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ARTICLE INFO ABSTRACT
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Resistive Plate Chamber (RPC) detectors are widely used in high-energy physics experiments. In the Compact
Muon Solenoid (CMS), the RPC gas mixture is composed of 95.2% C,H,F,, which generates a large number of
ion-electron pairs, 4.5% iC,H,, to suppress photon feedback effects, and 0.3% SF, as an electron quencher to
ensure operation in streamer-free mode. Given the high global warming potential (GWP) of C,H,F, at 1430
and the recent reduction in the emission of F gases imposed by the European Union, efforts have intensified in
recent years to explore environmentally friendly gas alternatives. A promising short- to mid-term solution for
the upcoming years of Large Hadron Collider (LHC) operations is to lower the GWP of the RPC gas mixture by
partially substituting C,H,F, with CO,. The performance tests of the alternative gas mixtures are conducted at
the CERN Gamma Irradiation Facility (GIF++) in the North Area of the Super Proton Synchrotron (SPS), where
a 13.6 TBq radiation source and an SPS muon beam simulate the High-Luminosity (HL) Phase II conditions of
the LHC. This paper reports on the performance of a 1.4 mm gap RPC using three different CO,-based mixtures

under intense gamma radiation, with the first results on the longevity campaign.

1. Introduction

The CMS Muon System comprises four types of gaseous detectors:
Drift Tubes (DT) in the barrel region, Cathode Strip Chambers (CSC)
and Gas Electron Multipliers (GEM) in the endcaps, and Resistive
Plate Chambers (RPC) in both the barrel and endcap areas, providing
coverage up to a pseudorapidity of |7| = 2.4 [1]. The current RPC
system includes 1056 chambers, each with a double 2 mm gas gap,
and has consistently operated with high efficiency since CMS began
collecting data [2]. In preparation for the Phase-II upgrade of the
LHC [3], new improved RPCs (iRPCs) will be installed in the forward
region of CMS, as depicted in Fig. 1. These iRPCs also employ double-
gap configurations but feature narrower 1.4 mm gas gaps and 1.4 mm
thick High Pressure Laminate (HPL) electrodes. Additionally, they are
equipped with new Front-End Boards (FEB) capable of setting a charge
threshold as low as 30 fC, a significant improvement over the 150 fC
threshold of the existing RPC detectors [4].

The standard CMS-RPC gas mixture consists of 95.2% C,H,F,,
which generates a high number of ion-electron pairs, 4.5% iC4H;, to
suppress photon-feedback effects, and 0.3% SF as an electron quencher
to ensure operation in streamer-free mode [2]. The European Union
has set ambitious targets to reduce greenhouse gas (GHG) emissions,

such as those from C,H,F,, by 55% by 2030 and to achieve net-
zero emissions by 2050 [5]. CERN is addressing these regulations,
noting that 90% of its direct emissions are from experiments, and
approximately 78% of its GHG emissions result from using F-gases [6].
It is essential for the future of RPC detectors to find a permanent
replacement for C,H,F,, while also exploring the feasibility of mid-term
solutions to reduce fluorinate gases (F-gases) emissions maintaining the
performance of the detectors and ensuring long term operation.

Several strategies have been explored to reduce the emission of
GHG in CMS-RPC, such as the implementation of a gas recirculation
system [7], the repair of leaky chambers, and the development of a gas
recuperation system [8]. In parallel, many R&D studies have also been
undertaken to find a replacement for C,H,F,. This paper is a follow-up
of [9], aiming to find a short-to-mid-term solution for reducing C,H,F,
emissions by replacing it with CO,. The studies are carried out at the
GIF++ Facility at CERN with an iRPC prototype.

2. Gamma irradiation facility and the experimental setup

The GIF++ Facility in the North Area of the SPS features a 137Cs
source with adjustable filters to vary gamma intensity and a high
energy muon beam (100 GeV/c) from the SPS H4 beamline [10]. The
137Cs source, emitting 662 keV photons, closely matches the neutron-
induced background energy spectrum expected at CMS during Phase II
of the LHC.
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Fig. 1. Muon System of the Compact Muon Solenoid for the Phase-II upgrade of LHC.
Existing RPCs are represented in blue. The new iRPC to be installed in the stations
RE3/1 and RE4/1 are represented in purple [1].

In early 2023, an iRPC prototype was installed in GIF++ to test
various CO,-based gas mixtures. The chamber, with two 50 x 50 cm?
gaps of 1.4 mm width and 1.4 mm thick electrodes, uses 16 signal
readout strips. A custom FEB with a 20 Q input impedance, 200 gain,
60 ns signal width, and a 500 pV threshold (around 60 fC charge
equivalent) was used. Signal processing is handled by a CAEN TDC
V1190 A, with a triggering system using four scintillators. The trigger
setup is composed of two scintillators outside the GIF++ bunker and
two scintillators inside the bunker, resulting in an effective area of
approximately 10 x 10 cm?.

The muon window, determined from a Gaussian fit of the muon
signal (2x3xo0), is expected to be from 50 to 75 ns. This value is mainly
driven by: TDC trigger gate frequency, strip (FEB channel) offsets, TDC
channel offsets, etc. In background-free conditions, efficiency is defined
as the ratio of detected events within the muon window to the total
number of muon triggers. Under gamma radiation background, we
estimate a window outside the muon window (blue dashed area in Fig.
2) as the background/noise window. Bayesian correction is applied in
order to subtract the gamma contribution inside the muon window:

€rotal — €y
€muon = ﬁ (€))
where ¢,,,, is the corrected efficiency, ¢, the total hit efficiency (all
hits inside muon window), and ¢, the gamma efficiency in the area
outside the muon window. A dedicated clustering algorithm groups
hits on adjacent strips within a 30 ns time window to construct the
muon/gamma cluster.

The GIF++ gamma source uses an advanced filter system for inde-
pendent gamma rate control in upstream and downstream areas. To
simulate HL-LHC conditions, where the background rate is expected to
be around 600 Hz/cm?, the iRPC chambers are placed in the upstream
area and data is collected at rates from a few Hz/cm? to 2 kHz/cm?,
incorporating a safety factor of 3 [12].

Efficiency (e¢) is measured at various high voltages (HV, y f) to
generate the S-curve, modeled using the equation:

emax
€= 1 + e~ M HVesp=HVs0%) @
where ¢,,,, is the plateau efficiency, 1 is a scaling factor related to
the slope, and HVj, is the voltage at 50% efficiency. The chamber’s
working point (WP) is set where efficiency reaches 95%, with an extra
150 V margin to achieve the plateau.

The effective HV is corrected by environmental parameters, as
pressure (P) and temperature (T'), giving the applied HV:

P T
HV,,,=HV,, [(l—a)+aF0?o] 3
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Fig. 2. Definition of muon window and gamma window for efficiency calculation. This
plot represents random data for didactic purposes [11].

Table 1

Table displaying the composition of the gas mixtures utilized, alongside the standard
RPC gas mixture in CMS. The final column shows the equivalent emissions in tons
of CO,, which are around 15%-26% lower for the alternative CO,-based mixtures
examined in this study.

Mixtures C,H,F, co, i-C,H,o SF, COL™™ (1)
STD 95.2% 0 4.5 0.3 664
MIX1 64% 30% 5% 1% 565
MIX2 54% 40% 5% 1% 500
MIX3 64.5% 30% 5% 0.5% 494

where Py, = 990 mbar, 7, = 293.15 K and « = 0.8 are the reference
values, following [13].

3. Alternative CO,-based mixtures

Various alternatives to C,H,F, are still being investigated, with
tetrafluoropropene HFO-1234ze (C;H,F,) emerging as one of the most
promising candidates [14]. This low-global-warming-potential refrig-
erant has already been adopted by the industry as a replacement for
C,H,F,. However, when used in RPCs, HFO-1234ze alone does not pro-
vide optimal performance, as it tends to increase the operating voltage.
To reduce the working point, CO, is introduced in varying percentages
for testing [15]. To mitigate the increase in streamer probability led
by the addition of CO,, the concentration of SFy is increased up to
1% SF¢ [16]. These adjustments help maintain the desired detector
efficiency and stability under high-background conditions.

Meanwhile, the RPC community has adopted additional strategies.
Since 2023, the ATLAS-RPC system has started replacing 30% of C,H,F,
with CO,, however increasing SF¢ up to 1%. The trigger efficiency and
cluster size remain comparable to those of the standard gas mixture,
though the currents have been observed to increase, prompting ongoing
longevity studies [17]. In the present paper, three CO,-based mixtures
are tested, as presented in Table 1. The equivalent emissions in tons of
CO, are around 15%-26% lower with respect to the standard gas mix-
ture. The performance of the different gas mixtures tested is presented
in Section 4 and the first longevity results are presented in Section 5
after irradiation campaign with MIX1.

4. Performance results

In the view of performance assurance of the iRPC prototype, scans
with the standard gas mixture were taken with different background
gamma rates, as shown in Fig. 3. The working point is around 7.2
kV and efficiency of 98% in the absence of gamma background, as
expected for a double gap 1.4 mm iRPC [4], while the efficiency drop
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Fig. 3. Efficiency scans with standard gas mixture with the iRPC prototype before the
irradiation campaign [11].

of 6% with the background rate up to 2 kHz/cm? is expected mainly
due to the electronics prototype dead time of around 80 ns.

Efficiency scans were conducted without background rate for the
various gas mixtures listed in Table 1. As illustrated in Fig. 4, the effi-
ciency remains consistent across all tested mixtures, while the working
point varies depending on the concentrations of CO, and SF4. CO,,
being a low-density inert gas, shifts the working point to lower values,
whereas SFq, a gas with high electronegativity, raises the working
point. The two mixtures containing 30% CO, and 0.5% SF, exhibit a
similar working point compared to the mixture with 40% CO, and 1.0%
SF¢. Nevertheless, all tested gas mixtures have a lower working point
relative to the standard mixture.

The efficiency of different gas mixtures, measured under a back-
ground gamma rate of 800 Hz/cm?—similar to the expected conditions
for iRPC chambers at the HL-LHC—is presented in Fig. 5. The slight
drop in efficiency observed in CO,-based mixtures can be attributed
to the lower density of these mixtures compared to the standard one.
This reduced density decreases the probability of ionizing interac-
tions between the incoming muon and the gas molecules, affecting
the efficiency particularly at higher rates. However, this effect is not
pronounced for MIX1 and MIX3, which contain 30% CO,, indicating
that moderate increases in CO, content do not significantly compromise
the detector’s performance.

Fig. 6 presents the muon cluster size as a function of the effective
high voltage relative to the working point (HV,,, - HVy,p) for dif-
ferent gas mixtures tested. The variations in cluster size across these
mixtures are minimal, demonstrating that the iRPC chambers maintain
comparable performance to the standard mixture even with increased
CO, gas component. This stability in cluster size may be attributed
to the presence of SF¢, which compensates for the effects of reduced
density from CO,. Notably, even with only 0.5% SFg, the cluster size
remains consistent with that of the standard gas mixture, highlighting
the effectiveness of SF, in preserving detector performance.

5. Longevity results

Following the performance verification, a dedicated longevity cam-
paign was conducted using MIX1, the gas mixture containing 30% CO,
and 1.0% SF¢. The detector was maintained at its working point in
the bunker and continuously flushed with the CO,-based mixture while
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Fig. 4. Efficiency scans with different gas mixtures without gamma background with
the iRPC prototype before the irradiation campaign [11].
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Fig. 5. Efficiency scans with different gas mixtures with a gamma background of
800 Hz/cm? with the iRPC prototype before the irradiation campaign [11].

accumulating charge. The total charge accumulated was measured
based on the current over time of the chamber. Between 2023 and
2024, the detector successfully accumulated 40 mC/cm?, representing
5% of the total charge expected by the end of CMS operation, which is
1 C/cm?, including a safety factor of 3 [12].

The working points exhibit minimal variation with increasing back-
ground gamma rates, as shown in Fig. 7. The limited impact of the
ohmic contribution can be attributed to the relatively small size of the
detector and the resistivity of the HPL plates on the order of 1.2x10'° Q
cm. The average working point when we compare the results before
and after the radiation campaign shows a small increase of 30 V,
with no impact on the chamber performance. The difference in the
working point due to the balance of CO, and SF¢ remains the same.
The resistivity of the electrodes was monitored throughout the aging
test, and no significant variations were observed.
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Fig. 7. Working point as a function of background gamma rates of different gas
mixtures before and after the irradiation campaign. A small change in working point
is observed [11].

Fig. 8 shows the efficiency at the working point as a function of the
background gamma rate for the gas mixtures tested. The performance
remains comparable across all gas mixtures under moderate radiation
conditions. However, under extreme radiation rates, a decline in effi-
ciency to values below 90% was observed after irradiation. Since this
drop occurred across all tested gas mixtures, further studies are ongoing
to understand whether this drop is linked to the limitations of the
electronics prototype, which was not designed to operate under such
high radiation levels.
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Fig. 8. Efficiency at WP as a function of background gamma rates of different gas
mixtures before and after the irradiation campaign. The drop in efficiency observed in
extreme background gamma rates may be explained by electronics limitation [11].
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Fig. 9. Muon cluster size for different gas mixtures at 700 Hz/cm? of background
gamma rate after the irradiation campaign [11].

As shown in Fig. 9, the muon cluster size at 700 Hz/cm? remains
consistent for all tested gas mixtures, even after the radiation campaign.
This is in agreement with the pre-irradiation average of 1.7 strips, as
shown in Fig. 6.

As reported in previous studies [9], the current in the gas gaps is
expected to be around 20% higher for CO,-based mixtures, in compar-
ison with the standard one. However, as shown in Fig. 10, negligible
changes were observed after the irradiation campaign.
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Fig. 10. Currents at the working point as a function of the background gamma rate
of different gas mixtures before and after the irradiation campaign. For all CO,-based
mixtures, the current at the working point in around 20% higher than the standard
gas mixture, but negligible changes after irradiation have been observed [11].

6. Conclusion

The results presented in this paper demonstrate that CO,-based
gas mixtures are a promising alternative to the standard RPC gas
mixture for use in the CMS detector at the HL-LHC. The iRPC prototype
exhibited robust performance across various background gamma rates,
with minimal efficiency loss and stable cluster size. Nevertheless, the
observed efficiency drop under extreme radiation conditions highlights
the need for further investigation into the limitations of the current
electronics prototype. The irradiation campaign will continue, and
future studies will prioritize optimizing the electronics and exploring
MIX3, which offers lower CO, equivalent emissions. Additionally, up-
coming tests will include 2 mm double-gap RPCs, representative of the
1056 chambers present in CMS, to ensure that performance is met for
large-scale implementation.
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