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fDipartimento di Fisica di Bari e sezione INFN di Bari, Bari, Italy

gSezione INFN di Pavia, Pavia, Italy
hDept. of Physics and Astronomy, Ghent University, Ghent, Belgium

iMIT, Cambridge, Massachussets, U.S.A.
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Abstract

Resistive Plate Chamber detectors are largely used in current High Energy Physics experiments, typically operated
in avalanche mode with large fractions of Tetrafluoroethane (C2H2F4), a gas recently banned by the European Union
due to its high Global Warming Potential (GWP). An intense R&D activity is ongoing to improve RPC technology
in view of future HEP applications. In the last few years the RPC EcoGas@GIF++ Collaboration has been putting
in place a joint effort between the ALICE, ATLAS, CMS, LHCb/SHiP and EP-DT Communities to investigate the
performance of present and future RPC generations with eco-friendly gas mixtures. Detectors with different layout
and electronics have been operated with ecological gas mixtures, with and without irradiation at the CERN Gamma
Irradiation Facility (GIF++). Results of these performance studies together with plans for an aging test campaign are
discussed in this article.
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1. Introduction

Resistive Plate Chambers (RPCs) are gaseous detec-
tors widely employed in the muon systems of high en-

ergy physics experiments. Thanks to their timing and
spatial resolution of 1-2 ns and few mm respectively,
they can be employed for muon triggering and identi-
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fication purposes. Furthermore, due to their compara-
tively low cost, they are suitable to cover large areas.
This is the case for the RPCs in the muon systems of the
ATLAS, ALICE and CMS experiments.

These detectors are operated with gas mixtures that
contain different percentages of C2H2F4 (R134a), SF6
and i-C4H10. Of these three gases, C2H2F4 and SF6 are
greenhouse gases (F-gases) with high Global Warming
Potential (GWP), meaning that they trap great amounts
of heat in the atmosphere for an extended period of time.
European Union regulations[1] have imposed a progres-
sive phase down in the production and use of such gases,
reducing their availability on the market and increasing
their price. Moreover, RPCs are the main contributor to
the emissions of F-gases at CERN, due to leaks at the
detector level. For these reasons, the search of a more
eco-friendly gas mixture is of the greatest importance.

R134a is the greatest contributor to the mixture
GWP, so the first step is to find a substitute for this
gas. A promising candidate could be tetrafluoropropene
(C3H2F4 or HFO-1234ze or simply HFO). In LHC sys-
tems, this gas cannot fully replace R134a, since the de-
tector working point would move to over 15 kV. For this
reason, HFO has to be diluted with a placeholder gas,
that does not directly take part in the ionization pro-
cess but increases the mean free path, effectively low-
ering the working point. Following many laboratory
studies with cosmic rays[2, 3, 4, 5, 6], the RPC Eco-
Gas@GIF++ collaboration was born. It is composed by
members of the four LHC experiments and the CERN
Detector Technology group and it is focused on the full
replacement of R134a with HFO, using CO2 as place-
holder gas. The focus of the collaboration is to per-
form long-term irradiation tests, to study the stability
of the detectors operated with these new gas mixtures
and to carry out performance studies in controlled envi-
ronment, such as beam tests.

2. Experimental setup

Each of the groups has provided an RPC prototype,
that was installed on one of two mechanical frames
inside the bunker of the Gamma Irradiation Facility
(GIF++) at CERN[7]. This facility is equipped with
a 12.5 TBq 137Cs source, which can be exploited to
simulate a high radiation background on the detectors.
The photon flux can be modulated by means of lead fil-
ters, in order to test the detectors in different irradia-
tion conditions (referred to as ABS in the following).
For reference, each ABS is represented by a pure num-
ber that roughly represents how much the radiation is
attenuated, with respect to the no-shielding condition

(i.e. ABS 1 corresponds to maximum radiation, while
ABS 46000 to the minimum). Furthermore, in dedi-
cated beam time periods, a high energy (100 GeV/c)
muon beam is available in order to test the RPCs’ per-
formance. The peculiarity of GIF++ is the possibility to
combine the muon beam with the 137Cs source, to test
also the rate capability of the detectors. In figure 1, a
photo of the experimental setup is shown.

Figure 1: Picture of the EcoGas setup at GIF++. The irradiation
source is in the red circle, while the RPCs are highlighted in blue

The two mechanical structures on which the detec-
tors are installed are located at 3 and 6 meters from
the source, due to the different experimental conditions
where the various detectors will be eventually operated.
THE CMS, EP-DT and ATLAS RPCs are placed on
trolley 3, at 3 m from the source, while the ALICE and
SHiP RPCs are on trolley 1, at 6 m from the source. The
characteristics of each detector are listed in table 1.

Detector Area (cm2) Gaps Thickness Readout Strips
ALICE 2500 1 2 mm TDC 32
ATLAS 550 1 2/1.8 mm Digitizer 1
CMS 4350 2 2 mm TDC 128

EP-DT 7000 1 2 mm Digitizer 7
SHiP 7000 1 1.6 mm TDC 64

Table 1: Features of the collaboration’s detectors

In order to have a detector-independent estimate of
the irradiation rate of all RPCs, it was decided to carry
out independent measurements of the instant dose rate
(in µS/h) using a Mirion RDS-31ITX dosimeter. Thanks
to this, we managed to understand that the following
pairs of absorption factors correspond to the same in-
stant dose at the two distances: ABS 10 and 69 (500
µSv/h) and 2.2 and 22 (2000 µSv/h) at 6 and 3 m respec-
tively. For this reason, in the following, all the results
shown will correspond to these values of ABS.

During the beam test, we tested two different eco-
friendly gas mixtures, plus the one currently employed

https://www.mirion.com/products/rds-31-itx-telemetry-survey-meters
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Name C2H2F4 CO2 HFO i-C4H10 SF6

STD 95.2 0 0 4.5 0.3
ECO2 0 60 35 4 1
ECO3 0 69 25 5 1

Table 2: Composition of the mixtures tested

in ATLAS and CMS, referred to as the standard gas mix-
ture. The two ecological mixtures are called ECO2 and
ECO3 (since they are the second and third gas mixtures
tested by the collaboration). The composition of all the
tested gas mixtures is listed in table 2.

3. Beam test results

The trigger for the beam test was provided by the co-
incidence of four scintillators, coupled with photomul-
tipliers. Two of them were placed inside the GIF++

bunker and two outside, providing a trigger area of
10x10 cm2. In the following, results obtained from dif-
ferent detectors will be shown.

3.1. Charge spectra
The ATLAS RPC (2 mm single gas gap and 1.8 mm

electrode), is read out by a digitizer, allowing one to
calculate the prompt charge of a signal. The results of
this measurement are shown in figure 2.

(a) STD (b) ECO2

(c) ECO3
Figure 2: Results from ATLAS chamber: charge distribution for the
three mixtures tested

The spectra are shown for the same efficiency val-
ues and without irradiation (source off). The top left
figure refers to the standard gas mixture, where a sin-
gle and well defined peak is observed, without streamer
contamination. For the ECO2 and ECO3, a secondary
peak appears at higher values of charge due to the pres-
ence of secondary avalanches (transition signals). The

increase of mean signal charge could lead to an accel-
eration of the aging process and, at the same time, to a
reduction of the detectors’ rate capability. The presence
of events with a negative charge can be explained by
considering that the integration window coincides with
the digitizer acquisition window and the presence of a
low frequency noise induced in the signal cables can
lead to non-positive integrals of the RPC signals.

3.2. Efficiency, currents and cluster size

The results of efficiency measurements will be pre-
sented for two RPCs, the SHiP/LHCb and EP-DT ones.
They are both single-gap detectors with different gap
and electrodes thickness: the former has is 1.6 mm thick
gap, while the latter is 2 mm. Since the SHiP RPC is
equipped with two strip planes, it is considered efficient
if, for a given trigger, at least a hit is detected in both
strip planes. The SHiP RPC is readout using the new
front-end electronics that have been developed for the
ALICE experiment, the FEERIC FEE[8]. The results of
these measurements are shown in figure 3, together with
the trends of absorbed current.

(a) STD

(b) ECO2

(c) ECO3
Figure 3: Results from SHiP chamber: efficiency and current density
as a function of the high voltage, for the three mixtures tested
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The three figures refer to the different gas mixtures
that have been tested and to three irradiation conditions
that have been selected to compare the performance on
the two trolleys. The working point, for a given mixture,
tends to shift towards higher values for higher irradia-
tion and also the maximum value of efficiency reached
gets lower. Both of these effects can be attributed to the
rate capability of the detector. Going from the standard
gas mixture to the eco-friendly ones, one can observe a
shift of the source off curve of around 1 and 0.4 kV, for
ECO2 and ECO3 respectively. Although the maximum
efficiency reached at source off is comparable among
all the mixtures, the drop with maximum irradiation is
much greater for ECO2 and ECO3, 4 and 6% respec-
tively. Lastly, the absorbed current is doubled with re-
spect to the standard gas mixture. This effect has to be
closely monitored and could be linked with the increase
of mean prompt charge released in the gas. Very similar
observations can be made by looking at the results for
the EP-DT RPC, with 2 mm gas gap. The same curves
are shown in figure 4.

The efficiency drop is very similar to the 1.6 mm
case, while the current absorbed without irradiation is
double with respect to the standard gas mixture with
ECO2 and tripled with ECO3. Under irradiation the in-
crease of current is 1.5 times for ECO2 and 1.8 times
for ECO3.

Another important quantity that has been measured in
beam tests is the muon cluster size, i.e. the number of
adjacent strips that are fired per particle signal. The re-
sults are quite similar for all the detectors under test and
the trend is very similar for all gas mixtures. In particu-
lar, a slight decrease of the average cluster size, with in-
creasing irradiation, is observed. This can be explained
considering that the real voltage between the gaps is ef-
fectively reduced by a factor R·I where R is the resis-
tance of the electrodes and I is the current circulating in
the detectors, so the avalanche development is reduced
and, in terms, the cluster size is smaller. Lastly, the av-
erage cluster size does not seem to depend on the gas
mixture and, at the working point, the value is compati-
ble across all the mixtures.

3.3. Preliminary aging campaign
In order to monitor the detector operation on the long-

term an aging test is being carried out. During these
studies, the detectors are switched on to a fixed value
of high voltage and they are exposed to the photon flux
from the gamma source.

At the GIF++, the nominal absorption factor is 2.2,
corresponding to the highest rate achieved during the
beam test (roughly 500 and 300 Hz/cm2 for the RPCs

(a) STD

(b) ECO2

(c) ECO3
Figure 4: Results from EP-DT chamber: efficiency and current den-
sity as a function of the high voltage, for the three mixtures tested

closer and farther from the source). As shown in sec-
tion 3.2, the currents absorbed with the eco-friendly gas
mixtures are much higher with respect to the standard
gas mixture. For this reason, it was decided to start the
preliminary aging campaign with a value of voltage that
corresponds to roughly 50% efficiency. In this way, the
absorbed current is lower than the one at the working
point and, if any instability appears already at this lower
efficiency, the irradiation can be stopped and the dam-
ages to the detectors will be reduced. The results shown
in figure 5 refer to the SHiP detector (1.6 mm single
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gas gap). For this RPC, the applied high voltage, cor-
responding to 50% efficiency, is 8.7 kV, represented in
the figure by the red line. The black line is, instead,
the trend of the absorbed current. The applied high
voltage is corrected for temperature and pressure[9],
keeping the effective high voltage constant. The SHiP
RPC shows a stable behavior after the integration of
18 mC/cm2. Once a week the gamma source is fully

Figure 5: Trend of absorbed current and applied voltage of the SHiP
RPC during aging test

shielded (condition referred to as source off earlier) and
one can measure the dark current (absorbed when there
is no irradiation) of the detector and also monitor its sta-
bility over time. A drift of this quantity could be a sign
of detector aging. Once a week we perform a high volt-
age scan and measure the dark current as a function of
the applied voltage. An example of one of these scans
can be seen in the small graph inside figure 6.

Figure 6: Results from CMS chamber. Big plot: current without
Ohmic component in time, small plot: example of I(HV) scan. Cur-
rents are reported for source OFF

One can observe a first portion, where the current has
a linear trend with the high voltage (Ohmic part) while,
at around 8 kV, the trend becomes exponential, due to
charge multiplication (physics current with Ohmic part).
For this reason, the current in the multiplication region,
is ”contaminated” by a current that does not flow in the
gas and, in order to get rid of it, we perform a linear fit
in the range 0-4 kV and then we extrapolate the value of
the Ohmic current at working point, and we subtract it
to the measured current value to obtain the pure physics
current. This value is shown, as a function of time, in

the bigger graph inside figure 6. The working point for
the 2 mm RPCs has been set to 10.6 kV. Differently from
the SHiP detector, the CMS RPC shows hints of an in-
creasing trend in the absorbed current after integrating
10 mC/cm2. This trend will be closely monitored in the
future.

4. Conclusions
The RPC standard gas mixture contains F-gases, with

a high global warming potential. New European Union
regulations have imposed a progressive phase down in
the production and usage of such gases. For this reason,
the search for a new, more eco-friendly, gas mixture is
an ongoing effort. The RPC EcoGas@GIF++ collabo-
ration was born with the aim of testing the stability and
performance of RPCs operated with said eco-friendly
mixtures. In this framework, the result of some beam
test studies have been discussed: two mixtures have
been tested, ECO2 and ECO3 (with 60/35 and 69/25%
of CO2 respectively). The performance of the detectors
are promising, in terms of efficiency and cluster size.
The current absorbed by the RPCs is twice as high as
the one with the standard gas mixture. This parame-
ter has to be closely monitored, to assess whether it can
pose any threat for the long-term operation of the de-
tectors. For this reason a systematic aging campaign is
ongoing at GIF++.
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