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Abstract In the last few years, an intense R&D activ-
ity on particle detectors for future HEP applications has
been carried on with the aim of developing new techniques
as well as studying the performance of already existing
detectors when operated in a high rate environment. As
for Resistive Plate Chamber detectors, the main challenges
to face are the improvement of their detection capabili-
ties and longevity at very high-rates, and the search for
new eco-friendly gasmixtures free from greenhouse compo-
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nents. Results obtained in the framework of the RPC ECO-
Gas@GIF++ Collaboration on a thin-Resistive Plate Cham-
ber exposed at the CERN Gamma Irradiation Facility and
operated with eco-friendly gas mixtures based on Tetrafluo-
ropropene and Carbon dioxide will be discussed in this paper.

1 Introduction

Resistive Plate Chamber (RPC) detectors have been play-
ing a significant role in particle physics experiments since
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decades. Currently, RPCs with a typical 2 mm-thick gas gap
show a rate capability of about 1 kHz/cm? when operated
in avalanche mode [1] with a gas mixture made of 95.2%
CoHyF4, 4.5% 1-C4H 1o and 0.3% SFg, hereafter called stan-
dard.

Their nanosecond time resolution and few millimetre spa-
tial resolution make them particularly suitable for triggering
and tracking purposes with a typical detection efficiency for
charged particles of about 98%.

An intense R&D activity is ongoing in view of future
applications at colliders with the aim of improving the RPC
detection rates up to tens of kHz/cm? [2] in combination
with new eco-friendly gas mixtures, free from greenhouse
(GHG) components. Indeed, the European Commission “F-
gas regulation” 517/2014 [3] forces to a severe reduction of
GHG emissions by 2030 and drastically limits the amount
of F-gases that can be sold. The RPC standard gas mixture
mainly contains CoH;F4 and SFg, which have a high Global
Warming Potential (GWP),1 about 1430 and 22,800 respec-
tively [3]. On a short-term time scale, a solution could be
the recovery and reuse of the exhaust gas mixture [4-7]; in
the long-term other strategies should also be implemented,
since the availability and prices of fluorinated gas are not
predictable.

Test-campaigns to study the performance of RPC detec-
tors when operated in avalanche mode at high rate in combi-
nation with new eco-friendly gas mixtures are being carried
on at the Gamma Irradiation Facility (GIF++) [8] at CERN, in
the framework of the RPC ECOGas @GIF++ Collaboration.
In the present paper, results obtained in different background
conditions with a thin RPC chamber exposed to the 662 keV
photon source with adjustable intensity are presented.

2 RPC detectors for future applications

In HEP, RPC detectors [9] with 2mm gas gaps and 2mm
electrodes thickness have been usually operated at a voltage
(working point, WP) of about 10 kV when flushed with the
aforementioned standard gas mixture.

The higher particle rate foreseen in future applications
will lead to an increase of the WP for such a detector layout.
Indeed, when the detector is exposed to a particle rate per
unit surface ®, the voltage applied to the gas gap HV gy
is locally reduced by a drop (HV,) that can be expressed
as: HV,; = 2 ®pd <Q>, where d is the thickness of the
electrodes, p their resistivity, and < Q> the average charge
released in the gas from a single ionising particle crossing the
gap. In order to keep HV g,5 constant at higher particle rates,

I GWP is defined as the cumulative radiative forcing, here over a
100 years horizon, resulting from the emission of a unit mass of gas
related to some reference gas, usually CO;.

@ Springer

higher applied voltages HV 5y, are required, since HVg,s =
HV,pp—HV, [10].

Decreasing d, p or <Q> would reduce the voltage drop at
high rates, avoiding a significant increase in HV pp as well as
limiting the current-induced ageing of the detector [11-14].

As for GHG emissions, the scientific community is cur-
rently investigating possible replacements for CoH,Fy, the
main component of the standard RPC gas mixture.

Among the Hydrofluoroolefyns (HFOs) used for indus-
trial applications, HFO-1234ze (C3H;F4, in the following
HFO) is of particular interest as CoHpF4 substitute since it is
neither flammable nor toxic and has a very low GWP, equal
to 7 [3]. HFO contains the same amount of fluorine atoms
as CoH,F4 but one more carbon, resulting in a higher bind-
ing energy and a lower first effective Townsend coefficient at
a given electric field strength [15]. For these reasons, com-
pletely replacing C,H>F4 with HFO in RPCs would result in
a significant increase of the WP, which should be avoided.
The addition of a certain fraction of CO; to the gas mixture is
being explored as a possible solution. Several mixtures with
different fractions of CO, and HFO have been tested and first
results on the performance obtained with such mixtures can
be found in [16-22].

In the following, detailed studies on a RPC with thin gas
gap and electrodes, operated with HFO/CO;-based gas mix-
tures and exposed at the CERN GIF++ at particle rates up to
several kHz/cm?, will be discussed.

3 Thin-RPC exposure at the CERN Gamma Irradiation
Facility

The performance of a single-gap RPC, with gap and High
Pressure Laminates (HPL) electrodes? each 1.6 mm thick,
was studied during dedicated campaigns held in 2021 and
2022 at the CERN GIF++. The RPC active area was (70.6 x
100.6) cm?.

The thin-RPC was partially instrumented with 32 strips
(strip pitch 10.625 mm) both in the horizontal and vertical
planes faced on the two gap sides. For signal preamplifica-
tion and discrimination, the readout strips were connected
to Front-End Electronics Rapid Integrated Circuit (FEERIC)
ASICs boards, developed for the ALICE Muon Identifica-
tion System [23]. They provide low voltage differential sig-
nals (LVDS) to the Data Acquisition system, a CAEN TDC
mod.V1190A.

The detector was exposed to a about 13 TBq '3Cs
source, emitting 662 keV gamma rays, in combination with
a 100 GeV muon beam from the secondary SPS beam line

2 Gap and electrodes were produced by the Korea Detector Laboratory
(KODEL). The bulk resistivity of the electrodes is approximately p =
150 k2/0
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Fig. 1 Top: Each set of movable attenuation filters, with 27 combina-
tions of filters, leads to 24 different attenuation factors between 1 and
46,415. Bottom: Photon density current in the vertical yz plane through
the source at x = 0.65 m; attenuation filters at factor 1. With angular
correction filters, the current of 662 keV photons is made uniform in
xy planes [8]
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Fig. 2 Layout of the experimental setup at GIF++. The muon beam
line is indicated in red

H4 [24]. A system of lead absorption filters (ABS) can be
used to adjust the rate of photons impinging on the detectors,
as shown in Fig. 1 top. Further angular correction filters pro-
vide uniform irradiation at a fixed distance from the source,
as shown in Fig. 1 bottom for the maximum gamma rate
available (ABS = 1). The source can also be fully shielded
(source off) and tests can be carried on with the muon beam
only.

The layout of the experimental setup is shown in Fig. 2.
The irradiation tests have been conducted varying both the
intensity of the gamma source, ranging from source off up
to ABS 1, and the position of the thin-RPC detector, placed
respectively 6m and 3m far from the source on dedicated
trolleys. Signal acquisition has been triggered by the coin-
cidence of four scintillators, two of them placed outside the
experimental area while the other two inside, resulting in an
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Fig. 3 Typical muon window as defined in the 5 ps trigger time interval

overall trigger area of about 10 x 10 cm? and an average
number of triggers per spill equal to about 3000. For each
trigger, a time window of 5 us is open, signals are acquired
and finally processed.

Two different HFO-based eco-friendly gas mixtures have
been tested and compared with the standard one: the first one
(in the following, eco2) is made up by 35% HFO, 60% CO,,
4% iC4H10, 1% SF¢, while the second one (in the following,
eco3) consists of 25% HFO, 69% CO,, 5% iC4H¢ and 1%
SFs.

4 Study of the thin-RPC performance

In the following, the main RPC performances both at 6 m and
3 m from the source are reported in terms of muon identifica-
tion efficiency, average cluster size, and absorbed current. For
each gas mixture, the results are compared at different levels
of irradiation, expressed by means of the gamma cluster rate
as measured by the detector.

The performances related to the muon signal are evalu-
ated within a window, hereafter referred to as muon window,
which is defined as the interval of time in which the beam
spill occurs. The muon window is estimated by performing
a Gaussian fit of the hit time profile acquired by the TDC, as
shown in Fig. 3, and its typical value is about 50 ns.

The trend of the relevant variables will be shown as a
function of the effective High Voltage (HV.), defined as:

HVegr = HVapp M (D
p-To

where p is the atmospheric pressure and T is the temperature
during data-taking, while pg = 990 hPa and Ty = 293.15 K
are average values of temperature and pressure as measured
at GIF++.

@ Springer
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Fig. 4 Gamma cluster rate as a function of HV,g for the thin-RPC
operated with standard gas mixture. Results are shown for the vertical
strip plane, at 6m (top) and 3 m (bottom) from the source

4.1 Gamma rates

The gamma cluster rate is defined as the total number of
detected hits per strips area, divided by the total time interval
of the measurement, and normalised to the average cluster
size. For both the horizontal and vertical strip planes, it has
been evaluated by means of multiple Sus-long data acquisi-
tions during the interspill interval.

The gamma cluster rate is shown as a function of HV¢r in
Figs. 4, 5 and 6 for the three gas mixtures. Hereafter, only the
distributions relating to the vertical strips will be reported,
being representative of the horizontal ones as well.

As expected, an increase of the gamma cluster rate with
growing HV ¢ is observed independently of the gas mixture.
The increase is as fast as the irradiation level gets higher,
reaching a value of about 1 kHz/cm? and about 4 kHz/cm?
for ABS 1 and full efficiency,’ when the distance from the
source is 6 m and 3 m respectively.

3 Hereafter, the gamma cluster rate values reported as reference at dif-
ferent levels of irradiation are efficiency corrected.
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Fig. 5 Gamma cluster rate as a function of HVs for the thin-RPC
operated with eco2 gas mixture. Results are shown for the vertical strip
plane, at 6m (top) and 3 m (bottom) from the source

4.2 Efficiency

The 2D muon identification efficiency is evaluated as the
number of events with at least one hit inside the muon win-
dow, both on the horizontal and vertical strip planes, divided
by the total number of triggers.

The efficiency as a function of HV gt is shown in Figs. 7, 8
and 9 for the three gas mixtures under study and for different
levels of irradiation. The efficiency dependency on HVgr
has been interpolated by means of the Richards generalised
logistic function [25]:

€max
€ = 2
[T+ - e_ﬁ(HVeff—HVO)]l/w @

where epax represents the asymptotic efficiency; 8 describes
the steepness of the curve; ¥ ranges between O and 1 and
parameterises the slower growth of the curve observed for
eco-gas mixtures; HV( sets the displacement of the curve
along the x-axis for fixed i and S.
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Fig. 6 Gamma cluster rate as a function of HVs for the thin-RPC
operated with eco3 gas mixture. Results are shown for the vertical strip
plane, at 6m (top) and 3 m (bottom) from the source

The detector working point is defined as the HV¢r value at
which the 2D efficiency reaches 99% of the asymptotic value
approached by the Richard function, therefore representing
the optimal operational voltage at which the detector is fully
efficient. For this reason, in the following the different levels
of irradiation will be expressed in terms of the efficiency
corrected gamma cluster rate measured by the detector at the
WP.

The thin-RPC, operated with the standard gas mixture at
the WP, shows an average 2D detection efficiency at source
off of about 97%. When exposed to medium rates, up to about
1 kHz/cm?, this value is reduced by about 1%. At higher par-
ticle rates, up to about 4 kHz/cm?, an overall degradation at
the level of about 6% is observed together with a progressive
shift of the WP toward higher values (about 1 kV shift when
the highest level of irradiation is applied).

When operated with eco2 gas mixture at WP and source
off, the average 2D efficiency is about 96%. This value grad-
ually decreases with increasing irradiation level, showing a
maximum reduction of about 6% for medium rates and about
14% when the rate approaches 4 kHz/cm?.
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Fig. 7 Efficiency as a function of HV for the standard gas mixture.
Results are shown at 6m (top) and 3m (bottom) from the source and
at different gamma cluster rates (efficiency corrected) evaluated at the
detector WP

Similar results have been obtained for the thin-RPC
flushed with the eco3 gas mixture at WP. Its average 2D
efficiency is about 96% at source off and decreases to about
90% for particle rates of the order of 1 kHz/cm?, reaching
about 84% when exposed to the maximum level of irradi-
ation. As for the standard mixture, a progressive shift of
the WP toward higher values has been observed for increas-
ing irradiation conditions with both eco-friendly alternatives.
The maximum increase amounts to about 1.5 kV.

4.3 Cluster size

A set of adjacent strips is considered a cluster if they are
fired within a certain time, hereafter referred to as clustering
time. The clustering time has been evaluated to be 14 ns at the
efficiency plateau and source off for the standard gas mixture.

The average muon cluster size as a function of the relative
difference between the HV,¢r and the detector WP (AVywp) at
different gamma cluster rates, is shown in Figs. 10, 11 and 12
for the three gas mixtures.

@ Springer
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Fig. 8 Efficiency as a function of HV.g for the eco2 gas mixture.
Results are shown at 6m (top) and 3m (bottom) from the source and
at different gamma cluster rates (efficiency corrected) evaluated at the
detector WP

All the distributions show an average cluster size which
slightly increases with HV¢r, while it decreases with increas-
ing irradiation at fixed AVwp. This effect is more pronounced
for the eco-friendly gas mixtures. Atthe WP and fixed gamma
cluster rate, the average muon cluster sizes for the standard,
eco2 and eco3 gas mixtures are generally consistent within
10%, with typical values about 2.2. A similar behaviour has
been observed for the average gamma cluster size, with typ-
ical values of about 2.1 at WP for the three mixtures.

Figures 13 and 14 show the fraction of events with an
average muon cluster size greater than 4, F(Cs >4), when the
RPC is 3m far from the source. This is a key parameter for
quantifying the number of events characterised by a charge
content larger than that corresponding to avalanches in the
same mixture, thus indicating a transition from avalanche to
streamer operation mode [21]. The larger this fraction, the
worse the impact on the performance and longevity of the
detector will be. At source off and at WP, F(Cy > 4) shows a
slight increase for the eco-friendly alternatives under study.
Comparing eco3 to the standard gas mixture, the increase is
about 3%. The effect is significant for AVwp >0, while it
appears to be mitigated as gamma irradiation increases.
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Results are shown at 6m (top) and 3m (bottom) from the source and
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4.4 Current

The current absorbed by the HV power supply channel
connected to the RPC under test has been monitored every
second, both during the in-spill and out-of-spill data acquisi-
tions. As shown in Fig. 15, the current can vary considerably
depending on whether it is registered during the beam spill
or not.

The average value of the current and its associated error
have been evaluated out-of-spill by means of a Gaussian fit
around the peak (Fig. 15) and plotted as a function of the
relative difference between the HV.¢ and the detector WP
for the three gas mixtures, at different levels of irradiation,
in Figs. 16, 17 and 18.

Asexpected, an overall increasing trend of the average cur-
rent with HV ¢ and with the irradiation rate is observed inde-
pendently of the gas mixture in use. In case of eco-mixtures,
current values are generally higher with respect to what mea-
sured with the standard one. At the WP and at the maximum
irradiation rate, this increasing factor is about 2 for both eco2
and eco3 at 6m from the source. At 3m, a current of about
700 A was measured when the RPC was operated at the
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Fig. 10 Average muon cluster size as a function of the relative dif-
ference between the HV¢f and the detector WP for the standard gas
mixture. Results are shown for the vertical strip plane, at 6m (top)
and 3 m (bottom) from the source and at different gamma cluster rates
(efficiency corrected) evaluated at the detector WP

WP and at the maximum irradiation rate with the standard
mixture. For the eco-friendly ones values even higher than
1 mA, which is the current limit for the power supply in use,
would be reached. The expected values, based on the extrap-
olation of measured data, are about 1.3 mA for eco2 and
about 1.2 mA for eco3 mixture, about two times higher with
respect to the standard one in the same working conditions.

5 Conclusions

The performance of a thin single-gap RPC operated with
HFO/CO;-based gas mixtures and exposed at particle rates
up to several kHz/cm? has been studied and compared to the
standard one.

The results demonstrate that, at a fixed level of irradiation,
both the eco-friendly gas mixtures show higher WP values
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Fig. 11 Average muon cluster size as a function of the relative differ-
ence between the HV,¢r and the detector WP for the eco2 gas mixture.
Results are shown for the vertical strip plane, at 6m (top) and 3 m (bot-
tom) from the source and at different gamma cluster rates (efficiency
corrected) evaluated at the detector WP

with respect to the standard one. For particle rates increasing
from source off up to about 1 kHz/cm?, the detector oper-
ated with the three gas mixtures shows similar performances
in terms of 2D detection efficiency, while higher absorbed
currents (a factor of about 2) are registered for both eco2
and eco3. At higher rates, of the order of 4 kHz/cm?, the
eco-friendly mixtures seem to be less performing, showing
a much slower growth of the 2D efficiency curve due to very
high absorbed currents (about 1 mA) and a lower overall effi-
ciency, estimated to be of about 84% at the WP. Moreover,
the fraction of events characterised by a large charge content,
indicating a transition of the detector from the avalanche to
the streamer operation mode, is more pronounced for the eco-
friendly mixtures, in particular for eco3 where the CO,/HFO
ratio is higher.
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Fig. 13 Fraction of events with a cluster size X greater than 4 as a

function of the relative difference between the HV¢ and the detector

WP, at 3 m from the source for the standard gas mixtures
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Fig. 16 Current as a function of the relative difference between the
HV, and the detector WP, for the standard gas mixture. Results are
shown at 6m (top) and 3m (bottom) from the source and at different
gamma cluster rates (efficiency corrected) evaluated at the detector WP

Based on these results, eco2 and eco3 gas mixtures could
be good alternatives to the standard one in view of future
HEP middle-high rate applications. However, an in-depth
study on their effect on long-term performance is needed.
For very high rate applications, their use requires additional
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Fig. 17 Current as a function of the relative difference between the
HV¢ and the detector WP, for the eco2 gas mixture. Results are shown
at 6m (top) and 3 m (bottom) from the source and at different gamma
cluster rates (efficiency corrected) evaluated at the detector WP

steps forward in terms of new RPC layouts, materials and/or
FE electronics, towards reduced <Q> and gas-gap thickness.
The eco2 mixture has been selected for further tests currently
ongoing at the GIF++, where also RPC detectors long-term
performances will be carefully studied.
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