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Keywords: The RPCs employed at the LHC experiments are currently operated in avalanche mode, with a mixture
Resistive plate chambers containing a large fraction of C,H,F, (#90% or more) with the addition of i-C4H,, and SF, in different
Eco-friendly gas mixtures concentrations. However, C,H,F, and SFg are fluorinated greenhouse gases (F-gases) with Global Warming
Beam test

Potential (GWP) of ~1400 and ~22800, respectively. EU regulations imposed a progressive phase-down of
C,H,F, production and consumption, aiming at strongly reducing its emission. This is already resulting in an
increase of its price and reduction in availability.
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The most desirable long-term solution to this problem is to find an alternative, F-gases-free gas mixture,
able to maintain similar detector performance. To study lower-GWP gas mixtures for RPC detectors, the RPC
ECOGasas@GIF++ collaboration (including RPC experts of ALICE, ATLAS, CMS, SHiP/LHCb, and the CERN
EP-DT group) was created in 2019 and it is currently investigating a gas from the olefine family, the C;H,F,
(or simply HFO, with GWP =6), to be used, in combination with CO,, as a substitute for C,H,F,.

This contribution will focus on the signal shape studies that have been carried out by the collaboration
during dedicated beam test periods. The methodology used in the data analysis will be presented, together with
the results obtained with several HFO-based gas mixtures, and with the currently employed one. Furthermore,
results on the counting-rate dependence of the RPC performance, obtained by combining the muon beam with
the GIF++ 137Cs source with different attenuation factors, will also be presented.

1. Introduction

Resistive Plate Chambers (RPCs), are gaseous detectors with planar
geometry and resistive electrodes (made of either High Pressure Lam-
inates (HPL) or glass). Thanks to their relatively low-cost, ~ ns time
resolution and ~ mm spatial resolution, they are currently employed
in the muon trigger/identification systems of the majority of the LHC
experiments [1-3] and are being considered as a possibility in the LHCb
phase II upgrade [4]. Proper operation of these detectors is granted
by the usage of optimized gas mixtures, containing ~90% C,H,F, and
< 1% SFg (plus a fraction of i-C4H;, as photon quencher). Although
these mixtures satisfy all the performance requirements, they contain
a high fraction of C,H,F, and SF¢, which are classified as fluorinated
greenhouse gases (F-gases/GHGs).

With the 2017 EU F-gases regulations [5], enforced once more in
2024 [6], a progressive phase-down in production and usage of these
gases has been imposed, leading to an increase in cost and reduction in
availability. For this reason, CERN has adopted a policy of F-gases usage
reduction and, since the currently employed RPC gas mixture is almost
entirely made up of high-GWP F-gases and it represent a significant
fraction of the total GHG emission of the LHC experiments [7], it
is of utmost importance to search for a more eco-friendly RPC gas
mixture. Following several independent laboratory studies [8-11], the
RPC ECOGas@GIF++ collaboration (including researchers 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 person-power. The main goal and the results
obtained so far by the collaboration have been discussed extensively
in [12-14]. The studies focus on fully replacing the CoH,F, with one
of its industrial substitute, the tetrafluoropropene (C3H,F, or simply
HFO), in its -ze isomer, diluted with CO,, to lower the detector working
voltage.

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 rainfall [15,16]. A debate has been ongoing on
the matter and the current outcome is that the actual impact should be
irrelevant (as described in [17]). This is, nevertheless, a potential issue
to be considered and it will probably require deeper investigation in
the future.

This paper reports the main results obtained from the signal shape
studies and RPC response evolution when exposed to different back-
ground irradiation levels induced by a 137Cs source and operated
with several HFO/CO,-based gas mixtures, in the context of the RPC
ECOGas@GIF++ collaboration. The document is structured 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 in terms of signal shapes and RPC response evo-
lution for increasing background rate (in 3.1) as well as performance
evolution throughout the ongoing long-term operation studies (in 3.2).
Lastly, Section 4 is dedicated to the conclusions and to possible outlooks
for the future of this work.

Table 1
Features of the RPC ECOGas@GIF++ collaboration detectors.
Name Gaps Gap [mm] Electrode [mm] Area [cm?] Readout]
ALICE 1 2 2 2500 Digitizer
ATLAS 1 2 2 550 Digitizer
3627( TDC
CMS RE11 2 2 2 4215 T™DC
EP-DT 1 2 2 7000 Digitizer
LHCb/SHiP 1 1.6 1.6 7000 TDC
2500 TDC
KODEL-H 2 1.4 1.4 2500 TDC

2. Experimental setup

The experimental setup is installed at the CERN Gamma Irradiation
Facility (GIF++) [18], located on the H4 secondary SPS beam line. This
facility is equipped with a high activity 137Cs source (~12.5 TBq) and,
during dedicated beam time periods, it is traversed by a high energy
muon beam. The latter can be used to study the detector performance
while the former allows one to induce a high radiation background
on the detectors under test. This allows one to simulate long-term
operation periods in a much shorter time-span (aging studies) and, when
combined with the muon beam, to study the detectors response under
increasing background levels (rate capability). The irradiation from the
137Cs source can be modulated by means of lead attenuation filters and
a total of 27 possible irradiation intensities can be obtained.

Table 1 reports the main features of all the detectors of the collabo-
ration. Note that the CMS RE11 and KODEL-H RPCs have a double gas
gap. Table 1 also includes a column related to the readout used for each
RPC; this is important since this contribution will only focus on results
from the ALICE and EP-DT detectors because they are equipped with a
digitizer for raw signal readout. For a more detailed description of the
results obtained with the other detectors, the reader can refer to [19].

Fig. 1 shows a sketch of the experimental setup currently installed
at the GIF++. The gas mixing and distribution system allows one to mix
up to four gases in the desired concentrations. Moreover, it also allows
one 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% to keep the bakelite resistivity at a constant value.
The high voltage (HV) to power the detectors is provided by means
of a CAEN SY1527 mainframe' and two CAEN A1526 boards® (one
with positive and one with negative polarity). A monitoring software
is employed to continuously store all the relevant parameters (i.e. en-
vironmental conditions, gas mixture composition, current absorbed by
the detectors and applied high voltage) on a dedicated database for
later analysis. During the beam tests, a scintillator-based trigger is also
installed and the data from the detectors are acquired by the readout
system.

1 https://www.caen.it/subfamilies/mainframes/
2 https://www.caen.it/products/al526/
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Fig. 1. Sketch of the experimental setup installed in GIF++. A detailed description of
each component is reported in the text.
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Table 2

Percentage-wise composition of the gas mixtures tested.
Name GC,H,F, HFO co, i-C4H,o SFq GWP
STD 95.2 0 0 4.5 0.3 1488
MIXO0 0 0 95 4 1 730
MIX1 0 10 85 4 1 640
MIX2 0 20 75 4 1 560
MIX3 (ECO3) 0 25 69 5 1 529
MIX4 0 30 65 4 1 503
MIX5 (ECO2) 0 35 60 4 1 482
MIX6 0 40 55 4 1 457

2.1. Methodology and analysis

During the beam tests, the trigger for the beam, is provided by a
four-fold coincidence of scintillators (two installed by the RPC ECO-
Gas@GIF++ collaboration inside the irradiation bunker and two in-
stalled by the GIF++ team outside) that results in an effective trigger
area of ~10 x 10 cm?.

For a typical HV scan the value of the HV is increased in 12 steps
and 2500 triggers are collected in each step, in order to measure the
RPC efficiency. The RPCs can also be used to provide an estimate of
the radiation background rate; indeed this measurement is biased by
the low y detection efficiency of the RPCs (in the order of the %o)
but it is nonetheless useful to compare the results obtained with the
different mixtures and with different attenuation factors. Two different
techniques are adopted for the ALICE and EP-DT detectors and they
will be described in the following.

For each mixture, a fast (~200 triggers per HV value) scan is
performed without any background (source-off) to fine tune the values
of the voltages to be scanned. Following this, a longer source-off scan
is taken. Typically, 4/5 scans with increasing background levels are
carried out. A quick data-analysis is carried out before moving on, to
possibly add other HV values.

Several mixtures have been tested, with their composition reported
in Table 2, together with the gas mixture currently employed by ATLAS
and CMS [20,21] (STD), taken as a reference to which the eco-friendly
alternatives will be compared.

Fig. 2 shows an example of a waveform obtained with the ALICE de-
tector, when operated with the STD gas mixture. The signal is sampled
at 1 Gs/s and the number of samples is fixed to 1024 by the design
of the utilized digitizer (CAEN DT5742 with 1 V peak-to-peak input
signal amplitude, 12-bit vertical resolution and sampling frequency of
1/2.5/5 Gs/s). For the data processing, two distinct time intervals are
highlighted: the muon window, in the range 190-250 ns and the noise
window, in the range 70-150 ns. The former is a time interval in which
the signal due to the presence of the muon is expected while in the
latter no signal (except for the noise) should be present. The threshold
used to consider the chamber as efficient for a given trigger has been
set to 5 times the RMS of the signal in the noise window (marked with
an horizontal black line in Fig. 2).
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Fig. 2. Example of a signal obtained with the ALICE detector, using the standard gas
mixture. The muon and noise windows (described in the text) are highlighted in the
figure.

In the case of the EP-DT detector, the threshold has been fixed to
2 mV, independently of the mixture and the scan while for the ALICE
detector, the average threshold obtained with the procedure described
above is ~1.6 mV. A different digitizer® has been used for the EP-DT
detector but similar definitions for the muon and noise windows have
been adopted. For both RPCs, a total of 7 strips (with ~2.1 cm pitch)
were read out.

The rest of the analysis, performed independently by the ALICE
and EP-DT groups, is aimed at characterizing the detector response.
In particular, for each trigger, the algorithm runs over the data from
all the strips and checks whether the amplitude of the signal in the
muon window is above the threshold. Following this step, the algorithm
also checks whether the signal is actually induced by a muon or by a
possible cross-talk between adjacent strips. In particular, it has been
noticed that in this case, the polarity of the peak in the muon window
is opposite with respect to the expected one and/or is characterized by
two consequent peaks with opposite polarities. This category of events
is then discarded from further processing.

If a signal is originating from a muon hit it is processed further
and the analysis algorithm computes other parameters such as: the
signal prompt charge as the integral in time of the fast electron signal,
the time-over-threshold (the time interval during which the signal
amplitude is above threshold), and the cluster size (the number of
adjacent strips that have been fired in any given trigger). For the signals
induced by gammas, the cluster rate is also computed as the ratio
between the number of detected photons and the product between
the run duration and the area of the detector covered by the strips,
and it is measured in Hz/cm?. In the case of the EP-DT detector, the
rate of impinging gammas is computed by opening a long (~1.2 ms)
acquisition window, during which the number of peaks measured (in
absence of a beam-induced trigger) is used as an estimate of the number
of y hits and is then divided by the length of the acquisition window
and the area, to have an estimate of the y rate.

Once the analysis has been run on a full scan, it also produces
the trend of the aforementioned values as a function of the effective
high voltage (HV¢, which takes into account the variation of detector
gain depending on temperature and pressure) [12] to fully characterize
the detector response with a given mixture and for a given irradiation
condition.

3. Results

This section reports a selection of the main results of the signal
shape studies carried out during beam test periods at the GIF++, as
well as the evolution of the RPC performance throughout the ongoing
aging campaign.

3.1. Signal shape studies

The first result obtained is the trend of the muon detection efficiency
as a function of the HV at source-off (i.e. without any background
irradiation). Figs. 3(a) and 3(b) show the source-off efficiency for
the ALICE and EP-DT detectors respectively, when flushed with the
different gas mixtures, including STD, shown with black (blue) markers
for ALICE (EP-DT).

3 CAEN V1730 with 2 V peak-to-peak input signal amplitude, 14-bit vertical
resolution and sampling frequency of 0.5 Gs/s


https://www.caen.it/products/dt5742/
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Fig. 4. Left panel: Source-off prompt charge distributions for the ALICE RPC. Right
panel: EP-DT RPC.

The efficiency curves have been interpolated using a logistic func-
tion (as usually done for RPCs, as reported for example in [12]), to
extract information about the detector working point (WP, i.e. the
voltage at which full efficiency is reached), defined as the knee voltage
(HV¢ where the efficiency reaches 95% of its maximum) plus 150 V.
The results show that increasing the HFO concentration in the mixture
leads to an increase of the WP by ~1 kV for every 10% HFO added.
Moreover, a slight increase of the maximum efficiency is observed when
more HFO is added to the gas mixture.

Figs. 4(a) and 4(b) show the source-off prompt charge distribution
obtained at the voltage closest to the estimated working point for some
of the tested gas mixtures, including STD, shown with black (blue) lines
for ALICE (EP-DT).

In the following, the signals with a prompt charge < 16 pC are
classified as avalanches while the large signals are to those releasing a
larger charge in the gas (including streamers). For all the eco-friendly
alternatives, the avalanche peak is shifted to higher values, with respect
to the STD gas mixture and also the large-signals peak is more popu-
lated than the one of the STD gas mixture. Increasing the HFO fraction
in the mixture seems to mitigate both effects, by reducing the number
of large signals as well as shifting the average avalanche peak to lower
values. It is worth pointing out that, as shown in [14], the large-signals
contamination increases with HV.; more rapidly than in the case of
the STD mixture, making the good operating region narrower for these
mixtures.

When the RPCs are exposed to the y source, one can study how the
response to the muon beam evolves for increasing irradiation levels.
Fig. 5(a) shows the efficiency and large signal contamination as a
function of HV.g for the ALICE RPC, using MIX2 (see Table 2) for
different irradiation levels (quantified by the y cluster rate measured
by the RPC itself). Three main effects are visible: the efficiency curves
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Fig. 5. Left panel: Efficiency/large signal probability vs HV curve for the ALICE RPC
using MIX2 (20/75 HFO/CO,) for different background levels. Right panel: Maximum
efficiency for the EP-DT RPC as a function of the measured y cluster rate.

are shifted to higher voltages with respect to the source-off condition,
the maximum value of efficiency decreases with increasing irradiation
and there is a reduction of the large signal contamination. These effects
can be explained, at least partially, by considering that, when the
irradiation increases, so does the absorbed current flowing through
the resistive bakelite electrodes leading to a sizeable decrease of the
voltage applied to the gas and a consequent reduction of the RPC gain,
as explained in [12]. Fig. 5(b) shows the maximum efficiency for the
EP-DT detector, for three mixtures and several irradiation levels (note
that the maximum rate measured by this RPC is higher than the one
measured by ALICE since it is located closer to the irradiation source).

The relationship between the current and the detected y rate can be
expressed as:

I N y—detected

= =(0y- == 1 DCD 1
2 (0) A A (€)]
where % is the current per unit area, (Q) is the average charge per hit,
Ny—detetlcd

- is the measured y cluster rate and DCD is the dark current
per unit area (i.e. the current flowing when the detector is not exposed
to any particle source). This relationship can be exploited as shown
in Fig. 6, where the left panel shows the absorbed current density
(at the WP for the specific irradiation condition) as a function of the
measured y cluster rate for all the tested mixtures and the parameter
(Q) is extracted with a linear fit. Its value, computed for all the gas
mixtures under test, is reported in the right panel of Fig. 6. On average,
this quantity is ~1.5/2 times higher for the eco-friendly alternatives
with respect to the STD gas mixture. This higher charge per hit could,
in principle, lead to a faster detector aging and this hypothesis is being
closely investigated with a dedicated long-term aging campaign.

3.2. Performance evolution during aging studies

As anticipated earlier, an aging study is ongoing to assess the long-
term evolution of the RPC response when operated with HFO-based
gas mixtures. Among all the tested candidates, the one referred to
as “ECO2” (or MIX5) has been selected, thanks to its good trade-off
between detector performance and increase in working voltage. For
a more in-depth discussion on the aging test, the reader can refer
to [19], while only some results obtained with the EP-DT detector will
be discussed here.

Fig. 7(a) shows the comparison between the efficiency and large
signal probability vs HV. curves at source-off before the start of the
aging studies for this specific detector (July 2023) and after one-year
exposure to the 137Cs source (July 2024), corresponding to an inte-
grated charge of ~115 mC/cm?. Fig. 7(b) shows instead the comparison
of the maximum efficiency as a function of the y rate in the same time
frame.
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The source-off comparison shows an increase of the detector work-
ing point ~#100 V for the STD gas mixture and ~150/200 V for ECO3
and ECO2 respectively. This is also accompanied by a decrease of the
maximum efficiency of ~2% for all the mixtures under test and this can
be attributed to a geometrical misalignment of the detector in 2024,
not present in 2023. Lastly, the large signal probability seems to be
reduced for all the three mixtures. Concerning the source-on results,
the maximum efficiency under irradiation seems to be reduced by 2%
for all mixtures and for all the irradiation conditions.

Fig. 8(a) shows the comparison of the current measured at the
detector working point as a function of the measured background rate
between July 2023 and July 2024, for the EP-DT detector. The currents
are slightly higher in 2024 and this can be attributed, at least partly,
to an observed increase of the detector dark current. This could be
potentially related to a degradation of the electrodes surface but this
can only be proven with dedicated chemical analyses which have not
yet been performed. These results and the comparison between July
2023 and 2024, are shown in Fig. 8(b). The values reported on the x-
axis correspond to the value of the filter (absorption factor/ABS) used
to obtain a specific background rate (the higher the ABS, the lower
the background rate). In general, the average charge per hit is higher
for all the mixtures and for all the ABS values in 2024 with respect to
2023 and, once more, this can be partly explained by considering the
aforementioned dark current increase.

4. Conclusions and outlook

The search for an eco-friendly alternative gas mixture for RPC
detectors is an important topic in the RPC detector community, due
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Fig. 8. Left panel: Comparison of the absorbed current at working point as a function
of the measured y rate between July 2023 and July 2024, after the integration of
~115 mC/cm?. The straight lines represent a linear fit to the data. Right panel:
Comparison of the average charge per y hit for all the mixtures and all the irradiation
conditions in July 2023 and 2024.

to the EU F-gases regulations, which foresee a progressive phase down
in the production and usage of F-gases.

Several eco-friendly alternatives, where C,H,F, is replaced by dif-
ferent concentrations of HFO/CO, have been identified using cosmic-
ray tests and they are currently being characterized further, by means
of beam tests and rate capability studies, by the RPC ECOGas@GIF++
collaboration.

The main takeaway message of the studies carried out so far, is
that the RPC response improves (higher maximum efficiency and rate
capability and reduction of large signals contamination) if the HFO
concentration in the mixture is increased. On the flip side, the working
point of the detectors also increases and, for this reason, a proper
balance must be found. In general, the average charge released at
working point in the gas per hit is ~#1.6/1.7 times higher with respect
to the one of the currently employed gas mixture; the possible aging
effects due to the higher charge are being carefully studied by the RPC
ECOGas@GIF++ collaboration by means of a long-term aging study.

The evolution of the RPC performance is being studied throughout
the aging process. The studied ALICE RPC has integrated ~80 mC/cm?
while the EP-DT detector has integrated ~115 mC/cm?. The former
detector showed an increase in absorbed current, muon prompt charge
and signal amplitude and these effects are currently being investigated
while the latter showed a slight increase of working point and a
decrease of the maximum efficiency, without any other significant
performance degradation.

The aging campaign, together with further performance evolution
studies, is still ongoing and further in-depth analyses of the beam test
results are being carried out.
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