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*%* Towards new generation RPCs

% RPC performance with eco-friendly HFO-CO, based mixtures

% Conclusions and outlooks
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"RPCs in HEP: status of the art EcoGas
L’RPC

o Detector technology widely adopted in HEP experiments (streamer or avalanche mode):
-8

OPERA muon spectrometer
| ;"T e 11

ATLAS muon spectrometer

CMS endcap

o Main features:
* high efficiency and good time resolution
e ease of construction and robustness

* |ow cost per unit area

NuFact 2025 - The 26th International Workshop on Neutrinos from Accelerators 3



Eln HEP: status of the art

GIF

EcoGas
RPC

o Standard gas mixture (STD) in avalanche mode :

C,H,F, (R134a) major component (~ 95%) — ionization and multiplication processes

i-C,H,, (< 5%) — photon quenching properties

SF¢ (< 1%) — electron quenching properties

FF
. L] ma
R134a and SF; are fluorinated greenhouse gases F—::lF:—E—H :_,?H_:
F
(F-gases) with high Global Warming Potential (GWP*) {Ef;i SFe
GWP 1300 GWP 23900

*GWP = heat trapped in the atmosphere by a ton of a given gas

compared to a ton of CO, in 100 years
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"Greenhouse gas regulation

Since the Kyoto Protocol, production, usage and emission of F-gases

subject to increasingly strict regulations

Impact on scientific activities

» Dedicated efforts toward greenhouse gas reduction

200000

CERN direct emissions
180000
CERN Environment Report 2021-2022
160 000
Targetend RUN3: 138 000tCO.eq
140000
120000
Target2030: 96 000 tCO,eq
100 000
80000
80000
40000
20000
o
2007 2018 2019 2020 2022

2021

tCO%q

B LHC experiments - Detector cooling Il LHC experiments - Particle detection

N Other experiments [l Heating (gas + fuel) Other e
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"Greenhouse gases: possible strategies  [FcoGss

RPC

Gas Recirculation BUT..

* Legislative landscape is rapidly evolving
* F-gas availability not granted :>
* Prices are increasing

Gas Recuperation Price increase w.r.t. 2014

1500

srulbeed B Fa

quiliod sgan bo weserale
From previcus phens
: 35T
=&

g
1300 f
/ — —R404A (GWP 3922)

1100
---- R410A (GWP 2083)

900

ent

R407C (GWP 1774)
700

——R133a (GWP 1430)
500

Gas Disposal

100

% % 0 7 0, 0 8, B ey B
T e T N M e o R 0 % % %Yy Ry e

DRD1 Workshop “Towards Sustainable Gas Mixtures for Future Detectors”
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ms new generation RPCs

ible alternatives to current gas mixtures
for the future operation of gaseous detectors

MCOGaS@G|F++ Collaboration

% Cross-experiment Collaboration (ALICE, ATLAS, CMS, LHCb/SHiP, CERN EP-DT group)

active since 2019

GIF

EcoGas
RPC

+ Studies on possible environmental-friendly alternatives to the STD mixture using RPCS

macility (GIF++)

* 12.5TBq '37Cs source producing (660keV) y’s
e Attenuation filters
* Muon beam (100 GeV/c) in dedicated beam test periods

~
)

operated in avalanche mode with diverse electronics and detector geometries

» Combination of y source with high-energy beam:
Detector performance in different background conditions

> High-activity y source: Aging studies

NuFact 2025 - The 26th International Workshop on Neutrinos from Accelerators




mnew generation RPCs EcoGas
RPC
for the future operation of gaseous detectors
m. on Hydrofluoroolefins (HFOs)
EE H First goal: validation of HFO-1234ze as a replacement
F—f::—f::—H F“‘tI:”qu’F of R134a (main component of the STD mixture)
Ri34a HFO-1234ze : : )
M (CaHaF  Commercially available (refrigerator)
GWP - 1300 GWP 6 Similar chemical formula as R134a

e Lower first Townsend coefficient w.r.t. R134a
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GIF

WS new generation RPCs EcoGas
RPC

sible alternatives to current gas mixtures
for the future operation of gaseous detectors

m. us on Hydrofluoroolefins (HFOs)

First goal: validation of HFO-1234ze as a replacement

& oy
F~C—C—H crre” of R134a (main component of the STD mixture)
F H — H F F
R134a HFO-1234ze , : :
ot CsHF  Commercially available (refrigerator)
GWP ' 1300 GWP 6 » Similar chemical formula as R134a

Lower first Townsend coefficient w.r.t. R134a

4

FF
L]

F—C—-C—H F“'ITTJ’C“; :F 0=C=0 Need to dilute HFO with another component
F H — H FF L] to keep the detector operating voltage
R134a HFO-1234ze o, to reasonable values
{CaHzFs) (CaHzFa)

GWP 1300 GWP 6 GWP 1
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A few examples

ALICE, 2019 JINST 14 P11014

g

efficiency (%)
=
I'II'IT'IT'ITTT'I'TTT'I'

Z

e | P Aol PR fd
iﬂﬂ 9500 10000 10500 11000 11500 120
HY (V)

C;H,F, fi-CH,,/SF; 89.7/10.0/0.3

CO,/HFO/i-C4H,o/SF; 50/39.7/10.0/0.3
CO,/HFO/i-C;H,,/SF; 50/39.4/10.0/0.6
CO,/HFO/i-C,H,o/SF; 50/39.0/10.0/1.0

Towards new generation RPCs EcoGdS

** Two mixtures selected:

- ECO2: 35% HFO / 60% CO, / 4% i-C,H,, / 1% SF
- ECO3: 25% HFO / 69% CO, / 5% i-C,H,, / 1% SF,

L}RPC

¢ Several mixtures with different fractions of HFO/CO,/i-C,H,,/SF

extensively tested in various laboratories of the Collaboration

1 -0 T T I T I T T I T I T 1 T 1 T T !
| —/7__;_1 LI e——_ o 1I-
= - | [i1] =
" f"' / 1 OF
Z08 £ 08
5t [k 1 o
B / Standard gas mixture | - =
= I { =2 H‘FOSD e i E H : :
2 i / ¥ 7 0.5
£ i | i E
o 0.4 / { = I
g - / ' / 1 .‘:, - ﬂ_z;_.. o ﬁ
S 02 2 R A Va |
T 7 Y . N S T A T T I
B / i : — an0a 9500 10000 10500 11000 11500 12000
i / A/ "g i Hi (V)
0.0 =t e R ke L L1 A 95.2% R134a/ 4.5% iC,H,,/ 0.3% SF, (standard)

9000 10000 11000
HVeff

A 60% CO,/ 35% HFO/ 4.5% iCH,, / 0.5% SF,
69.5% CO,/ 25% HFO/ 5% IC,Hao/ 0.5 % S5Fg

95.2% R-134a + 4.5% i-C4H, + 0.3% SF,
22.25% HFO, R-134a + 4.5% i-C4Hyg + 1% SFs + 50% CO,
27.25% HFO, R-134a + 4.5% i-C4Hyg + 1% SFe + 40% CO,

Standard
HFO50
HFO40
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CMS-2mm, Source Off

: Performance with HFO-CO, mixtures

- 'GD :I TT I T T TT T T TT I I.Hl*m_l I_ !.I ‘R_Iﬁlsicﬁlls?g;l_ﬁ‘_:
RPC Gap/electrodes Electronics % a0 £ . i T3 s 13
thickness (mm z E [ A / Ecoz | 3
(mm) £ % E pouble-gap | | p é Eooa |3
ALICE 2/2 FEERIC + TDC E (242mm) | | £
80 | % / =
ATLAS 2/18 DIGITIZER wE f E
- ' f E
CMS 2+2/2 CMS FEB + TDC wE I ‘ 3
30 [ 3
CERN EP-DT 2/2 DIGITIZER 20 B A o . E
= L/ g e -
LHCb/SHiP 1.6/16 FEERIC + TDC UE e ---—fr--&éﬁ'@'?"%&%ﬁ*"*'l' R
[]_ a4 I T S T N N N N T T Y N
q 8500 8000 2500 10000 10500 11000 11500
All Chambers: HPL (bake“te) e|ectr0des Eur. PhySJ C (2024) 84:300 HVs [V]
€max VS- gas mixture E, e VS. 0as mixture
100 RPC ECOGASHGIF++ 58 RPC ECOGASRGIF++
E ~4— ALICE [ —— ALICE
99.5F .
[~ . Emax +— CMS [ CMS n
gof Ve = TV TV o ceRN EP-DT %l e cemnzPOT ..
ogsE. . -~ LHCBH/SHIP [ —=— LHCO/SHIP i
S = sd A
— 98F 1 1 E [ :
&= E = -
a7 5 1 i 5.2 .
£ E e . = »
W a7 . g [
BE.5E i . -
E I 1. 0095
QE;— " : asl & Evnee = H Vinee = HVs0 + 3 In o5
95,5 T B (— 95% of plateau efficiency)
95: E'l'_'l LCI"J LU!’JZI 46_ -\'.‘i'l'_'l L"I"! LU!RJJ
Gas mixture Eur. Phys. J C (2024) 84:300 Gas mixture
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GIF

EcoGas

L}RPC

0.00200

0.00175

0.00180

0,00125

Current density [ul/cm?®

0.00100
0.00075
0.00050
0.00025

0.00000
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GIF

: Performance with HFO-CO, mixtures |£coGas

L}RPC

. - 100 e HPE ECAGAS © BlFas 1 ooy -
RPC Gap/electrodes Electronics = o {# /-i—n i E
thickness (mm) ¢ ESingle-gap # /% [t 000178 3,
@ Bh ’. .' A =
5 F (1L.6mm)f | - . 0,00150 3
ALICE 2/2 FEERIC + TDC e i i &
ATLAS 2/1.8 DIGITIZER E | 3
s0 - I 0.00180
CMS 242 /2 CMS FEB + TDC w0 | r 000078
F [ I
30 F ' | ;
CERN EP-DT 2/2 DIGITIZER a0 3 [/ | ..* . 000050
E | & ] i
. E .-# e = . i
LHCb/SHiP 1.6/1.6 FEERIC + TDC wE / e P
- k- ﬁ o pH = D.DD:UD
. . 00 FRO0 B00 500 000 9500 10000 10500
All chambers: HPL (bakelite) electrodes Eur. Phys. J C (2024) 84:300 HVa V]
€max VS- gas mixture E, e VS. 0as mixture
100 RPC ECOGASHGIF++ 58 RPC ECOGASRGIF++
E ~4— ALICE [ —— ALICE
99.5F X
[~ . Emax +— CM3 [ CMS "
g9 V) = TRV V50 o GERN EP-DT %l e cemnzPOT P
- 5-:_ i -~ LHCB/SHIP [ —=— LHCO/SHIP o
"E m- T 54 S
— 88F E | '
= = t T = R
—arsE | = saf .
g E @ = L -
W a7 . g [
B5.5— - . L . -
E I 1. 095
96F- " : asl & Evnee = H Vinee = HVs0 + 3 In o5
95.55— T B (— 95% of plateau efficiency)
95 = ] | D LCIUE LU!’J3 46 5 'l ] L\'.:IUI LUL':‘
Gas mixture Eur. Phys. J C (2024) 84:300 Gas mixture
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LHCE=5HIP, E:m.rl:e DI‘I

erformance with HFO-CO, mixtures [EcoGds

L}RPC

: ;g_ 100 YT RIS ECOEAS & BlFas 1 ooy —
RPC Gap/electrodes Electronics = a k- { ¥ /'i‘l el 5
H & a 5 i
thickness (mm) S b £ Single-gap | . { 0.0017 3
w f (16 mm)? .-" . 0,00150 &
ALICE 2/2 FEERIC + TDC 0 £ o ; 3
BO i_ *! I.'I i 000125 -:E
ATLAS 2/1.8 DIGITIZER ol | 9 L0100 3
CMS 2+42/2 CMS FEB + TDC 0 E ‘." ' [/ 0.00075
30 ' _ A
CERN EP-DT 2/2 DIGITIZER b . r 0.00050
o | & /
F - o 000
LHCb/SHiP 16/16 FEERIC + TDC w P osaa o
- k- nl'a o T2 L | D.DD:IJD
. . F000 Fa00 BOO0n 2500 2000 9500 10000 10500
All chambers: HPL (bakellte) electrodes Eur. Phst C (2024) 84:300 HY o [V]
Charge distributions
ATLAS-STD ATLAS-ECO2 ATLAS-ECO3
- 1 RPC ECOGAS @ GIF ++ - . RPC ECOGAS @ GIF ++‘ " 1 F RPC ECOGAS @ GIF ++
g § ; Small fraction of events
E Eor with larger charge
e z 0 w.r.t. typical avalanches
102 = 102 = 102
Charge [pC] Charge [pC] Charge [pC]
ATLAS chamber
(1 single strip, 3 cm wide) Eur. Phys. J C (2024) 84:300
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Plateau efficiency vs. dose

RPC ECOGASIHGIE++

100
ELy
95
94
42

40

Emax [%]

&8

86

84

82

TTTITTT[TTTTT T[T TTTTTTTT T TT T TT
[N R RN LR RN RN Rl

&0

I

re .__‘ . {
S
~3-4% efficiency drop
(0—5000Gy/h)
—a— ALICE
—a— CM3
—&— CERNEP-DT
—m— LHCW/SHIP STD. gas mixture

=]

PRI TS NI U T R T R
1000 2000 3000 4000

Absorbed dose [uGy/h]

P
5000

Plateau efficiency vs. dose

HFO-CO, mixtures
under irradiation

Plateau efficiency vs. dose

REC ECOGAL

T (0—5000Gy/h) .
o,
E \....-.. l :_.’ l I
94— “-.'_o ) [dp= o L
r [ ] S o "-l... N
— o2f- [ T — a2 ¥
3._2. E i l l o T £ E N g
= 8o 1 = 90 w "
= » ] o - -
B r ' L B £ C Y
W ogaf : w o oeeE .
: ) = q L
BB e ALICE ’ B —a— aLcE S
aqf.  — CMS . —a— CMs :
F —e— CERNEP-DT F—#— CERNEP.DT
82 @ LHCBSHIP ECO2 gas mixture B2 —m— LHCWSHIP ECO3 gas mixture
aok N R B R B B sob R P B B B
0 1000 2000 3000 4000 5000 o 1000 2000 3000 4000 5000

~10% efficiency drop

RPC ECOGASEGIE++

Absorbed dose [uGy/h]

Eur. Phys. J C (2024) 84:300

Absorbed dose [uGy/h]
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Plateau efficiency vs. dose
RPC ECOGASEGIF++

Emax [%]

100

-
ga‘t . g _

C o " +
= R I
a2 e
90~ ~3-4% efficiency drop
88 (0—5000Gy/h)

66:_ —a— ALICE
g4~ —w— CMS

F —e— CERNEPDT
82— —m— LHCoSHP STD. gas mixture
= N R BRI B B B

] 1000 2000 3000 4000 5000

Absorbed dose [uGy/h]
Current density vs. dose
RPC ECOGASEGIF +
T
E —a— ALICE STD. gas mixiure
B0 _a cMs
[ —e— CERMEP-DT
50 —B— LHCHISHP
(5] .-,g__
=y E
= ot
] 30_— .
E - e |
- r
20_— -
E . o -
1wk & -
o . 1
Y SRS
":-'l"'iil"lul|||||||||||||||||||||
1000 2000 3000 4000

Absorbed dose [uGy/h]

under irradiation

Plateau efficiency vs. dose

with HFO-CO, mixtures

Plateau efficiency vs. dose

REC ECOGAL

RPC ECOGASEGIE++

Eur. Phys. J C (2024) 84:300

~10% efficiency drop
T (0—5000Gy/h) .

o -‘.-_._. 1 =) . l — I
adf— i{__-. ) - . i

o L -~ o "-l... .

— e[ [ T — a2 ¥

. sof T O F

e | | = .
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F —e— CERNEP-DT F—#— CERNEP.DT
82 @ LHCBSHIP ECO2 gas mixture B2 —m— LHCWSHIP ECO3 gas mixture
aok T B B B B B sob R EPEREEE B B B

0 1000 2000 3000 4000 5000 (] 1000 2000 3000 4000 5000

Absorbed dose [uGy/h] Absorbed dose [uGy/h]
Eur. Phys. J C (2024) 84:300
Current density vs. dose Current density vs. dose

70 RPC ECOGASRGIF++ RPC ECOGASIIGF ++

E - ALCE . E e o .
BOT e CMS - B0 CMS '

L - CERNEP-DT . [ .—e— CERNEP-DT
50 - LHCESHIP s —m— LHCH/SHIP

C - C .

E F ECO? gas mixlure ’ E I ECO3 gas mixturs ".
an— 40—
< £ [
L, C = - .
g o - g 3o
_:E E - A u _35 E ’ B A -
20 . & 20 A
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F a i L.
o e e, &
o T S C e R
e Wi A B R N B R A R T A AT A A A S S A B SN BRSBTS AT ST ST BT A
1000 2000 3000 2000 5000 1000 2000 3000 2000 5000
Absorbed dose [uGy/h] Absorbed dose [uGy/h]

5000 Gy/h <> ~ 1 kHz/cm?
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Emax [%]

Plateau efficiency vs. dose
RPC ECOGASEGIF++

1001
T
o =
C |
= B t
a2 e
90~ ~3-4% efficiency drop
88 (0—5000Gy/h)
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F —e— CERNEPDT
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Plateau efficiency vs. dose

EcoGas

L}RPC

GIF

Plateau efficiency vs. dose
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. sing long-term performance EcoGas
° [} RP
with HFO-CO, mixtures -
The method r
35 —------I-Da-rk--currer?t
_ —Linear fit .
Chamber kept at fixed HV while flushed with the gas mixture _w°rkingtp..~£im
under test — -
£
Continuous y irradiation %25_' e
HV and current values monitored and stored every 30s %20 .
Weekly measurement of the detector dark current - §15f_
[14] |-
(no y background) E -
5“’: * [ohmic
Beam test (2-3/year) to measure the detector performance 5: | c$ent
with increasing integrated charge density - Lot
. e Y
Measurement of the detector resistivity (2-3 times/year) % 2000 2000 6000 8000 10000 12000

V
ett [V Operating voltage
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. ssing long-term performance EcoGas
° [} RP
with HFO-CO, mixtures -
The method r
_ —Linear fit .
Chamber kept at fixed HV while flushed with the gas mixture _w°rkingtp..~£im
under test —
£
Continuous v irradiation %25— e
HV and current values monitored and stored every 30s %20 .
Weekly measurement of the detector dark current - §15f_
[14] L.
(no y background) E -
5“’: * [ohmic
Beam test (2-3/year) to measure the detector performance 5: Cyent
with increasing integrated charge density - Lot }
. e Y
Measurement of the detector resistivity (2-3 times/year) % 2000 2000 6000 8000 10000 12000

V
e [V] Operating voltage

Aging in RPC

Increase of integrated charge = production of HF (and TFA for HFO)
= degradation of the electrodes’ inner surfaces

Changes in the HPL resistivity due to its drying up
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Different irradiation periods, distances from source and operating voltages
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of HFO-CO, mixtures

g-term performance

-~ CMSRE11 TN detector Ohmic current subtracted

—- GMS RE11 TW detector !

- CMS RE11 BOT detector 2025tb. |

—+  ALICE detector

= | SHiP detector 2023 t.b. 2024 t.b. / |

—  ATLAS detector I b : ﬁl

—-  EPDT RPC6 detector | ECO2 mixture i Y

——  EPDT RPC25 detector | | / |

- CMSIRPC TOP | ' , g |
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= integrated charge density ~50+400 mC/cm?
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m performance
of HFO-CO, mixtures

ECO2 mixture

~ 40
- & -
é P el Stk S Jeomo OEF 3 g’ 14/~ 4 KODEL BOT detector ysource OFF ]
5 = KODEL TOP detector : ; 15l KODEL TOP etector E
[, mo— ——— — - = . <
% F+ RE11 BOT detecior Total current i E§ - +RE11BOT detector Ohmic :
: 25f* RE11.TN detecor J Ve component -
B R R W bl 3§ oo+REMTWdetector ... 5 35— MDark current
g 1 % E _ —Linear fit .
; 1 $ ] [ —Working point
§ 15 ] -S 6 =] 30- .
5 10 4 5 ] &E L
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i % ] 2 e
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] g 220 e
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e e e el c . P il L I L ) L
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e O - 1 3 eft Operating voltage
- “EPDT25 detector  Total current E % * EPDT25 detector Ohmic ]
§ 55 EPDT6detector ... 8" +EPDTE detector component ]
] - ] % F : ]
£ = ]
§ E ]
£ 1 § °F B
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£ 1 3 ]
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e 1 E ]
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m performance
of HFO-CO, mixtures

ECO2 mixture

= 40
§ 1% 1
2 3 ¢ KODEL BOT detector o stk 4 2 14— KODEL BOT detector ysolirce OFF ]
g ® KODEL TOP detector = = KODEL TOP detector .
30— e — . S = 12 - o)
8 31 RE11BOT detecior Total current 1 & - +RE11BOT detector Ohmic .
§ 5] v RE11 T detector J Ve component -
% i £ - — ]
z zoE * RE11 TW detector E 5. 8 —*.RE11.TW.detector. ........... - 35— WDark current
€ 1 % E _ —Linear fit .
© 1 8 ] —Working point
E 15 1 - 6 S 3 - .
3 3 g 1 & L
10 = 8 4 i E E i
1 o ] 325 i
1 € ] :
; ERLEE - S T .
. E 220 |
0 3 2 e
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NOTE: 2025 beam test data analysis in progress
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similar considerations apply to ECO3 mixture
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FConclusions and outlooks EcoGds

RPC

Scientific community committed to environmentally responsible research
= dedicated efforts toward greenhouse gas reduction

= promotion of R&D on possible eco-friendly gas alternatives for future operation of gaseous detectors

Since 2019, the RPC EcoGas@GIF++ Collaboration engaged in studying detector performance with

R134a-free mixtures in different background conditions, as well as aging effects

Focus on two mixtures based on HFO-CO, (ECO2 69%/25%, ECO3 60%/35%):

» Extensive tests with/out irradiation show adequate performance up to a few hundred Hz/cm?

e Aging test campaign started in 2022 for long-term performance studies

* Preliminary results show an increase in dark current for integrated charge densities > 50-100mC/cm?,
shift of the detector working point, no clear trend in electrode resistivity observed up to now
= analysis of 2025 beam test data ongoing

Next future: address SF, replacement, some interesting candidates already in play
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