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- History
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- HFO 2014
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- HFO 2014      First Experimental Results
Streamer mode Argon/Isobuthane/Tetrafluorpropane 80% +quenching
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- HFO 2014 Conclusions

● Tetrafluoropropene has shown a very strong effect both in 
quenching and in keeping the charge at low level

● Mixtures like Ar-Iso-Tetra=82-3-15  are adequate for streamer 
working mode with very modest delivered charge. The small loss of 
efficiency could be compensated by a larger gap size

●These mixtures are promising even for avalanche working mode 
with an appropriate FE Electronics and a dedicated chamber layout

Adding SF6 to 82-3-15
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- HFO/CO2 2016 
First Choice CO2-HF0  GWP < 6

Second Choice   CO2-HF0 plus SF6 series   GWP=700
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- HFO/CO2 2016 
HFO with He  
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- HFO/CO2 2016 

Conclusions

● For future RPC generation HFO, alone or associated with other gases, 
offers full opportunity to obtain a full avalanche working mode.

● For RPC already installed, in principle, only if forced, we could 
consider both 20%CO2-80%HFO with GWP=6 or in alternative, with 
less severe constraints, binary mixture of CO2 and HFO with 
addition of SF6 i.e. 50%CO2-50%HFO + 5%SF6.

● Both these mixtures have shown 300 V of Avalanche-Streamer 
separation and, in case of  low percentage streamer contamination, 
they have a small average delivered charge per count.

● This is only a preliminary indication which have to be explored in 
detail but lots of work must be done in particular to see the behavior 
of this gas with respect to ageing and pollution  effects.
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- Standard Mixture 2018

The total prompt charge, i.e. the integral over 
the full event time window, is the best parameter 
to evaluate  the goodness  and the  acceptability 

of  given working point.

The total prompt charge vs the run number shows 
great variability, up to hundreds of pC. 

The greatest value for each scan is more or less 
corresponding to the greatest efficiency.
The prompt charge associated to the first 

avalanche is superimposed in red. 9



- HFO F- Fluoride Production
ECOGas@Gif++ Collaboration   2019

“The CMS RPC system upgrade
project for HL-LHC» PhD Thesis Dott. A. Gelmi 2019-2020

ECOGas@Gif++ for RPCs,
later in AIDA Innova WP 

Collaboration with many groups and 
experiments ALICE, ATLAS, CERN, CMS, 
Ship/LHCb

The main goal is to perform an aging test 
of HFO-based mixture, and to test
high rate performances

10



- Estimate of detector current per event 

Ionic signal read out on a 
resistance on the ground 
graphite electrode equal 
to 10 kOhm

Prompt signal read out 
on a single read-out strip 
of characteristic 
Impedance : 50 Ohm

Avalanche charge : 
integrated charge in 10 ns 
around the first peak 
in the time window after 
the background time 

Total prompt charge: 
integrated charge from 
the background time 
to the end of the time 
window (200 ns)

Total charge (ionic charge): 
integrated charge from the 
background time to the end 
of the time window (100 𝜇s) 

11



- Low HFO concentration

HFO/CO2 Variable Ratio 
(constant i-butane/SF6=5/1)

HFO/CO2/i-C4H10/SF6 = 
25/69/5/1, 20/74/5/1, 15/79/5/1, 10/84/5/1, 5/89/5/1 

CO2/i-C4H10 Variable Ratio 
(constant HFO/SF6=5/1) 

HFO/Co2/i-C4H10/SF6 = 
5/84/15/1, 5/79/10/1, 5/89/5/1 

Characterization of new eco-friendly gas mixtures based on 
HFO for RPCs G. Proto et al 2021 JINST 16 C02001
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HFO/CO2 Variable Ratio (i-butane/SF6=5/1) - CO2=89/84/79/74/69 Charge studies
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CO2/i-C4H10 Variable Ratio (HFO/SF6=5/1) i-C4H10=5/10/15 Charge

studies
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- Low HFO concentration – HFO-Cl 2022

On a new environment-friendly gas mixture for Resistive Plate Chambers
G. Proto1,2, B. Liberti2, R. Santonico1,2, et al. 2022 JINST 17 P05005

The 1-Chlorine-3,3,3,trifluoropropene (HFO1233zd), 
with a GWP 6 and ODP 0 [https://ghgprotocol.org.]. 
We will refer to this molecule as Cl-HFO in the following.15



- HFO-Cl – Experimental Apparatus
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- Event Classification in HF0/HFO-Cl studies
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- Characterisation of transition events 
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- Gas mixtures tested: HFO/CO2/i-C4H10/HFO-Cl
HFO/i-C4H10 at a fixed ratio of (15/7) %+ 

variable ratio of CO2/ Cl-HFO in the range (78/72) %/(0-6) %

The WP voltage increases at the rate ~ 
400 V/1% Cl-HFO;
The WP efficiency is at least 93%;
The avalanche/streamer is ~ 400 V.
The transition event probability 
decreases when streamers start to 
appear, and is  less than 20% at;
The time over threshold of transition 
events is less than 25 ns.

The ionic charge of the mixture 0% Cl-HFO 
reaches very high values (~ 75 pC) at low 
efficiency 
The mixture with 5% and 6% Cl-HFO have 
an ionic charge more than 30 pC at the 
first plateau value
The mixture with 1% Cl-HFO shows the 
lowest ionic charge for 𝜖 < 94%
The mixture with 2% Cl-HFO shows the 
lowest ionic charge for 𝜖 > 94%19



- HFO-Cl Best operating performance mixture

Charge saturation for 𝜖 ≤ 90% !

𝑪𝑶𝟐/F-HFO/ i-𝑪𝟒𝑯𝟏𝟎/Cl-HFO = (76/15/7/2)%
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- HFO-Cl  versus SF6 comparison
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- HFO-Cl Conclusions 2022

• The HFO-Cl has a very high electronegative effect

• Each 1% causes  a 400 V  increase in working point voltage

• The SF6 could be replaced by the HFO-Cl molecule with no effect on the 
performance (a factor 2 of concentration)
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- HFO with Atlas legacy BML-D RPC chambers
( Tov Labs 2022)
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- HFO with Atlas BMLD RPC chambers – Preliminary Results
FE Threshold not optimized, gas system large error bars

• Standard mixture 30 cc/min, 
no forced humidification, 
mixed plastic/copper pipes.

• Mixtures under test:
• TFE=29,9% C02=62,1% 

IsoBut=7,5% SF6=0,5%
• TFE=32,3% C02=62,3% 

IsoBut=5% SF6=0,5%
• HFO=35% Co2=59% 

IsoBut=5% SF6=1%
• HFO=25% Co2=69%, 

IsoBut=5% SF6=1%
• HFO=15,7% Co2=76% 

IsoBut=7,28% SF6=1% 

Average Flux 6/12 l/h
[3%-6%] full-scale

• CO2 MFC F-201C-FAC-00-Z, 200 mln/min
• C2H2F4 MFC F-201C-FAC-33-z, 200 l/h
• C4H10 MFC F-201C-FAC-33-V, 10 l/h
• SF6 MFC F-201C-FAC-33-Z, 1 l/h
• HFO MFC F-201-CV, 15 cc/min
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TFE-CO2-C4H10-SF6 
30-62-7,5-0,5

• LY1 -> Standard Mixture

• LY2 -> TFE=29,9% C02=62,1% IsoBut=7,5% SF6=0,5%
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TFE-CO2-C4H10-SF6 
32,3-62,2-5-0,5

• LY1 -> Standard Mixture

• LY2 -> TFE=32,3% C02=62,2% IsoBut=5% SF6=0,5%
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HFO-CO2-C4H10-SF6
35-59-5-1

• LY1 -> Standard Mixture

• LY2 -> HFO=35% Co2=59% IsoBut=5% SF6=1% 
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• LY1 -> Standard Mixture

• LY2 -> HFO=25% Co2=69% IsoBut=5% SF6=1% 
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• LY1 -> Standard Mixture

• LY2 -> HFO=15,72% Co2=76% IsoBut=7,28% SF6=1% 
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Outlook
- Optimisation of  both HFO and HFO-Cl-based mixtures, accounting for  FE threshold and 

detector layout  
- Finalisation of  the aging tests for HFO/CO2 mixtures with ECOGas@Gif++ Collaboration
- Performances studies for ATLAS legacy RPCs with not saturated mixtures, based on low 

TFE concentration

All plots shown in this talk are produced
by B.Liberti, G.Proto, and A.Rocchi in order of appearance!

Thank you for your attention!
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