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A B S T R A C T

Resistive Plate Chambers (RPCs) are gaseous detectors widely used in high energy physics experiments,
operating with a gas mixture primarily containing Tetrafluoroethane (C2H2F4), commonly known as R-
134a, which has a global warming potential (GWP) of 1430. To comply with European regulations, the
RPC EcoGas@GIF++ collaboration, involving ALICE, ATLAS, CMS, LHCb/SHiP, and EP-DT communities, has
undertaken intensive R&D efforts to explore new environmentally friendly alternative gas mixtures for RPC
technology.

A leading alternative under investigation is HFO1234ze, boasting a low GWP of 6 and demonstrating
reasonable performance compared to R-134a. Over the past few years, RPC detectors with slightly different
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characteristics and electronics have been studied using HFO and CO2-based gas mixtures at the CERN Gamma
Irradiation Facility. An aging test campaign was launched in August 2022, and during the latest test beam in
July 2023, all detector systems underwent evaluation. This contribution will report the results of the aging
studies and the performance evaluations of the detectors with and without irradiation.
1. Introduction

Resistive Plate Chambers (RPCs) are gaseous detectors with pla-
nar geometry and resistive electrodes (either made out of High Pres-
sure Laminates (HPL) or glass). Thanks to their relatively low-cost
and ≈ns time resolution they are widely employed in the muon trig-
ger/identification systems of the LHC experiments [1–3]. These RPCs
are operated in avalanche mode, with a gas mixture containing >90%
C2H2F4 and <1% SF6 (plus a fraction of i-C4H10 as photon quencher)
and, although this mixture satisfies all the performance requirements,
it contains a high fraction of C2H2F4 and SF6, which are classified as
fluorinated greenhouse gases (F-gases/GHGs).

Starting from 2014, new European Union regulations [4] have
imposed a progressive phase-down in the production and usage of
these compounds, leading to an increase of cost and reduction in
availability. For this reason, CERN has adopted a policy of F-gases
reduction and, since RPCs represent a significant fraction of the total
GHG emission of the LHC experiments [5], it is of utmost importance
to search for more eco-friendly RPC gas mixtures. The first efforts have
been concentrated on the replacement of C2H2F4 using its industrial
replacement, the tetrafluoropropene (C3H2F4 or simply HFO, in its -ze
isomer) diluted with other gases to lower the detector working volt-
age [6–9]. Promising gas mixtures, where C2H2F4 has been replaced
with different fractions of HFO/CO2 have been identified and now a
more complete characterization of those mixtures in controlled data-
taking environments (such as beam tests), as well as the study of the
detectors long-term behavior (aging studies) when operated with these
new gas mixtures is needed.

To this aim, the RPC ECOgas@GIF++ collaboration (including re-
searchers from ALICE, ATLAS, CMS, LHCb/SHiP and the CERN EP-DT
group) was created to join forces among RPC experts of the different
LHC experiments, sharing knowledge and manpower. Each group has
provided a detector prototype, which has been installed on a common
mechanical support and both beam tests as well as aging studies are
being carried out using HFO-based gas mixtures. It has been pointed out
that HFO could potentially dissociate in the high atmosphere, leading
to the creation of trifluoroacetic acid (TFA, a compound harmful to
humans in high concentrations) which could precipitate thanks to rain-
fall [10,11]. A debate has been ongoing on the matter and the current
outcome is that the actual impact should be irrelevant (as described
in [12]). This is, nevertheless, a potential issue to be considered and it
will probably require deeper investigation in the future.

The text is divided as follows: Section 2 contains a description
of the experimental setup and the methodology used in the data-
taking/analysis, Section 3 reports the main results obtained from the
ongoing aging campaign where mixtures with different HFO/CO2 ratios
are being studied and, lastly, Section 4 is dedicated to the conclusion
and to possible outlooks for the future of this work.

2. Experimental setup and methodology

The experimental setup of the RPC ECOgas@GIF++ collaboration
is installed at the Gamma Irradiation Facility (GIF++) [13], located on
the H4 secondary SPS beam line at CERN. This facility is equipped with
a high activity 137Cs source (≈12.5 TBq), which can be used to induce
a background radiation on the detectors under test, allowing one to
simulate long operation periods in a much shorter time-span (years in
≈months). The radiation from the 137Cs source can be modulated by

means of a set of 3 × 3 lead attenuation filters, leading to 27 possible
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Table 1
Features of the RPC ECOgas@GIF++ collaboration detectors. Resistivity values at the
beginning of the aging campaign are also reported.

Name Gaps Gap [mm] Electrode [mm] Area [cm2] 𝜌 [1011 Ω cm]

ALICE 1 2 2 2500 1.0
ATLAS 1 2 2 550 0.5

CMS RE11 2 2 2 3627(T) 2
4215(B) 1.4

EP-DT 1 2 2 7000 1.6
LHCb/SHiP 1 1.6 1.6 7000 1.9

irradiation intensities. Moreover, in dedicated periods, the facility is
also traversed by a high-energy (150 GeV) muon beam, allowing one
to periodically test the performance of the detectors under study.

Table 1 reports the main features of each detector of the RPC
ECOgas@GIF++ collaboration. Note that the CMS RE11 RPC is the only
one having a double gas gap: top (T in Table 1, divided in two: top-wide
(TW)) and bottom (B in Table 1 or BOT for short). Moreover, it is the
only one with a trapezoidal shape while all the others are rectangles.

Fig. 1 shows a sketch of the experimental setup currently installed
at the GIF++. The gas mixing and distribution system allows the
users to mix up to four gases, by means of the same amount of mass
flow controllers (MFCs). Two more MFCs are used to regulate the
relative humidity of the mixture by changing the amount of gas flowing
in a humidifier tank (the relative humidity of the mixture is set to
40%). The high voltage (HV) to power the detectors is provided by
means of a CAEN SY1527 mainframe1 and two CAEN A1526 boards2

(one with positive and one with negative polarity). A monitoring
software is employed to continuously store all the relevant parameters
(i.e. environmental conditions, gas mixture composition as well as
current absorbed by the detectors and applied high voltage) on a
dedicated database for later analysis. During the beam test campaigns,
a scintillator-based trigger system is also installed and the data from
the detectors are acquired by the readout system (which is detector
specific, as detailed in [14]). For what concerns the aging studies, a
dedicated software [15] (referred to as webdcs), specifically developed
for the needs of the CMS collaboration studies at the GIF++, has been
adapted for the RPC ECOgas@GIF++ collaboration studies and it is
employed as an online Detector Control System (DCS) for the studies
described in the following.

2.1. Methodology

During the ongoing aging studies (which began in July 2022), the
stability in time of the absorbed current has been studies. In particular,
the HV applied to the detectors is set at a fixed value of effective high
voltage (i.e. corrected for temperature and pressure variations) and the
absorbed current is sampled with a frequency of 1 measurement every
30 s.

Moreover, once a week, the 137Cs source is fully shielded (source-off
in the following) and a measurement of the current absorbed without
any background is carried out as a function of the high voltage (dark
current scan). The aim of this operation is two-fold: on the one hand
it is used to monitor the stability of the dark current over time (an
increase of this quantity could be a sign of potential detector aging)

1 https://www.caen.it/subfamilies/mainframes/.
2 https://www.caen.it/products/a1526/.

https://www.caen.it/subfamilies/mainframes/
https://www.caen.it/products/a1526/


The RPC ECOgas@GIF++ Collaboration et al. Nuclear Inst. and Methods in Physics Research, A 1068 (2024) 169747 
Fig. 1. Sketch of the experimental setup installed in GIF++ (a detailed description of
each component is reported in the text).

Fig. 2. Example of dark current scan, obtained from the EP-DT detector. The linear
interpolation to estimate the Ohmic dark current at the irradiation voltage is also shown
in red in the figure and the blue line represents the irradiation voltage.

Table 2
Composition of the gas mixtures used in the aging studies.

Name C2H2F4 (%) HFO (%) CO2 (%) i-C4H10 (%) SF6 (%) GWP

STD 95.2 0 0 4.5 0.3 1488
ECO1 0 45 50 4 1 436
ECO2 0 35 60 4 1 482

and, on the other, it is used to more accurately estimate the charge
integrated by the RPCs during the aging test. Fig. 2 shows an example
of a dark current scan from the EP-DT detector. One can see that, for
voltages below the gas multiplication threshold (≈7–8 kV for a 2 mm
gas gap detector), a non-zero current is flowing through the detector
and, given the voltage range, this current is not passing through the gas
but rather through other conductive paths in the RPCs and, therefore,
it is not directly contributing to the gas-induced aging of the detectors.
By looking at Fig. 2, one can see that in the range 0–5 kV the current
increases linearly with the HV (for this reason this is usually referred
to as Ohmic dark current) and, by carrying out a linear interpolation in
this range, one can estimate the Ohmic dark current at the irradiation
voltage (working point) and subtract it from the total current absorbed
under irradiation, to get a more realistic estimate of the actual current
flowing through the gas and use this to calculate the integrated charge.

3. Results

Two mixtures have been aging-tested by the RPC ECOgas@GIF++
collaboration (referred to as ECO1 and ECO2 in the following). Their
composition is reported in Table 2, together with the currently em-
ployed gas mixture (STD), which is taken as a reference to which the
eco-friendly alternatives have to be compared.

Some preliminary studies using the STD gas mixture have shown
that the data-taking procedure and apparatus work as expected hence
3 
a first eco-friendly alternative was tested (ECO1). The working point of
this mixture was found to be ≈2 kV higher than the STD gas mixture
(11.6 kV rather than 9.6 kV for the 2 mm gap detectors). Moreover,
it was observed that, given the same background radiation level, the
current absorbed by the detectors operated with the ECO1 mixture,
was ≈1.7 times higher than with the STD gas mixture. Following the
integration of ≈10 mC/cm2 all the detectors of the collaboration started
to show signs of current instability (both in the dark as well as in
the one absorbed under irradiation); moreover, the greater absorbed
current could also be related to a higher impurity production under
irradiation. These two observations lead to discard this mixture from
further studies and the ECO2 mixture, with a reduced HFO content
(and a lower working point) was introduced and soon after a new aging
campaign was started. Using this mixture the currents were still higher
than with the STD one (by a factor ≈1.5) but the detectors behaved
in a more stable manner, hence a longer irradiation campaign was
launched.

The latter started in July 2022 (concurrently with a beam test, used
to set the baseline performance of the RPCs) and is still ongoing at
the time of writing. For most of the irradiation period, the background
radiation has been ≈500 Hz/cm2 and, to limit the current absorbed by
the detectors, it was decided to operate them at ≈70% efficiency.

Fig. 3 shows the main results obtained during the aging studies,
for the LHCb/SHiP detector. Rather than as a function of time, the
data are shown as a function of the integrated charge (calculated with
the subtraction of the Ohmic dark current, as explained in Section 2).
The data-points in blue in Fig. 3 represent the total current density (in
nA/cm2) absorbed by detector (as measured by the HV module) while
the ones in green represent the total current density with the subtrac-
tion of the Ohmic dark current (following the procedure highlighted in
Section 2).

It has to be noted that the current is shown independently of
the irradiation condition and the portions of the figure where the
current is lower than 5 nA/cm2 represent periods of time without
irradiation while changing HV values correspond to the dark current
scans mentioned earlier.

The HV applied to the LHCb/SHiP RPC has been increased in steps
(from 8.5 up to 9.8 kV), being the only detector of the collaboration
to reach full efficiency under irradiation. By looking at Fig. 3 a few
comments can be made: in the 0–20 mC/cm2 range both the current
under irradiation as well as the dark current (both Ohmic and not) were
completely stable. Increasing the voltage (20–40 mC/cm2) the total
dark current shows a slight growth, which continued when the voltage
was further risen (although in both cases the Ohmic dark current did
not increase). Towards the 100 mC/cm2 mark (corresponding to full
efficiency), a more significant increase of the absorbed current can be
observed. Finally, the detector was moved closer to the 137Cs source
and a lower HV was applied to further limit the absorbed current.
Nonetheless, the current steadily increased and, this time, the Ohmic
dark current increased as well. As a follow-up to these observations,
it was decided to investigate whether a significant variation in elec-
trode resistivity was taking place since this could possibly explain the
absorbed current fluctuations [16].

A somewhat different behavior can be observed by looking at Fig. 4,
which shows the results obtained with the BOT gap of the CMS RE11
detector.

The increase of separation between the blue and green curves (in the
40–100 mC/cm2 range) is a sign of an increase in absorbed Ohmic dark
current, which seems to fade after the ≈100 mC/cm2 mark. The total
dark current seems to follow a similar trend. Nonetheless the current
for all the three gaps of the CMS RE11 detector shows a more stable
behavior over time.

As it was anticipated, a significant change in the resistivity of
the electrodes could explain the observed trend. Indeed, using the Ar
method (described in [17]), one can calculate this quantity and periodic

resistivity measurements are being carried out to monitor its evolution.



The RPC ECOgas@GIF++ Collaboration et al. Nuclear Inst. and Methods in Physics Research, A 1068 (2024) 169747 
Fig. 3. Trend of current and effective high voltage as a function of the integrated
charge for the LHCb/SHiP RPC.

Fig. 4. Trend of current density and effective high voltage as a function of the
integrated charge for the CMS RE11 BOT gap.

Fig. 5 shows the trend of the electrode resistivity over time for the
two detectors just described. For the SHiP detector, the values are
quite stable over time, hence the change in absorbed current cannot
be attributed to a simple change in electrode resistivity and a more in-
depth investigation is needed to uncover the root cause of this behavior.
A somewhat different trend is shown by the RE11 BOT gap. Indeed,
its resistivity seems to be increasing over time and this cannot easily
explain the observed behavior of the absorbed current.

Figs. 6(a) and 6(b) show the trend of the integrated charge density
over time for the three gaps of the CMS RE11 detector and all the
other RPCs, respectively. On average, a total of ≈100 mC/cm2 has been
accumulated by all the RPCs (the slight difference among them can be
attributed to the different efficiency at the irradiation voltage as well
as different distances from the irradiation source).

In July 2023 a second beam test campaign was carried out, in order
to compare the RPC performance to the baseline values obtained in July
2022. This comparison has, so far, only been carried out for the ALICE
RPC and the preliminary results are shown in Fig. 7. The top panel
of that figure shows the comparison between the source-off efficiency
in July 2022 (black curve) and July 2023 (red curve) while the bottom
panel shows (with the same color convention of the top panel) the dark
current measured in the two beam tests.

The efficiency curves have been interpolated using a logistic func-
tion (as explained in [14]) to extract the working point, defined as the
high voltage knee (HV where the efficiency is 95% of its plateau
𝑒𝑓𝑓

4 
Fig. 5. Trend of the electrode resistivity (measured with the Ar method) during the
aging test, as a function of time. Black markers refer to the SHiP/LHCb detector and
the red ones to the RE11 BOT gap.

Fig. 6. Integrated charge density as a function of time. Right panel refers to the three
gaps of the RE11 detector. Left panel refers to ALICE, ATLAS, EPDT and SHiP RPCs.

Table 3
Comparison of fit parameters obtained from the efficiency curves in 2022 and 2023.
𝜖𝑚𝑎𝑥: maximum efficiency, HV50: HV where the efficiency reaches 50% of its maximum,
𝛽: steepness of the efficiency curve and WP: working point.

Year 𝜖𝑚𝑎𝑥 [%] HV50 [V] 𝛽 [V−1] WP [V]

2022 97.3 10 115 0.007 10 701
2023 95.4 10 292 0.006 10 971

value) + 150 V. The comparison of the two curves shows no appreciable
decrease of the maximum efficiency, although the working point is
shifted to higher voltages by ≈250 V while the slope of the 2023 curve
seems to be decreasing, with respect to the 2022 data. Table 3 shows
the numerical values obtained from the interpolation of the efficiency
curves from the 2022 and 2023 beam tests. The comparison of the
dark current curves shows an increase between the two beam tests
and further studies are ongoing to understand if the working point
shift could be justified by the observed current increase. Moreover, the
analyses of the data from other collaboration members will show if
similar effects are observed in other detectors as well.

4. Conclusions and outlook

The search for an eco-friendly alternative gas mixture for RPC
detectors is a hot-topic in the gaseous detector community, especially
due to the new EU regulations which foresee a progressive phase down
in the production and usage of F-gases (which represent more than 90%
of the currently employed gas mixture).

Several eco-friendly alternatives, where C2H2F4 is replaced by dif-
ferent concentrations of HFO/CO have been identified using cosmic
2
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Fig. 7. Top panel: comparison of source-off efficiency curves between July 2022 and
2023, obtained with the ECO2 gas mixture. Bottom panel: comparison of dark current
curves between July 2022 and 2023, obtained with the ECO2 gas mixture.

muons and, currently, a long-term aging campaign is ongoing. Two
different eco-friendly alternatives (ECO1 and ECO2) have been tested.
The detector working point is ≈2 and 1 kV higher than the one of the
currently employed gas mixture respectively.

ECO1 was discarded due to current instabilities in all detectors
(observed after the integration of only ≈10 mC/cm2) as well as due
to its higher working point, possibly leading to a greater production of
impurities. ECO2 has shown a less unstable behavior, for some detec-
tors more than for others and more in depth analysis (and hardware
upgrades) are ongoing to clarify this observation. In general, a total of
≈100 mC/cm2 has been integrated up to now by all the detectors of
the ECOgas collaboration.

A preliminary comparison of the RPC performance before and after
the irradiation campaign (using the muon beam) has been carried out
for the ALICE detector and it has shown that the maximum efficiency
reached has not appreciably decreased, although a shift of the WP of
≈150–250 V (depending on the mixture) has been observed and further
analysis is ongoing to possibly correlate it with the observed increase
in absorbed current.
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