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Basics

The gas (or gas mixture) is the «core» of any
gaseousdetector

ωIt iswhere(almost) everythinghappens

ωIts propertiescontributeto determine the shape, 
amplitudeand duration of the signalsgenerated
Ą The performanceof the detector

ωAging processesin gaseousdetectors stronglydepend
on the nature of the gas mixtureused

How do we choosethe «best» gas mixture?



Working principle of gaseous detectors
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Detectionof an impingingparticletakes place becausethis ionizesthe 
gas, generatingion-electron pairs.

Drift and amplification
due to electricfield



Ionization

4

I0

Not the wholeenergy lost by the impingingparticlegoesin ionizationprocesses; a 
part (roughlyhalf) goesin excitationof the gas molecules.
Ą The averageenergy Wi neededto create an ion-electron pair isҒ н-3 I0

Interestin maximizingionizationprocesses



Statistics of ion-electron pair production
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Primaryionizationeventsare independentand therefore follow
Poissonstatistics.
- Eachtime animpingingparticlecrossesa layerof gas, it hasa certainprobabilityto
produce a certainnumberof primaryelectrons
- If nP is the averagenumberof primaryelectrons(ions), the probabilityP(k)to have
k electrons(ions) is:

Thereforethere isalwaysa finite probabilityto produce no electron-
ion pairs:

Ą In the other casesthe impingingparticleisnot revealed
Ą Intrinsicinefficiencyof the detector

Note: of coursenP isproportionalto the gas layerthicknessand the energy loss
Ą Limit on the thicknessof the gas volumesthat can be used.

neP --=-= 1)0(1dete



High E fields: excitation and ionization
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- When an applied 
electric field exceeds 
few kV/cm,
more and more 
electrons can reach 
enough energy
to produce excitation 
and ionization.

- The plot shows the energy 
distribution in Ar for three 
different values of the 
electric field, compared to 
the energy needed for 
excitation and ionization

Multiplicationprocesses



Multiplication processes
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V In gaseousdetectors typicallyfew tensof ion/electron pairsare 
producedby a MIP in few mm of gas;

VTo be comparedǘƻ ҒнпΦллл ƘƻƭŜκŜƭŜŎǘǊƻƴ pairsproducedin 300 
m˃ of Si.

Multiplicationprocesses(a la Townsend) are fundamentalin 
gaseousdetectors
ĄBecauseǘƘŜǊŜΩǎno hopeto distinguishthe signalgeneratedby 

few tensof electronsfrom all sources of noise

All theseconsiderationsleads to the necessityof optimizing(namely
enhancingasmuchaspossible) primaryand secondaryionizationin 
gaseousdetectors.





Choice of the gas filling
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1. Noble gases are preferentially used due to the absence of 

vibrationaland rotational states Čionization dominates.
(Polyatomic gas have non-ionizing de-excitation modes available)

ĄPossible electron multiplication at low electric field 

ĄChoose cheap noble gases with low ionization potential

Expensive 
and rare



Choice of the gas filling
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1. Noble gases are characterized by the largest I0/W i ratio

2. In principle noble gases with large Z should be preferred, 

because of their large dimensions, leading to larger nt/cm

Ą Kr and Xe would be ideal choices, but their drawback is 

their cost

ĄRn is radio active

Hence Ar was (and still is) a very popular choice

In principle one could release the requirement on I0/W i in the case of 

large molecules, characterized by large nt/cm

Large hydrocarbons would be suitable

Ą But they are flammable



First Townsend coefficient for Ar/CH4 mixtures
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The first Townsend coefficient represents the average number of pairs produced per 
unit length by an electron drifting in the gas



Not only ionization
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From: F. Sauli, Gaseousradiationdetectors: Fundamentals and Applications, Cambridge 
University Press, 2014



Penning effect
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Whenusinggas mixtures, Penningeffect can take place, if the 
excitationpotentialon one speciesis largerthan ionizationpotential
of the other. A* + B Ą A + B+ + e
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Penning effect
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Ionizationcoefficientof Ne/Ar mixtureslargerthan ionizationcoefficientsboth of Ar 
and Ne 

Additionalion-electron pairsare produced, increasingthe «effective» ionization
coefficient, especiallyduringmultiplicationprocesses.

From the original
paper by Penninget 
al., 1940



Penning effect: complications
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Gain in an gaseousionizationcounter, filled with Ar/isopentanemixture. 
Two effects:
- Increaseof the gain due to Penningeffect for low concentrationof iso-pentane
- Decreaseof the gain for largerconcentrationsdue to electron coolingby iso-

pentane



Choice of the gas filling
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If only a noble gas is used to fill the counter, it can operate at
ǊŜƭŀǘƛǾŜƭȅ ƭƻǿ Ǝŀƛƴǎ όa Ғ мл3 - 104) before entering the permanent 
discharge regime

When the avalanche forms, excited Ar atoms are created, which can 
return to the ground state only emitting UV photons
- The energy of these photons can be sometimes larger than the energy needed to 
extract electrons from the  cathode walls (7.7 eVfor copper)
- Photoelectrons can be extracted from the walls, which cause farther ionization of 
the gas

Possible spurious delayed pulses due to ions neutralizing on the 
cathode
- Ar+ ions reaching the cathode are neutralized
- The neutral Ar atom is sometimes produced in an excited state, decays emitting 

UV photons Ą An additional electron can also be extracted from the wall

Both processes induce spurious delayed pulses



Emission spectra from various gases
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Emissionspectraof the noblegases
typicallyfall in the UV region



Radiation trapping
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ü Photonsemitted by radiative decayto ground of 
excitednoblegas atomshavea high probabilityof 
beingre-absorbedand subsequentlyre-emitted by 
the noblegas: radiationtrapping.

ü Eventually, after manyabsorption/emissioncycles, 
the photonsare absorbedby the wallsof the 
gaseousdetector (or a quenchergas molecule).

ü Excitedstatesmayeffectivelyhavea long lifetime



Geiger-Muller counters
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Entiregas volume is involved
Ą Loss of information on space
Ą Loss of information on energy
Simple, easy to use, cheap, suitablefor measuring
radiationcounts
Sometimesoptimizationof gas mixturesisŜŀǎȅΧ J

Filling gases: He, Ne or Ar

High electric fields

Gains of the o(1010)



Use of quencher gases
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The problem of UV photons is solved by adding to noble gas 
percentages of other polyatomic gases, usually called "quenchers"

VGas quencher molecules have non-radiative(rotational and vibrational) 
mode and can absorb UV photons in a wide energy range.
- CH4 absorbs photons between 7.9 and 14.5 eV
- Other polyatomic gases used are freons, CO2, BF3, C4H10, etc.

VPolyatomic gases dissipate energy by elastic collisions

- Some of these gases can dissociate, and/or form solid or liquid 
polymers which can deposit on the electrodes, altering their properties
ĄMalter effect, where the E field close to the electrode is distorted, 
causing undesired discharges
ĄAging effects (one of the main issues in all particle detectors)

Even small quantities of quencher allow to operate these detectors 
up to gain of 106 without discharges.



Quenching by UV absorption
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Photo-absorptioncross sectionsfor variousgasesand for the principalhydro-
carbons
Ą Theyextenddown to 7-8 eV



Electronegative gases
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- Some gases, like O2, Cl2, H2O vapour, etc., are characterized by a 
high probability to capture drifting electronsand form negative ions;
- The net effect is reducing the total number of drifting electrons Ą

electronegative gases
- The probability of capture per collision (or per unit length)
is called "attachment coefficient"

The attachment coefficient 
strongly depends on electron 
energy .

Attachment coefficientof
electronsin Oxigen, vs. electron 
kineticenergy



Effects of electronegative gases
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Fractionof electronssurvivingafter a drift of 20 cm in two gas mixtures, asa 
functionof the contaminationof O2, under the actionof E = 200 V/cm



Use of quencher gases
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Also electronegative gases are used as quenchers, like many freons
(CF3Br), ethyl-bromide (C2H5Br), etc. which help operate detectors 
at high gain without discharges. 

- They are characterized by an electron capture mean free path that is less 
than typical anode-ŎŀǘƘƻŘŜ ŘƛǎǘŀƴŎŜ όҒ м ŎƳύ ŀƴŘ ƭŀǊƎŜǊ ǘƘŀƴ ŀǾŀƭŀƴŎƘŜ 
size (few ˃m)

- These gases capture electrons possibly extracted at the cathode 
forming negative ions, preventing the formation of spuriosdelayed 
avalanches

- Sometimes quenchers, in particular various kinds of freon, can 
dissociate resulting in simpler molecules, sometimes harmful to the 

detector, like HF Ąaging



«Classical» gas mixtures
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Populargas mixturesin use for a wide varietyof gaseousdetectors 
wereternary:
- Noble gases(typicallyAr) to enhanceprimary, secondary

ionizationand Towsendavalanchesin the gas
Ą enhancethe signalproduced
ĄReduce the intrisic inefficiency
Ą Theydo not dissociate in pollutants

- Small fractionsof hydrocarbons(CH4 or i-C4H10), or CO2, and/or 
fractionsof some kindof Freon

- Whenno simulationwereavailablethe «best» gas mixturefor a 
certaindetector waschosenby making, literally, hundredsof 
tests

- Simulationshavemade life easierto particledetector physicists
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Exploitingligth emission

VChargedparticlesleavetrailsof excitedmolecules
VCertaingasesrelease part of this excitationenergy producing

visibleor UV photons
VThiscan be exploitedif the gasesare transparentto these

photons
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Gaseousdetectors with optical readout

Energy carriedawayby scintillationlight issmall: < 1% of dE/dx
- Up to 104 photonsper MeV of dE/dx
Ą use the scintillationligtht producedduringthe avalanche

multiplicationprocesses

TypicallyMicro Pattern GaseousDetectors (MPGDs) are used
coupledwith  CCD or CMOS cameras.
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Exploitingligth emission

Spectrumof the noblegasesis typicallyin the UV region.
Maximum sensitivityof photosensorsis typicallyfor visiblelight.
ĄNeedto use wavelengthshifters
Ą Addsuitablegasesto noblegases

Sharp peaksfrom 
noblegases

Broad spectrum
from CF4
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Images from optical readoutGDs

Muon tracks Muon + ɻ ray Hadronicshower

Scintillationlight decaytime:
VҒ мл s˃ for noblegasesĄ suitablefor typicalCCD integrationtime
V10-1000 ns in inorganicscintillatos
V2 ns for fast organicscintillator

First particledetectors were«imaging» detectors
Ą Intuitive and direct visualizationof what happens
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Electron Drift velocity

Ionizationprobabilty(and gain) are not the onlyparametersto 
be optimizedin gaseousdetectors.

VDrift velocityis typicallyrelatedto time resolutionin GDs.
- In RPC, wherethe wholevolume isactivefor multiplication

processes:

In wire chambersand mostMPGDstime resolution
is relatedto fluctuationsin the drift time toward the 
amplificationregion.
- CF4 isaddedto Ar to improvetime resolution

In general:
Iind = qe vd EwĄ the signalamplitudeisproportionalto drift velocity
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Drift velocityin Ar/CO2

üAddingevensmall 
percentagesof a gas to 
anothercan changethe 
drift velocity
dramatically

üCO2 addedto Ar makes 
the drift velocityof the 
mixturemax larger

üIn general, mixtures
characterizedby 
large drift velocities
are preferred: «fast» 
gas mixtures

Drift velocities
computedby 
Magboltzat
Ar/CO2 at 3 bar
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«Slow» gas mixtures: the cluster countingtechnique 

Principle: In Hebasedgasmixturesthe signalsfrom eachionizationact
canbespreadin time to fewns.
üBycountingthe numberof ionizationactsper unit length(dN/dx), it ispossibleto

identify the particles(P.Id.) with abetter resolutionw.r.t the dE/dx method.

dE/dx : t runcated mean cut (70-80%), with a 2m track 
at 1 atm giveůå 4.3%

dNcl/dx : for He/iC4H10=90/10 and a 2m  track

givesůdNcl /dx /( dN cl/dx) < 2.0%

üLandaudistribution of dE/dx, originated by the mixing of primary
and secondary ionizations, has large fluctuations and limits
separationpower of PIDĄ primary ionizationis a Poissonprocess,
hassmallfluctuations
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Diffusioncoefficientsfor Ar/CO2

üCalculatedby 
Magboltsfor Ar/CO2 at
3 bar

üTransversaland 
longitudinal
diffusionshouldbe 
optimizedtogether
with other
parameters(gain, 
drift velocity).

Transversaldiffusionrelated, typically, to spatialresolution
Longitudinaldiffusione related, sometimes, to time resolution
Ą In drift tube (or TPC) it can affectspatialresolutionaswell



Diffusion of electrons and ions in gases
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While diffusing, electrons and ions do not have an easy life.

Possible interaction of positive ions:
- Neutralization with a negative charge carrier (either an electron or a negative ion)
- Neutralization after the extraction of an electron from the walls of the detector
- Charge transfer

- to a molecule of its own gas (A+ + A --> A + A+)
- to a molecule of another gas with lower ionization potential (A+ + B --> A + B+)

Possible interactions of electrons:
- Neutralization with a positive ion (e + A+ --> A)
- Attachment to a molecule with negative electron affinity (e + A --> A-)

- This attachment probability is negligible for noble gases and hydrogen
- Oxigenis a gas with strong electronegative affinity
- The attachment coefficient depends strong on the electric field (if any)

- Absorption in the walls of the detector
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Changingof paradygm

üUntil 1980s mostsuccesfullygaseousdetectors werecylindrical
Ą yes, MWPCsare «cylindrical»

üDrift and multiplicationregionseparatedfrom eachother
Ą quite good spatialresolution
Ą relativelypoor devices for time resolution

üUsing a parallelplategeometrywasconsidereddifficult
ĄDetectors unstableand with limited lifetime

üOnce that a dischargestartedthe wholeenergy storedin 
the electrodeswasdissipated

üDetectors hadto be externallytriggered

ɲt
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Changingof paradygm

Time resolutionҒ м ƴǎ

KeuffelPPCs(1949)

Madanskyand PIDD PPCs
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Includingresistive elementsin gaseousdetectors

üResistive electrodesallowauto-quenching 
mechanismsdue to the switching off of 
the LOCAL electricfield

üLimitationof rate capability

Includingresistive elementsin gaseous
detectors was(and is) a major breakthrough
in GD R&D

RPCssuccesfully
operatedwith 
Ar/iC4H10/CF3Br 
mixtures
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Trasferringamplificationto front-end electronics

üSometimelarge gains (charge) are not
acceptable:

üRPCsoperatedin streamer mode were
NOT suitablefor LHC experiments
becauseof their too low rate capability

üThe solutionwasto increasethe 
fractionof quenchergasesand transfer 
part of the neededamplificationto the 
front-end electronics

0% CF3Br

4% CF3Br

8% CF3Br

R. Cardarelli et al., Performance of a 
Resistive Plate Chamber operatingwith 
pure CF3Br, NIMA 333(1993), 399-403
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Passagefrom streamer to avalanchemode in RPCs

The use of CF3Br enrichedmixturesallowedan increaseof the rate 
capability of more than one order of magnitude
ĄAllowedthe use of RPCsin muonsystems of the LHC experiments
ĄHow a gas mixturecan changeyourƭƛŦŜΧ

Lateron, it wasfound that CF3Br washarmful for the ozonelayer, and 
wasbannedfrom production and use.
ĄIt wasreplacedby C2H2F4, a gas largelyusedin refrigeratingsystems
ĄRPCsgas mixturesare nowdaysalmostcompletelymade out of 

C2H2F4.
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Twenty yearslater (not by Alexandre Dumas) ĄΧ



The problem of GreenHouse Gases
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- Not onlyCO2 contributesto the greehouseeffect. Thereare other
gases(and families of gases) that contribute: H20, CH4, CFC, HCFC, 
NOx, SOx

To compare variousgases, the Global Warming Potentialwas
introduced:

ü it is a measure of how much energy the emission of 1 ton of a 
gas will absorb over a given period of time, relative to the 
emission of 1 ton of carbon dioxide (CO2). 

üThe larger the GWP, the more that a given gas warms the Earth 
compared to CO2 over that time period. 

üThe time period usually used for GWPs is 100 years(*).

(*) Some gases, once arrivedin the high atmosphere, dissociate, producingby-products 
that mayor mayNOT be greenhousegases: thereforethe lifetime a a gas speciesMUST 
be consideredwhencomputing its GWP



GWP for various gases
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The Relative 
instantaneous
radiative forcing, is
independentof the 
lifetime of the gas 
in the atmoshpere. 

The GWP take also
into account the 
lifetime of the gas 
in the atmoshpere. 



Temperature and CO2 concentration: 

last 800.000 years
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CO2

concentration
< 300 ppm

Temperature

CO2 concentration

Lüthi, D., et al.High-resolutioncarbon dioxideconcentrationrecord 650,000ςуллΣлллyears
beforepresent. Nature453, 379ς382 (2008). https://doi.org/10.1038/nature06949
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GHGsare usedin severalgaseousparticledetectors due to their characteristics
suitablefor optimaldetector performance AND long term operation

- 30 yearsago we hadto get rid of OzoneDepletiongases
- Therewasnot the feeling aboutGHGsĄmanydetectors weredesigned

from the beginningto be usedwith GHGs

Use of Greenhous gases in HEP



The use of GHGs at the LHC experiments
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- 40% GHG emissions from Run 1 to Run 2 excluding from the calculations ATLAS and 
CMS RPC systems
- ATLAS and CMS RPC systems: +35% increase of GHG emissions due to development 
of new leaks
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Weneedto replace:

V C2H2F4 = R134a = TFE mainlyusedin RPCs
V SF6 mainlyusedin RPCs
V CF4 usedin CSCs, GEMs, RICH, etc.

with more ecologicalgases, namelywith a muchlower Global Warming Potential.

Difficult problem: gasesare the core of gas-filled detectors.
Wealsoneed:

- to get the sameperformance
- not to changethe electronicsand HV (for existingsystems)

Of coursewe can alsore-circulate 
the gasesused, after purifyingthem, 
and reduce leaks

ü HEP experiments, presentand future, last several(dozens) of year
Ą A good performance must be mantainedfor an adequateperiodof time
Ą Aging testsare neededaswell.

LǘΩǎnot a problem
concerningjust the 
RPC community

Replacementof GHGswith eco-friendly  gases



The importance of collaborative effort
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ü All high energy experiments(ALICE, ATLAS, CMS, LHCb, etc.) and the CERN 
gas group (CERN EP-DT) started, alreadyseveralyearsago, an intense R&D 
programto find suitablegas mixtures.

ü Practicallyall researchtrendlines concentrate aroundthe idea of replacing:
C2H2F4 (GWP=1430)ĄC3H2F4ze (GWP=4) 

+ CO2 (GWP=1) or He

EEE

V C3H2F4 (hereindicatedasHFO for short) is the moleculemostsimilarto TFE but
with low GWP

V CO2 (or He) are essentiallyaddedto reduce the operatingvoltage.

The RPC EcoGas@GIF++ isa Collaboration transversalto ALICE, ATLAS, CERN EP-
DT, CMS, and LHCbwilling to put togetherexpertise and resourcesin order to 
test potential candidatesof eco-friendly gas mixtureswith different detectors and 
electronics.



The RPC ECOGas@GIF++ timeline

49

The RPC EcoGas@GIF++ isa collaborationtransversalto ALICE, ATLAS, CERN EP-DT, CMS, and 
LHCbwilling to put togethereexpertise and resourcesin order to test different detectorsand 
electronics, in the sameconditionsand 2-3 potential candidatesof eco-friendlygas mixtures.

Assessmentof the 
possibilityof usingHFO in 
place of TFE
Ą ECO1, ECO2 and ECO3



Experimental set-up @GIF++
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ü Three gas mixturesidentified, with variousconcentrationsof HFO and CO2. 

Attention focussedon ECO2 and ECO3 becauseof the good stabilityand 
performance demonstrated in home-labs tests.

Aging testsperformedat GIF++
ü 12.5 TBq137Cs source
V to generate background (high rate)
V to accelerate aging processes
ü 100 GeV muonbeam
V to measuredetector performance



Detectors @ GIF++ 
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ü Variousdetectors, mountedon two
trolleys, equippedwith variouselectronics.

ĄHelp in disentaglingcommon observed
effect from effectsspecificof ONE detector

Trolley 3

Trolley 1

ü The resultspresentedhererefer particularly
to the detectors equippedwith TDC



Determination of baseline perfomance

Fit of efficiencycurveswith a sigmoid:
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ü Efficiencyat plateau basicallysimilarfor 
STD, ECO2 and ECO3> 95%

ü Efficiencycurvesshiftedat higher
voltagesdependingon fractionof HFO

ĄWP(ECO2) > WP(ECO3) > WP(STD)

Source OFF, 2021 data



Efficiency and counting rate with irradiation
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Source ON, 2021 data

STD ECO2
EC03

üEfficiency> 90% at the highestrate for all detectors

LHCb/SHiP(SG 1.6 mm)

With ECO2 and ECO3 the presenceof largerchargeevents (not streamers) observed

ATLAS 2021 (digitizer)



Aging and causes for aging in RPCs

54

2023 t.b. 2024 t.b.

Start of the 
irradiation

ü Generally, the chargeintegratedalonga certainelapsedtime is
consideredthe most important factor for aging in RPCs;

ü The targets of integratedchargeare different for variousexperiment:  for 
instance, for ALICE isҒ млл mC/cm2, for CMS isҒ м /κŎƳ2 CMS, includinga 
safetyfactor of 3.



Further considerations about aging
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Caveat: The importanceof the integratedchargederivesfrom the fact that
production of  HF wasmeasuredto be proportionalto the integratedcharge
Ą Direct damageof the detector
ü However, HFO typicallydissociatesproducingTriFluoroAceticacid

How TFA causesaging in RPCsand 
affectstheir performance on the 
long term isstill to be investigated.

Aging isalsocausedby irradiationitself
ĄChemical modificationsin the HPL 
electrodes

Aging isalsocausedby time itself
Ą e.g. changedin HPL resistivity
becauseof dryingup.



Efficiency before and after irradiation campaign
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ALICE,comparison
2022 ς2023
SOURCE OFF

STD ECO2

CMS(double gap), 
comparison2021 ς2023

SOURCE OFF
SOURCE ON
Ғ лΦт-1 kHz/cm2



Plateau efficiency before and after irradiation
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Comparison2022-2023 data

ALICE

LHCb/SHiPRPC

üThe usualdecreaseof plateau efficiencywith rate (or dose) isobserved.
üNevertheless, there seemsNOT to be anyefficiencydegradationin the time 

lapse2022-23



The other piece of the puzzle
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ü The replacementof TFE is just part of the problem; in ECO2 and ECO3 the 
residualGWP isalmostALL due to the presenceof SF6.

Mixture GWP (100 y) CO2e (g/l)

Standard 1485 6824

ECO2 475 1522

ECO3 527 1529

ü Gas mixturereplacementisgenerallydoneat constantnumberof gas volumes
ĄCO2e is the parameterto considerwhenevaluatingthe reductionof 
the impact on greenhouseeffects

ü With ECO2 and ECO3 achieveda reductionof 4 times the CO2e wrt. STD
ü The residualCO2e isALL due to SF6
ĄNeedto find replacementfor SF6, with low GWP and CO2e, whichcould
reduce the fractionof  large chargeevents whenin combinationwith HFO.



Looking for replacements for SF6
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One proposedsolutionis
Chloro-trifluoropopeneC3H2ClF3
(HFO1233zd)
Avalanche/streamer separation
όάusefulέ ǇƭŀǘŜŀǳύ largerthan 400V

G.Proto et al, 2022 JINST17P05005

NOVEC 5110
ü GWP < 1
ü Atm. lifetime = 15 days
ü Application in industry

B. Mandelli, Possible alternatives to SF6 for 
Resistive Plate Chambers RPC2022



What about CF4? 
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Usedin CSCsand GEMs

For instance, gas mixtureusedin CSCsof CMS: 

Usedin GEMsbasicallyto increasedrift velocityĄ
better time resolution. Anyhowwithout CF4 time 
resolutionsstill within requirements,

Main ideas:
VReduce (or eliminate) CF4
V HFO to replaceCF4, but this impliesan increasedHV Ąmore studies needed



Reduction of CF4 in CSC
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No significantdegradationseen, in termsof performance, in all
longevitytests

Å Howevercathode
modificationswereseenin 
all cases.

Å Anodesurfacedepositions
are seenwith 0 and 2% 
CF4 evenwith nakedeye.



Replacement of CF4 with HFO1234ze

Just 1000V increase
in the operating
voltage, good 
efficiency, reasonable
plateau length

No gain reductionup to 1 C/cm, but significantincreasein the dark current in 
first irradiationtests



Conclusions
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üThereare no conclusions!
üActivities are in full steam, there isa LOT to do!
üJoin in, be part of the party!

üInterpretationof the effectsobservednot trivial
üCollaborative efforsof paramountimportanceat this stage.

The gaseousdetector community is on 
the eveof its ecologicaltransition


