in section 5.1. Indeed, during the aforementioned magnet ramp down with
HYV OFF, six short circuits were generated. Upon subtraction of the contribution of short circuits
generated in 2021 related to magnet operations (two during magnet ramp up, seven during magnet
ramp down), a slight preference for short circuit generation in case of magnet ramp down becomes
evident. There are three counts for magnet ramp up compared to nine events for magnet ramp
down. These observations do not provide sufficient evidence to conclude that magnet ramp down is
preferentially associated with the generation or healing of short circuits, given the limited statistical
sample size. The sample on which the analysis is based will be expanded in the near future to take
advantage of the remaining years of Run-3 data collection.

To face the instability due to discharges during magnet operations and, with a higher relevance,
the short circuit generations in the same operating conditions, in December 2021 the first tests to
develop a safe procedure for HV operation during magnet ramps were conducted. Those tests took
place in the CERN North Area using the Goliath magnet and the results are presented in [26].
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The observations accumulated from 2021 to 2023 operations showed that the events of generation
or healing of short circuits occur at the beginning or at the end of a magnet ramp, predominantly at 0 T
or 3.8 T, as shown in figure 17. The histograms exclude all events that occurred while the magnetic
field was stable, as well as events where the HV was OFF during a magnet ramp. In this second case,
short circuit generation is observed after the magnet ramp has already finished. As a result, an incorrect
magnetic field value would be assigned, even if the magnet ramp was responsible for its generation or
healing. No healing events were observed after a magnet ramp was performed with HV OFF.

Magnetic field variations during CMS magnet ramps play a role in the generation and healing
of short circuits, predominantly during the transitions at the start and at the end of the ramps. In
particular the short circuit generation during magnet operations is only observed when the magnetic
field approaches 0T, while the healing is observed when the field is close to 0T or 3.8 T. These
observations suggest a dynamic response to ramping conditions, but further study is required to
identify the precise physical mechanisms and confirm the correlation.
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Figure 16. Sign of magnet ramp involved in the generation or healing of short circuits in GEM foils. The plot
shows no preference on the sign of the magnetic field ramp for the generation and healing of short circuits
in GEM foils. The contribution to the excess in the generation of short circuits during ramp down, respect
to ramp up, is due to the contribution of the first magnet ramp down in November 2021, when no protective
measurement was yet implemented.

4.2 Role of the HV working point

Another important parameter to monitor is the HV working point. Figure 18 shows the value of
HYV applied, during a magnet ramp, to the GEM foil affected by generation or healing of a short
circuit. This plot confirms that keeping HV OFF during a magnet ramp shows a higher number
of short circuit generations.

In addition, figure 19 shows more in general the HV working point present at the time of
generation or healing of a short circuit for each event observed in these three years. The values between
300 — 400V include the voltages applied during the normal operation for data taking, adopting the
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Figure 17. Value of magnetic field at which the generation or healing of a short circuit was observed in presence
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Figure 18. HV applied to a GEM foil during a magnet ramp, before the generation or healing of a short circuit.
In this plot is shown a significant contribution to the generation of short circuits in the case of chambers kept
with HV OFF during the magnet ramp.

working points illustrated in table 3 up to Ioq = 700 pA. Otherwise, the values with HV > 430V are
applied during the restart of the operations at the beginning of the year, when the detector is operated
in pure CO; and in the first phases of operations in Ar/CO; (70/30).
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Figure 19. HV applied to a GEM foil at the time of generation or healing of a short circuit, for each event
observed in three years of operations (2021-2023). In order to check the presence of a short circuit, it is
necessary to turn ON the HV. Consequently, a number of short circuits were identified as either newly generated
or undergoing healing during the HV power up of the chamber.

4.3 Role of the gas mixture

The gas mixture present at the moment of the short circuit generation or healing was also investigated as
partly anticipated in the previous subsection, and the results are reported in figure 20. The number of short
circuits generated or healed was normalized by the amount of time that each gas mixture was used over the
three-year period between 2021 and 2023. Specifically, the chambers were operated in pure CO; for 159
days and in Ar/CO» (70/30) for 834 days. Furthermore, in 2021, the chambers were operated for 41 days
in Ar/CO; (50/50), and no variation in the number of short circuits was observed with this configuration.

It can be seen that the healing process does not show a particular preference for a specific gas
mixture. On the other hand, it is clear that most of the short circuits are generated in the period where
pure CO; is used. This does not imply that the responsible of this effect is only the gas, since the two gas
mixtures correspond to two distinct types of activities. In particular, the period during which pure CO,
is applied corresponds with the first restart after the end of year power OFF of the detectors. Moreover,
in the same period higher HV working points are used, exceeding HV > 430 V. This conclusion is con-
firmed by the combination of HV working point and gas mixture normalized by days of usage in figure 21.

From the plots cited above, it appears clear that short generation has no significant dependence on
the gas mixture but is instead influenced by the HV working point. Indeed, from the CO; column
we can observe that the two bins with the highest number of short circuits normalized per day of gas
mixture, correspond to the highest HV working point value and to the OFF value.

4.4 Context of short circuit generation

It was observed that the context of generation and healing of short circuits can involve several
processes. We summarize the mechanisms in figure 22. The processes that are frequently involved
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Figure 20. Number of short circuits generated or healed per day of application of a given gas mixture. In the
specific, in these three years the detectors were operated in pure CO; for 159 days, in Ar/CO, (70/30) for 834
days. Moreover, in 2021 they were operated for 41 days in Ar/CO, (50/50) and no variation in the number of
short circuits was observed in those days.

CMS Preliminary 2021-2023 CMS Preliminary 2021-2023
2 0069 Short Generation | —{0.06 ‘>§'<' o Short Healing | —0.06 é
5% g 2 g
T 0.044 | ., ® | b
E 0.05 g 2 0.05 g
o 2 5 2
2 g £ 3
o [l o
2 —0.04 2 & —0.04 @
2 5 > 400 5
© o T 2
> o O
= 0.03
0.02
0.01 0.01
0 0 0
co, A/CO, (70/30) Ar/CO, (50/50) co, Ar/CO, (70/30) ArICO, (50/50)
Gas mixture Gas mixture

Figure 21. Number of short circuits generated or healed per day of application of a given gas mixture and HV
applied. The most populated bins for the generation of short circuits, in presence of pure CO, gas mixture,
are the one with the highest voltage applied and the one corresponding to the OFF value. In the column
corresponding to the Ar/CO; (70/30) gas mixture, both for short generation and healing, the most populated bin
is the one with the voltage applied between 300 V and 400 V, which is the range used for the normal data taking.

in the generation and healing of short circuits include the occurrence of discharges, magnet ramps,
and variations of voltage that are applied to the chamber.
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Figure 22. Mechanisms involved in a generation or healing event of a short circuit. More than one mechanism
can be involved in the same event (for example if a discharge and a magnet ramp up are involved in an event,
this will be counted in both categories bins).Reproduced with permission from [28].

The healing of many short circuits is attributed to a gradual reduction in the current drained by
the short circuit, which is a consequence of the short circuit itself being gradually consumed. We
refer to this phenomenon as “consumption” of the short circuit, which results in a gradual increase in
the resistance of the connection. Figure 23 illustrates an example of this process, which appears to
be a consequence of the burning or consumption, by different chemical processes, of the electrical
contact responsible for the short circuit. This phenomenon may be attributed to the presence of
chemical residuals within the chambers.

As the phenomenon was observed on multiple occasions, it is valuable to present the first
observations. Figure 24 illustrates the sequence of events that initiated the observed consumption.
The primary causes identified are delineated in the plot, including voltage ramp up, discharge,
healing of another short circuit, magnet ramp down, magnet ramp up, and stable voltage. Each
event can be triggered by one or more ignition processes. In total, 43 independent events were
observed. Furthermore, the time elapsed between the generation of the short circuit and the start of its
consumption is indicated on the x-axis. From the plot, it can be observed that the majority of short
circuits that healed by consumption involved the occurrence of a discharge and a voltage ramp-up.
The second valuable insight into this process is presented in figure 25, which illustrates the time in
days needed for a short circuit to heal completely, from the start of the consumption process.

4.5 Summary on short circuit observations

To conclude this section, we present the operational periods during which the short circuits were
generated. For the GE1/1 detectors, four main operational periods can be identified:

* OP1: the restart at the beginning of the year after the technical stop, during which the detector is
OFF. The temporal extent of this interval is up to and excluding the initial magnet ramp of the year;

e OP2: all the operations performed in absence of stable beam;
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Figure 23. Example of a short circuit which slowly heals, decreasing gradually the current drained from the
power supply, to finally heal. We refer to this process as healing by short circuit consumption.
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Figure 24. The plot shows on the X-axis the time that elapsed between the generation of the short circuit to the
start of the healing by consumption, while on the Y-axis the mechanism that ignited the healing. More than
one category can be involved in the ignition for the same healing event. The plot includes only the events of
short circuit healing (2021-2023) that healed by gradual consumption of the short circuit, for a total of 43
“# independent events”.
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Figure 25. Time needed for a short circuit to heal by consumption (gradual decrease of the current drained by
the short circuit). The plot includes only the events of short circuit healing (2021-2023) that healed by gradual
consumption of the short circuit.

* OP3: the magnet ramps and the HV training performed immediately after them;

* OP4: the operation of the detector in presence of LHC stable beams.

Figure 26 summarizes the short circuits generated and healed over the three operation years,
while figure 27 shows the contribution of each year. It is clearly visible that the main operation
period contributing to the generation of short circuits is the restart of the year, after a period
where HV was OFF for several weeks. During the same period, the HV training procedure is
performed, with voltages above 430V applied on the foils. These observations, together with the
results shown in figure 19 suggest avoiding operation of the detector at excessively high HV values,
such as 600V and keeping the HV ON as much as possible to minimize the need for retraining
the detector.

Figure 27 shows that the contribution of OP4 decreased from 2022 to 2023. One important
research for this is that in the second year of Run-3, a lower HV working point was adopted,
tuned for chambers individually between I = 670 pA and Iq = 680 pA, while in 2022 GE1/1
detectors were operated with an HV working point uniform for all chambers, in a range between
leq = 690 pA (72% of 2022 LHC fills) and Iq = 700 pA (10% of 2022 LHC fills). During the
rest of 2022, a lower working point was used due to the tuning of the HV in the monitoring phase
of the discharge rate.
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Figure 26. Operation period during which each short circuit was generated or healed, from 2021 to 2023. The
plot shows that the highest part of the short circuit generation happens during the operations performed to
recover the detector after a long period when it is kept with HV OFF at the end of the year.
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Figure 27. Operation period during which each short circuit was generated or healed by year. The plot shows as
the year contributing more to the short circuit generation was 2022, in particular for OP4, because 2022 was the
first year of operation of GE1/1 in presence of p-p collisions. On the other hand, 2022 is also the year with the
lowest amount of short circuit generations due to magnet operations (OP3), because a lower number of ramps
was performed in this year, as specified in table 7.
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S Mitigation strategies

Several actions have been taken on the operation side to face the occurrence of short circuits, of
discharges and to adjust the efficiency of the different chambers to achieve the highest possible
value, while maintaining a low discharge rate. These include adjusting the HV working point, the
implementation of a protection from magnet operation, and the HV re-mapping. They will be
detailed in this section.

5.1 Implementation of magnet protection

In order to manage the occurrence of short circuits in case of magnet ramp, a protection was
implemented in the GEM DCS. This protection gets automatically triggered every time the CMS
magnet is declared as not stable, when the magnet current starts to vary in case of a ramp (both in
case of ramp up or ramp down). As mentioned in section 4, the definition of the parameters of this
protection were provided from the studies performed in 2021, when four GE1/1 chambers were tested
in the magnetic field generated by the Goliath Magnet in CERN North Area. The results of these tests
are illustrated in detail in [26]. The protection powers the detectors in the following way:

* voltage set to 420 V on Top channels of A1515BTG boards (the ones generating electric field
inside GEM foil holes);

* voltage OFF on Drift and Bot channels of A1515BTG boards (the ones generating electric field
in the gas gaps);

o [y setto Iy = Ip_420 + 20 pA, where I_479 is the baseline current expected to flow in a given
channel of the power supply, when that provides a voltage of 420 V. For the Drift and Bot
channels I_4p0 = 01A since no short circuit is present there, while for the Top electrodes
this value corresponds to the current which flows in the power supply channel when 420V are
applied to the GEM foil.

* tyip in the AI5S15BTG board is set to #yjp = 3s.

Applying these settings, the GEM foils are kept with a high HV value applied and they can sustain a
discharge with an amplitude of 20 pA above Ij,_420, and lasting for less than 7, = 3's. This protection
proved to be effective to improve operation of detectors in case of magnet ramp.

The only situation where the protection cannot be applied is in case of a fast discharge of the CMS
magnet. In this case, the CMS Detector Safety System (DSS) powers off all the HV racks powering the
GEM system, and to the GEM detectors. Two such events occurred in 2023. In both cases, no new short
was observed to be generated. In the first case (22nd March 2023) HV was ON at Ioq = 700 pA and
then got cut, while in the second case (16th August 2023) HV was already OFF before the magnet ramp.

An evaluation of the impact of magnet protection on the GEM operation is presented in table 7.
Here, the number of short circuits generated per CMS magnet ramp is reported. To keep into
account the number of short circuits already present in the system per year, this number has been
normalized also to the number of foils (or chambers as alternative) not affected by any short circuit.
The ratio R is defined as

S.D
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Table 7. Number of short circuits generated per year and related to CMS magnet ramps. In 2021, magnet
protection was not in place and it was developed after the observation of short circuits generation during magnet
operations. In this year, eight short circuits out of 9 related to magnet were generated when the HV was OFF. In
the following two years, the HV was kept ON during magnet ramps. The top part of the table shows a number
of short circuits developed per magnet ramp, normalized to the number of GEM foils not yet affected by any
short circuit, before the first magnet ramp of the year. The bottom part of the table presents the same numbers,
but normalized to the number of detectors whose GEM foils were not affected by any short circuit. In the 2023
data, a detector disconnected from HV is excluded from the count.

Year CMS magnet  Shorts Affected  Healthy Short per ramp

ramps generated foils foils per foil
2021 27 9 4 428 (7.8+2.6)-107*
2022 11 4 23 409 (8.9+4.4)-107*
2023 41 8 40 389 (50+1.8)-107*
Year CMS magnet  Shorts Affected  Healthy Short per ramp

ramps generated chambers chambers per chamber
2021 27 9 6 138 (2.4+0.8)-1073
2022 11 4 20 124 (29+1.5)-1073
2023 41 8 35 108 (1.8 +£0.6) - 1073

where Ny is the number of short circuits generated per year due to magnet ramps, N,, the number
of magnet ramps and N, the number of healthy elements (GEM foils or chambers) before the first
magnet ramp of the year.

Regarding the number of magnet ramps, we adopted the convention of defining a ramp as any
variation in the magnetic field until the sign of its time derivative reverses. For example, if a magnet ramp
up from O T to 3.8 T is interleaved by several pauses in the operation, it is considered a unique ramp-up.

In this preliminary calculation, it appears that the magnet protection procedure was effective in
2023, with a lower ratio of short circuits per ramp, in comparison to the previous years, despite an
increased number of magnet ramps. It is nevertheless worthwhile to consider that not all chambers
exhibit the same efficiency at identical HV working points, even when the production method is
identical. Moreover, the probability of a new short circuit occurring on a GEM foil that has already
experienced a short circuit may differ from the probability of a new short circuit occurring in a
completely healthy foil. Similarly, the probability of a new short circuit occurring in a detector where
at least one other GEM foil is affected by at least one short circuit may differ from the probability of
a new short circuit occurring in a detector where no other foils are affected. It was not possible to
distinguish these effects in the presented results, given that they are rare events and hard to reproduce
in the laboratory. Finally, the probability of generating a short circuit may be increased by the presence
of chemicals within the detector gas volume and by their quantity.

5.2 Re-map of the HV system

As mentioned in section 2.3, a short circuit in a GEM foil implies a lower voltage applied to the
GEM foil, with respect to the value provided by the power supply. To compensate for the efficiency
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loss caused by the short circuit, it is necessary to account for the resulting voltage drop. This can
be achieved by increasing the voltage supplied by the HV power supply.

Increasing the HV for a given channel on the power supply side implies that each detector fed by the
same cable will undergo the same increase, so the two detectors which define a super-chamber, outlined
in section 1. Nevertheless, the two detectors may be affected by short circuits affecting a different
number of HV sectors in the same GEM foil (for example, GEM3 foil in Layer 1 detector has two HV
sectors affected by a short circuit while Layer 2 has GEM3 foil affected by only one), or in different GEM
foils (for example, Layer 1 is affected by a short circuit in GEM1 while Layer 2 is affected by a short
circuit in GEM2). If the same HV compensation value is applied on the power supply on a given GEM
foil, the two detectors may not be in the same gain configuration. For example, let’s imagine a super-
chamber where the Layer 1 detector is affected by a short circuit on foil GEM3, while Layer 2 is a totally
healthy detector. Applying a compensation on the power supply side would indeed mean restoring the
correct gain for Layer 1 detector, but Layer 2 would go to high gain configuration, exposing it to a higher
discharge rate and a higher possibility of developing a short circuit, as described in section 4.4. The first
step to handle the generation of these short circuits and have chambers with a similar gain performance
(which means a similar muon detection efficiency), is to further pair them together. Because of this,
a prerequisite to implement the HV compensation is to periodically re-map the HV system. The goal
is to pair chambers with similar issues and power them with the same HV channel. In this way, those
which have the same number of HV sectors affected by a short circuit in a given GEM foil, will be
powered in pair by the same HV line. This result is obtained by re-organizing the connections in the
patch panel shown in figure 6, and by introducing additional A1515BTG boards if needed.

The HV compensation mechanism is not applied yet. For the moment, we exercised to adapt the
GEM system to handle the HV re-map, in particular in the GEM DCS.

The HV re-map implies that detectors with a similar gain are powered together, which allows
to vary the HV working point of the whole chamber, without worrying of having very different
gains on the two chambers in a pair.

The fact that chambers with similar gain are powered together is useful to study the muon detection
efficiency as a function of the HV working point /.q applied. Such a HV-scan study is performed
once per year, collecting p-p collisions data at different I.q for GE1/1 detectors. The goal of the
HV-scan is to tune the HV working point of a given pair of chambers, paired together in the HV
system, depending on their discharge rate and muon detection efficiency.

5.3 HYV working point

As illustrated in section 3, the occurrence of frequent discharges impacts the stability of the detector
during the operations. Additionally, they can lead to the generation of damages in the GEM foils, and in
the readout channels of the front-end electronics [29]. In order to preserve the integrity of the detector
from damages, it was decided to operate the chambers at a lower HV working point, loq = 690 pA
in 2022. Consequently, the discharge rate in p-p collisions decreased, as shown in section 3. The
discharge rate in a GEM detector indeed increases with the HV applied, as illustrated in [3]. The
reduction of the HV working point had a contained effect on the detector efficiency, decreasing of
~ 1% respect to the efficiency obtained at the plateau. This calculation was done looking to the
chambers not affected by short circuits, to not introduce additional effects in it. The effect of short
circuits on the efficiency will instead be evaluated by a series of ongoing studies.
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Throughout 2022, the performances of several HV working points were analyzed during the HV-
scan, to assess the muon detection efficiency of detectors during collisions and after the generation of
several short circuits. The working point optimization is still in progress to reach the best compromise
for the muon detection efficiency and the discharge rate. The dependence of discharge rate on the HV
working point is now subject of a future study and one of the goals of 2024 HV scan.

6 Conclusion

The work presented in this paper focused on illustrating two topics important for the operations of
GE1/1 detectors in CMS: the occurrence of discharges and the generation of short circuits in the GEM
foils. The discharges affect the stability of the detector and increase the risk of developing a short
circuit in a GEM foil, with the additional risk of generating damages in the front-end electronics.

During the first year of Run-3, their occurrence has been mitigated by lowering the HV working
point of the chambers to Ioq = 690 pA, stabilizing around one discharge per hour per chamber in 2022.
This was done to better preserve the integrity of the detector and of the front-end electronics. A tuning
of the working point is ongoing, depending on the chamber discharge rate, and on the HV working point
needed to reach the efficiency plateau. In addition, it was observed that the discharge rate can decrease
in time, suggesting a conditioning effect of some GEM holes affected by manufacturing imperfections.

The second main topic was to understand the phenomenology of generation of short circuits
in the GEM foils and to develop safe operation procedures. Their generation seems to be favored
by the occurrence of discharges and by the presence of potential pollutants inside the detectors, but
this last point is still under investigation. The observations suggested to avoid long periods with HV
OFF and too high HV working points during the restart operations, after the end of year technical
stop. The other main situation when the generation of short circuits is more frequent is in case of
variation of CMS magnetic field. During a magnet ramp, the detectors seem more prone to developing
a short circuit in case of HV OFF and at the beginning or at the end of a magnet ramp. A protection
mechanism for the magnet operations was deployed in the DCS, improving the operation of GE1/1
detectors in such situations. The studies also investigated the role played by the sign of the magnet
ramp and the composition of the gas mixture. However, no clear relation was found.

Regarding the healing of short circuits, a significant fraction is removed by a gradual decrease
of the drained current, suggesting the consumption of a resistive contact. This suggests the possible
presence of pollutants inside of the detector, which could deposit on the GEM foils. First hints
concerning this hypothesis came from three chambers extracted from CMS in January 2024, where, in
two detectors, signs of oxidation on the readout plane were observed. For the GE1/1 production, a
chromic-acid passivization was not applied while the chambers used during the aging tests had an
extra layer of chromium on top of the base copper material, which during the aging tests showed
no change in the detector performances [30, 31]. In any case, no issue in the stretching of the foils
or any visible degradation of the mechanical components present inside the gas volume was found
out in these three inspected chambers.

More information concerning the internal status of the detectors will be provided by a wider
inspection of detectors, when the whole GE1/1 station will be extracted from CMS during the Long
Shutdown 3 upgrade phase.

Finally, a preliminary analysis showed as the discharge rate increases with the instantaneous
luminosity of the LHC beams collisions, and the first results of an ongoing study showed a linear

—32 —



dependence [32]. The combination of the results provided by the study of these dependencies is helping
us to gain a full understanding of the physics playing a role in the detector operation. The analysis of
muon detection efficiencies in GE1/1 detectors and on the discharge rate data observed during the
HYV scan of 2024 is being used to optimize the HV working point and all the knowledge on detector
operations provided useful feedback for the production of new GEM detectors (GE2/1 and MEQ).
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