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▪ GEM detector gas volume

▫ < 0.1 m3

▪ Mixture composition

▫ Ar 45%, CO2 15%, CF4 40%

▪ Mixture flow (2011)

▫ ~90 l/h

▪ Mixture cost

▫ 54 CHF/m3

▪ Operation cost

▫ ~50 kCHF/year

▪ Mixture GWP e tCO2e

▫ CF4 GWP 7390

▫ 8150 tCO2e Run1

LHCb GEM gas mixture parameters
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Observation of gas gain changes in GEM detector

Several changes in the gain reported since beginning May 2012

-40% +40% -20% -20%

-40% +40% -20% -20%

May 4-6th June 5th July 5th August 25th

Plot from A.Cardini

Possible causes:
-gas mixture
-gas supply
-detector properties
-enviromental conditions
-LHC luminosity
-…



In order to measure the effect induced by change of gas mixture composition, 
three test were performed during which the mixture was intentionally changed in step of 1%:

Ar (%) CO2 (%) CF4 (%)

Until May 21st 18:36 45 0% 15 0% 40 0%

May 21st 18:36 – May 22nd 10:21 45 0% 16 +1% 39 -1%

May 22nd 10:21 – May 25th 10:45 46 +1% 15 0% 39 -1%

From May 25th 10:45 45 0% 15 0% 40 0%
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Effect on gas gain of mixture composition 



Results for one detector:

Ar (%) CO2 (%) CF4 (%)

Until May 21st 18:36 45 0% 15 0% 40 0%

May 21st 18:36 – May 22nd 10:21 45 0% 16 +1% 39 -1%

May 22nd 10:21 – May 25th 10:45 46 +1% 15 0% 39 -1%

May 25th 10:45 – today 45 0% 15 0% 40 0%

Ar +1%
CO2 -1%

A. Cardini Ar -1%
CF4 +1%

A. Cardini
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Effect on gas gain of mixture composition 



The simulation composed of sections developed in:
GEANT4, Garfield++ and ANSYS APDL (the latter used to model the structure of the three foils and the electric field). 

The output of the ANSYS model is then used as an input of the Garfield++ application for geometry and electric field.

Measurements performed on 10x10 cm2 GEM prototypes and frames (CERN PCB Workshop) with 3-1-2-1 gap configuration

Effects from main gas mixture components:
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Effect on gas gain of mixture composition 

[Ar] fixed at 45% [CO2] fixed at 15%



Effects from N2, O2 and H2O impurities and gas flow
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Effect on gas gain of mixture composition 

FR4 frame found to be permeable to air: 
− Large contamination from O2, N2, H2O
− High flow needed (also for mixture diffusion between GEM foils)



Changes of mixture composition of ±1% are clearly detected with GC analysis
but they are not producing steps in the gain as important as the ones observed. 
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Effect on gas gain of mixture composition 

Which gas could be responsible for the changes? Only GEM detector is suffering from the problem. 

Gas supply GEM MWPC OT

Ar 45 40 70

CO2 15 55 28.5

CF4 40 5 -

O2 - - 1.5

GEM was the detector using the largest amount of CF4!

Analysis of the CF4 supply were performed: 
no contaminants found in the gas supply and also the level of O2/N2 was very low (< 200 ppm) 
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Use premixed on one GEM side

We implemented a modification on the purge line allowing to operate one or both sides of the GEM system with premixed gas
(leaving the other side on the standard gas system). 

Premixed bottle

Safety valve

MFC
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Test performed on October 10, 2012 during LHC fill (one side left on premixed for 1 day):
A significant increase of the gain (+20%) was reported. 
The gain decreased again when the normal gas source was restored on side C 

A. Cardini



Some of the steps appeared to be in 
coincidence with the change over of CF4 
cylinders, but not always.
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Gas gain vs CF4 supply

Gas gain changes

Gas gain not affected

• Test with premixed bottle seems to indicate as a possible 
cause the gas mixture 

• Extensive GC analysis confined the possible fluctuations of 
the mixture as below 1% which it is not sufficient to explain 
gain changes of the order of 20-40%

• Some good correlation with change overs of CF4 cylinders
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Motivation

▪ Greenhouse gas emission and operational cost 

European Union “F-gas regulation”
− Limiting the total amount that can be sold
− Banning the use of F-gases where alternatives available
− Preventing emissions 

More info tomorrow:
https://indico.cern.ch/event/1237829/contributions/5637221/

LHCb GEM vs years

https://indico.cern.ch/event/1237829/contributions/5637221/
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▪ GEM detectors were never operated in gas recirculation mode

▪ R&D started in 2012

▪ Setup:

Small recirculation system

10 x 10 cm2 GEM

Mixture monitoring system
▫ Online O2, H2O sensors
▫ GC
▫ Single Wire Chambers 

(detector design by EP-DT-DD/GDD)

R&D study for GEM with gas mixture recirculation

"A portable gas recirculation unit" JINST 12 T10002

Advantages:

- Reduction of gas consumption 

Disadvantages:

- Complex systems

- Constant monitoring (hardware and mixture composition)

- Use of gas purifying techniques

https://doi.org/10.1088/1748-0221/12/10/T10002
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Gas Recirculation for Triple-GEMs

GEM used for the test:

− 10x10 cm2 prototypes

− 3-1-2-1 gap configuration (CERN PCB Workshop)

Measurement of amplification gain:

− Detector current, over full chamber surface 

− Signal, to obtain pulse height spectrum

Performance is characterized with HV scans:

− X-ray counting rate for gamma irradiation

− Detection efficiency for Muon beam  

Ar/CO2 Ar/CO2/CF4
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Triple-GEMs Setup 

▪ Two 10x10 cm2 detectors (3-1-2-1 mm)

▪ Gas mixture Ar/CO2/CF4 45/15/40

▪ Irradiated with 137Cs and 55Fe

Closed Loop Gas System

▪ Small replica of LHC Gas Systems

▪ Purifier Module for H2O and O2 removal

▪ Monitoring of gas quality with SWPC

Gamma Irradiation Facility (GIF++)

Test zone for large-area muon chambers, 

performance characterization and aging tests

▪
137Cs source, 662 keV photons, 14 TBq

▪ ~ high radiation background 

▪ Variable source intensity

▪ H4 Muon Beam (SPS) 

Gas Recirculation for Triple-GEMs

GIF++ Irradiation bunker

GEM Setup 
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Gas Recirculation for Triple-GEMs: long term irradiation

Test Conditions:
● Continuous irradiation at max rate 50 x 106 Hz/cm2, HL-LHC rate equivalent

● Tested Ar/CO2 and Ar/CO2/CF4 mixture, gas recirculating fractions 50%, 70%, 90%, 95%

● Monitoring detector current at working point + weekly 55Fe signal spectrum

Triple-GEMs performance is stable

● Ar/CO2/CF4 with gas

recirculating fraction up to 95% 

● Various background irradiation 

rates (max 50 x 106 Hz/cm2)

● Total accumulated charge 

higher than 100 mC/cm2

● Purifier module: O2, H2O ~ 50 ppm

stable concentration (<5%) 

Ar/CO2/CF4Ar/CO2

50% 70% 90% 95%

55Fe

137Cs

CHARGE

https://doi.org/10.1016/j.nima.2020.164627

https://doi.org/10.1016/j.nima.2020.164627
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Gas Recirculation for Triple-GEMs: long term irradiation

Mixture monitoring during test:

H2O and O2 in the long-term irradiation campaign Gas gain for the two SWPCs: fresh and recirculated gas mixture

Working with low O2 concentrations could give rise to instabilities in Triple-GEMs performance
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Gas Recirculation for Triple-GEMs: muon detection efficiency

Test conditions
• Muon beam from SPS + scintillators

• 137Cs source irradiation as background

• Upgraded DAQ to readout 256x256 strips

• HV scans repeated at different

gas mixture and irradiation conditions

Triple-GEM performance:

• Reach 100% efficiency without background

• Equivalent in open mode and gas recirculation

• Efficiency remains optimal (>90%) 

for background rate up to 105 Hz/cm2

• Amplification gain at working point voltage 

(gain around 104 without background) 

constant regardless the irradiation rate

https://doi.org/10.1016/j.nima.2020.164627

https://doi.org/10.1016/j.nima.2020.164627
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Gas Recirculation for Triple-GEMs: gas mixture quality

CF4 can break up in the electron avalanche

Highly reactive products: F-, CF3+, CF2+, …

▪ Polymerized deposits (HF acid, if H2O present)

▪ Material etching (GEM foils, readout electrode)

Ion Selective Electrode station (ISE)

more details tomorrow: 

https://indico.cern.ch/event/1237829/contributions/5609569/

CF4 CONCENTRATION

FLUORIDE

Flow Rate 10 v/h
Rate 50 x 106 Hz/cm2

@Working Point

FLOW RATE

FLUORIDE

Ar/CO2/CF4 45/15/40
Rate 50 x 106 Hz/cm2

@Working Point

https://indico.cern.ch/event/1237829/contributions/5609569/
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Gas Recirculation for Triple-GEMs: gas mixture quality

E FIELD (HV)

FLUORIDE

CURRENT

Ar/CO2/CF4 45/15/40
Flow Rate 10 v/h
Rate 50 x 106 Hz/cm2

GAMMA RATE

CURRENT

FLUORIDE

Ar/CO2/CF4 45/15/40
Flow Rate 10 v/h
@Working Point

Current increase, F- concentration increase

Bigger electron avalanches, higher gain 

Current increase, F- concentration saturation 

More avalanches but same amplification gain

Necessary better understanding of CF4 break up
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Gas Recirculation for Triple-GEMs: SEM analysis

new irradiated

Typical pattern observed
− No F-compounds found on GEM foils
− No extra impurities/compounds found on GEM foil
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Gas Recirculation for LHCb-GEMs

LHCb-GEM operated with gas recirculation from 2016 to 2018

LHCb –Surface room

Controls 
module

Analysis Module
O2/H2O: 
− before 
− after purifier

4 Fluoride analysis stations
− Before & after purifier in SG
− Return from GEM in US (two sides) 

Purifier module:
− 2 x 24 liters
− Ni/Al2O3 catalyst
− O2 and H2O removal
− < 10 ppmV

Gas chromatograph: 
− SG and US analysis
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Gas Recirculation for LHCb-GEMs: gas mixture quality

Before Purifier sampling point vs LHC luminosity

Technical stops
Ion run

Fluoride ion results: 

Before vs After Purifier sampling points
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Conclusions

First experience on GEM detector operation with gas recirculation system

− Operational costs

− Reduction of GHG emission 

Long term irradiation 

− Stable operation with recirculating fraction up to 95% and 100 mC/cm2 of accumulated charge

− Purifier module: same gas quality after recirculation (O2, H2O)

Muon Detection Efficiency

− Efficiency remains >90% for background rate up to 105 Hz/cm2 

Fluoride Impurities Production

− Operation parameters influence the production rate (HV, gamma rate, flow)

− Purifier traps F-, no accumulation with gas recirculation (validated full-size system)

− Measurements performed on real system (LHCb-GEM)

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors
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LHCb-GEM 
mixture: CF4 40%, Ar 45%, CO2 15% 
Detector volume: ~ 50 liters (but very high flow needed) → R&D for operation of GEM detector systems with gas recirculation

2013: Development of small gas recirculation 
systems for R&D
Started test in lab with radioactive source 
(GEM never operated in recirculation before)

Gas mixture purification studies

2015-(2019):
Validation continued at CERN 
Gamma Irradiation Facility

2016-2018:
LHCb-GEM operated with gas recirculation

LHCb-GEM detector operation became more stable thanks to less frequent replacement of CF4 cylinders

Original investment largely paid back by gas cost saving during operation

Conclusions
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https://doi.org/10.1088/1748-0221/12/10/T10002
https://doi.org/10.1088/1748-0221/12/10/T10002
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