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Basics

The gas (or gamixture) isthe «core» ofany

gaseousletector

wlt iswhere (almos) everythinghappens

wlts propertiescontribute to determine theshape
amplitudeand duration of thesignalsgenerated
A Theperformanceof the detector

wAgingprocessedn gaseougletectorsstronglydepend
on the nature of the gamixture used

.

How dowe choosethe «best» gasnixture?




Working principle of gaseous detectors
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Detectionof animpingingparticletakes placéecausehis ionizesthe
gas,generatingon-electronpairs



lonization

Primary ionization

p = charge particle traversing the gas
X+peX++p+e‘ X = gas atom
e = delta-electron (8)

Secondary ionization if E, is high enough (E.>E;)

X+e = X" +e +e-

lonization energy : Io (nr) L <%>1

. . nT) — -
Average energy/ion pair W g Wi
Average number of primary ion pairs [percm] :  nNp | [about 2-6 times ng]

Average number of ion pairs [per cm Nt L+ layer thickness]

Not thewhole energylost by theimpingingparticle goesin ionizationprocessesa
part (roughlyhalf) goesin excitationof the gasmolecules
A Theaverageenergy Wneededto create anon-electronpairist -3H,

¥

Interestin maximizingonizationprocesses 4



Statistics of ion-electron pair production

Primaryionizationeventsare independentandtherefore follow

Poissorstatistics

- Eachtime animpingingparticle crossesa layerof gas,it hasa certainprobabilityto

produce acertainnumberof primaryelectrons

- If npisthe averagenumberof primaryelectrons(ions), the probability P(k)to have

k electrons(ions) is: .

P(k) = e—mp L
B k!

Thereforethere isalwaysa finite probabilityto produce noelectron

10N palrs P(O) _ o~ Mp ‘ edet =1- P(O) =1- e—ﬁ

A In theother caseghe impingingparticleisnot revealed
A Intrinsicinefficiencyof the detector

Note: ofcoursen is proportionalto the gadayerthicknessand the energyoss
A Limit on thethicknessof the gasvolumesthat can beused



High E fields: excitation and ionization

- When an applied
electric field exceeds Tonization
few kV/cm, e
more and more
electrons can reach 0.2 kV/em
enough energy
to produce excitation 5 KV/ em

and ionization. 1kv/em |

different values of the & :

electric field, compared t | e 1 | |

the energy needed for 0 5 10 15 20 25 30
excitation and ionization Electron energy (eV)

m=) Multiplication processes

- The plot shows the energy
distribution inAr for three




Multiplication processes

V In gaseousletectorstypicallyfew tensof ion/electron pairsare
producedby a MIP irfew mm of gas;
V To becomparedil 2 F un ®nnn p&rdproSueedin DO G N

>m of SI. 1

Multiplication processega la Townsend) areindamentalin

gaseougsletectors

A Becausal K S Ndhd@pato distinguishthe signalgeneratedby
few tensof electronsfrom all sources ohoise

Alltheseconsiderationdeads to thenecessityof optimizing(hamely
enhancingasmuchaspossiblg primaryandsecondaryonizationin
gaseousletectors. .



Sir John Sealy Edward Townsend
(1868-1957)

1901: Gas multiplication

» John Townsend:

Let a force X be applied to N, negative ions in a gas at
pressure p and temperature ¢. Let N be the total number
of negative ions after the N ions have travelled u distance .

The new negative ions travel with the same velocity as the
original N, lons, so that all the negative ions will be found
together during the motion. The number of negative ions
produced by N ions travelling through a distunce dz will be
aNdz ; where « is a constant depending on X, p, and ¢.

Then

dN =aNdz.

Hence

N - NOE“

[J.S. Townsend, “The conductivity produced in gases by the motion of negatively charged ions”,
Phil. Mag. 6-1 (1901) 198-227. If access to the Philosophical Magazine is restricted, then consult
a German-language abstract at http://jfm.sub.uni-goettingen.de/. ]



Choice of the gas filling

1. Noble gaseare preferentially used due to the absence of

vibrationaland rotational state€ ionization dominates.

(Polyatomic gas have neanizing deexcitation modes available)
A Possible electron multiplication at low electric field
A Choose cheap noble gases wikv ionizationpotential

Gas | LI | V) | WEV) | yavoiama | mem)
H, 8.38-105 | 15.4 37 4.03 9.2
(He) | 1.66-10% | 246 41 1.94 7.8
N, 117-10% | 155 35 1.68 56
(Ne) | 839-104 | 216 36 1.68 39
(Ar) | 166-10% | 158 26 1.47 94
Expensive <I. (Kkr) | 3.49- 10:3 14.0 24 1.32 192
(Xe) | 549-10% | 12.1 22 1.23 307
and rare COo, | 186-10° | 137 33 1.62 91
CH, | 670-10* | 13.1 28 2.21 53
CHyp | 242-10° | 108 23 1.86 195




Choice of the gas filling

1. Noble gases are characterized by the largg®¥ Iratio
2. In principle noble gases with large Z should be preferred,
because of their large dimensions, leading to lam&m
A Kr and Xe would be ideal choices, but their drawback is
their cost
A Rn is radio active
HenceArwas (and still is) a very popular choice

In principle one could release the requirement giW. in the case of
large molecules, characterized by largem

Large hydrocarbons would be suitable

A But they are flammable

10



First Townsend coefficient for Ar/CH, mixtures
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The first Townsend coefficierdpresents the average number of pairs produced per

unit length by an electron drifting in the gas 1



Not only Ionization

Table 5.1 Major processes in electron and ion—molecule collisions; A and B designate two
atoms (molecules), A*, B* their excited states and A", A, B" the corresponding ions.

Process Initial Final
Excitation A+e A*+e
lonization A-+te Attete
De-excitation A*+te A-+te
Photo-excitation A-+hv A
Photo-ionization A+ hv Atie
Photo-emission A* A-+hv
Electron capture A-+e A~
Radiative recombination At +te A-+hv
Excimers formation A*+A+A A>*+A
Radiative excimer dissociation As* A+A+ hv
Collisional de-excitation A*+4+B A+B*
Charge exchange AT+B A+B™
Penning effect A*|B A+Bt+e

From: F. Saul;aseousadiationdetectors: Fundamentals and Applications, Cambridge

University Press, 2014

12



Penning effect

Whenusinggasmixtures Penningeffect can take placaf the
excitationpotential on onespeciegss largerthanionizationpotential
of the other.
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Penning effect

Additionalion-electronpairsare produced increasinghe «effective» ionization
coefficient especiallyduringmultiplication processes
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Gas gain, A [-]

Penning effect. complications

Gain in argaseousonizationcounter,filled with Ar/isopentanemixture.
Twoeffects

- Increaseof the gain due td’enningeffect for low concentrationof iso-pentane
- Decreasef the gain forlargerconcentrationsdue to electroncoolingby iso-

1e-05 0.0001 0.001
M i Ll i Ll
le+04 . — le+04 Gaz Metastable  Resonanse Resonanse 3D Used ionization
- levels [eV] levels [eV] levels [eV] potential [eV]
h Ar 11.55 11.62 14.09 15.76
. 11.72 11.83 14.26
Kr 9.915 10.03 13.996
10.56 10.64
1000 - 1 000 Isopentane 1045
- Cycloheksane 103
N Ethanol 106
CO, 13.79
100 — — 100
0168-9002/% - see front matter ©® 2013 Elsevier B.V. All rights reserved.
= http://dx.doi.org/10.1016/j.nima.2013.09.022
10 — 10
1 ] ] 1 1 ] I I I LI I 1 L LI l ] I I 1
1e-05 0.0001 0.001 0.01

Admixture concentration, c 15



Choice of the gas filling

If only a noble gas is used to fill the counter, it can operate at
NBf I OAJSt & £-A0) belorelenfaiing tha pefmanemt
discharge regime

When the avalanche forms, excitéd 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 needec
extract electrons from the cathode walls (&Vfor copper)

- Photoelectrons can be extracted from the walls, which cause farther ionization

the gas

Possible spurious delayed pulses due to ions neutralizing on the

cathode

- Ar+ lons reaching the cathode are neutralized

- The neutralAratom is sometimes produced in an excited state, decays emittir
UV photonshA An additional electron can also be extracted from the wall

Both processes induce spurious delayed pulses 16



Emission spectra from various gases
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Emissiorspectraof the noblegases

typicallyfall in the UVregion
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Figure 5.7 Luminescence emission in argon—xenon mixtures (Takahashi et al.,

1983). By kind permission of Elsevier.
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Secondary emission spectra of A, Kr, Xe, TEA and TMAE (Breski
et al., 1988). By kind permission of Elsevier.



Radiation trapping

U Photonsemitted by radiativedecayto ground of
excitednoble gasatomshavea highprobability of
beingre-absorbedand subsequentlyre-emitted by
the noblegas:radiationtrapping

U Eventuallyafter manyabsorptiordemissioncycles
the photonsare absorbedby thewallsof the
gaseousletector (or aguenchergasmoleculg.

U EXxcitedstatesmayeffectivelyhavea longlifetime

18



Geiger-Muller counters

Filling gases: He, Ne or Ar
High electric fields
Gains of the 0(1010)
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Entiregas volumasinvolved ——

A Loss of information ospace “
A LOSS Of InfOl‘matlon on energy A Geiger-Muller counter built in 1939 and
Simple, easy to use, cheaqjitablefor measuring Bl fedton bt B
radlatlon CountS Robert Millikan et al.

Sometimesoptimizationof gasmixturesisS I 8B X Wit o e ot can oy



Use of quencher gases

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

V Gas quencher molecules have a@diative(rotational andvibrational)

mode and can absorb UV photons in a wide energy range
- CH, absorbs photons between 7.9 and 149
- Other polyatomic gases used are freons,, @B, GH,,, etc.

V Polyatomic gases dissipate energy by elastic collisions

- Some of these gasesin dissociateand/or form solid or liquid

polymers which can deposit on the electrodes, altering their properties
A Malter effect, where the E field close to the electrode is distorted,
causing undesired discharges

A Aging effectgone of the main issues in all particle detectors)

Even small quantities of quencher allow to operate these detector
up to gain of 1@without discharges. 20



Quenching by UV absorption
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Photo-absorptioncrosssectionsfor variousgasesand for theprincipalhydro-

carbons

A Theyextenddown to 7-8 eV
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Electronegative gases

- Some gases, like,(C), H,Ovapour etc., are characterized by a
high probabillity tocapture drifting electrongand form negative ions;
- The net effect is reducing the total number of drifting electréns
electronegative gases

- The probability of capture per collision (or per unit length)

Is called'attachment coefficient"

4

4 x10

The attachment coefficient
strongly depends on electron
energy.

Attachmentcoefficientof d

electronsin Oxigen vs. electron
Kineticenergy

/N

I\
~1_ |
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h (AT TAGHMENTS /COLLISION)
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Effects of electronegative gases

Fractionof electronssurvivingafter adrift of 20 cm intwo gasmixtures asa
function of the contaminationof O,, under theactionof E = 200 V/cm

Capture electron fraction

l.ﬂﬂt::::-:::-___-__-_-__-_-_-_¢ _____ Y___'___'ﬁ_'ﬂ'__'_'_'_Lhh+
= i -
E - 1 EHH \\
£095] \ e
g I Ar-CH, (80-20) *, |
“E [ I Lehraus et al, ALEPH 846 ]

0.90 ~ ?
% - Ar-CO, (80-20) ", =
1zl [ Price et o, IEEE N§-29 (1981383 4

085

0.80 |

075}

0.70!

1 10 100 O (ppm) 1000



Use of quencher gases

Also electronegative gases are used as guenglkesmanyfreons
(CEBr), ethylbromide (GH:Br), etc. which help operate detectors
at high gain without discharges.

- They are characterized by an electron captomean free path that is less
than typical anodeD § K2 RS RA&A0IFIyOS oF m OY
size (few>m)

- These gasesapture electrons possibly extracted at the cathode

forming negative ions, preventing the formationsguriosdelayed
avalanches

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

detector, like HR, aging

24



«Classical» gas mixtures

Populargasmixturesin use for a wideariety of gaseousletectors
wereternary.
- NoblegasedtypicallyAr)to enhanceprimary, secondary
lonizationand Towsendavalanchesn the gas
A enhancethe signalproduced
A Reduce thentrisicinefficiency
A Theydo not dissociate irpollutants
- Smallfractionsof hydrocarbongCH or I-GH, ), or CQ, and/or
fractionsof somekind of Freon

- Whenno simulationwere availablethe «best» gasnixturefor a
certaindetectorwaschosenby making]iterally, hundredsof
tests

- Simulationdhavemade lifeeasierto particledetector physicists

25
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Exploitingligth emission

je-excitation and
excited dnssocnauon

molecule
exc:tahon . '\N\N\["
@ collision 130nm Ar)
with g.s.
atomgs 150nm (Kr)

|omzat|on . @ @ 175nm (Xe)

ionized /
molecule %, recombination

e

V Chargedoarticlesleavetrails of excitedmolecules

V Certaingasegelease part othis excitationenergyproducing
visibleor UVphotons

V Thiscan beexploitedif the gasesare transparentto these
photons

27



Gaseousletectors with opticateadout

Energycarriedawayby scintillationlight issmalt < 1% ofiEHdx
- Up to 1@ photonsper MeV ofdEdx

A use thescintillationligtht producedduringthe avalanche
multiplicationprocesses

RadliEtion wWindsw Incident radiation é
Gas volume filled &
with Ar/CF4 Bahois Cathode
Mesh | Gas volume (Ar/CFa)
........................... i o
Triple—GEM .2.3:-. .......................... e Gjagg—

......................... ..:.o,....-...........-..-......
S 2% Viewport
CCD camera
. Camera

TypicallyMicro PatternGaseou®etectors MPGD¥ areused
coupledwith CCD or CMGameras

28



Exploitingligth emission

Spectrumof the noble gasesstypicallyin the UVregion

Maximumsensitivityof photosensorss typicallyfor visiblelight.

A Needto usewavelengthshifters
A Addsuitablegasedo noblegases

Irradiance normalised to anode current (a.u.)
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Images from opticaleadoutGDs

- F.M. Brunbauer et a/ 2018 JINST 13 T02006

Muon tracks Muon +1 ray Hadronicshower

Scintillationlight decaytime:
V £ ws/iornoblegasesh suitablefor typical CCOntegrationtime

V 10-1000 ns innorganicscintillatos
V 2 ns for fasbrganicscintillator

Firstparticledetectorswere «<imaging» detectors
A Intuitive anddirectvisualizatiorof what happens 30



Electron Driftvelocity

lonizationprobabilty (and gainjre not the only parametersto
be optimizedin gaseousletectors.

V Dirift velocityistypicallyrelatedto time resolutionin GDs
- In RPQwherethe wholevolumeis activefor multiplication
processes

2 2
Un U’ng T M
@ \/{Tﬂ, I —|—Jn@ + G"M “T\/ ﬂe; n[] ) + (W)

In wire chambersand mostMPGDgime resolution
Isrelatedto fluctuationsin the drift timetoward th
amplificationregion

- CK isaddedto Ar toimprovetime resolution

In general:

nd =Ue Vg EvA the signalamplitudeis proportionalto drift velocity
31



Drift velocityin Ar/CQ

U Addingevensmall
percentage®f a gas to
anothercanchangethe
drift velocity
dramatically
CQaddedto Ar makes
the drift velocityof the
mixture maxlarger

v, [em/usec]

In generalmixtures
characterizedy
large driftvelocities
are preferred «fast
gasmixtures

45} Magboltzat
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_ Drift velocities
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«Slow» gamixtures the clustercountingtechnique

Principle In He basedgasmixturesthe signaldrom eachionizationact

canbe spreadin time to fewns

U Bycountingthe numberof ionizationactsper unit length (dN/dx), it is possibleto
Identify the particles(PId.) with abetter resolutionw.r.t the dE/dx method.

2 cm drift tube Track angle 45°
5 009¢

S oosE |

DERIV

0.07

drift tube 0.06

0.05

V¥V ciusters

¥V Eilecirons

0.04 r

0.03

0.02F1 3

0.01

U Landaudistribution of dEdx, originated by the mixing of primary
and secondary ionizations has large fluctuations and limits
separationpower of PIDA primary ionizationis a Poissornprocess
hassmallfluctuations

dE/dx : truncated mean cut (70-80%), with a 2m track dN/dx .for He/iC4H,,=90/10 and a2m track
at1atm givel & 4.3% gives Ugnejax /( AN/dX) < 2.0% 33



Diffusioncoefficientsfor Ar/CQ

Transversatliffusionrelated, typically to spatialresolution
Longitudinaldiffusionerelated, sometimes to timeresolution
A In drift tube (or TP} canaffectspatialresolutionaswell

U Transversahnd
longitudinal
diffusionshouldbe
optimizedtogether
with other
parameterg(gain,
drift velocity).

g

G [Mm for 1 cm]
z 8

e
2

U Calculatedoy
Magboltsfor Ar/CQ at
3 bar — e

3 2 3 4 56789

E [V/ecm] 34



Diffusion of electrons and ions in gases

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 ic
- Neutralization after the extraction of an electron from the walls of the detector
- Charge transfer

-to a molecule of its own gasi{AA->A + A

- to a molecule of another gas with lower ionization potential t{B--> A + B

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

35



Changingpf paradygm

U Until 1980smostsuccesfullygaseousietectorswere cylindrical

A yes,MWPCsre «cylindricab
U Drift andmultiplicationregionseparatedirom eachother

A quite goodspatialresolution
A relativelypoor devices for timeesolution

cathode

gas

> 7

—
Multiplication region

U Using eparallelplate geometrywasconsideredifficult
A Detectorsunstableand with limitedlifetime
U Oncethat adischargestartedthe whole energystoredin
the electrodeswasdissipated
U Detectorshadto be externallytriggered -



Changingpf paradygm

GLASS ENVELOPE PINCH SEAL —
{1 _ _ .
Lincart unty TimeresolutionF M Yy a
"
TO GROUND JOINT —= Raocipn Teng
010" STEEL, Cu PLATED taae. u 1%} H:I'I-
. =N
—w
N\ GLaeS \ '
S — N - e I
f———— 10 em ————————  “35¢m & 200 W00 =
Dol volage

ALL METAL JOINTS SPOT-WELDED KeUﬁGIPPC$1949)

| S
———— P —

PROFILE B

" PROFILE A

Madanskyand PIDOPPCs -

37



Includingresistiveelementsin gaseousletectors

U Resistiveelectrodesallow auto-quenching

mechanismslue to the switching off of
the LOCAElectricfield

U Limitationof rate capability

Includingresistiveelementsin gaseous
detectorswas(andis) a majororeakthrough

V5 A & 31 3 -

.......

In GD R&D
Marcello Abbrescia, Viadimir Peskov, Wiley
and Paulo Fonte
Resistive ,:,“ s e St
e o | & At
2 Ubhia
f
&
:

resistive anode

A
N

ﬁ fEﬁhPﬂﬂ]i

‘ dead \

darea

RPCsuccesfully
operatedwith
AriC,H,/CEBr
mixtures
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Trasferringamplificationto front-endelectronics

(a) 40F

Events/12.5 pC

500 1000
CHARGE (pC)

U Sometimelarge gainsdhargg arenot

acceptable

U RPCeperatedin streamer modevere

0% CEBr

1500 2000

NOTsuitablefor LHGexperiments

becauseof their too low rate capability

U Thesolutionwasto increasethe

fraction of quenchergasesandtransfer
part of theneededamplificationto the

front-endelectronics
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R. Cardarelli et al., Performance of a
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pure CF3Br, NIMA 333(1993), 3993
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Passagérom streamer toavalanchanode InRPCs

The use of GBrenrichedmixturesallowedanincreaseof the rate

capability of moréghan one order of magnitude
A Allowedthe use ofRPC& muonsystems of the LHéXperiments

A How a gasnixture canchangeyourf A ¥ S X

Lateron, it wasfound that CEBrwasharmfulfor the ozonelayer, and

wasbannedfrom production and use.
A It wasreplacedby GH,F4, a gatargelyusedin refrigeratingsystems
A RPCgasmixturesare nowdaysalmostcompletelymade out of

(:ZH2F4' 40



Nustrated by Robert C.
cAaaprea bg/ l-lcwr;1 h%lsllé"rls
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rusury YEARS AFTER, A SEQUEL TO THE
THREE MUSKETEERS CONTINLES THE
ADVENTURES OF DARTAGNAN AND HIS
THREE FRIENDS, PORTHOS, ATHOS AND ARAMIS
DURING THE HECTIC DAYS OF QUEEN ANNE
AND CARDINAL MAZARIN. THE STORY RE-
CREATES ONE OF THE MOST TURBULENT PE-
RIODS IN FRENCH HISTORY, MARKED BY P

PETTY INTRIGUES AND BESET WITH IN-
TERNAL REVOLUTION. . o

Twentyyearslater (not by Alexandre Dumag) X
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The problem of GreenHouse Gases

- Not only CQ contributesto the greehouseeffect. Thereare other
gaseqand families ofase$that contribute: H,0, CH, CFC, HCFC,
NQ, SQ

To comparevariousgasesthe Global WarmindPotentialwas
iIntroduced

U 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 (§O

U Thelarger the GWP, the more that a given gas warms the Eartl
compared to CQover that time period.

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

(*) Somegasesoncearrivedin the highatmosphere dissociateproducingby-products
that mayor mayNOT begreenhousegasesthereforethe lifetime aa gasspeciedMUST
be consideredwhen computingits GWP 42



GWP for various gases

Table 8.4 Greenhouse gas properties related to global warming.

Gas Residence Relative instantaneous Global warming
time / y* radiative forcing potential (GWP)-
co, © 50-200b 1 1
EH4 O
NED S T
GOl e
gy G aag
l::fj'ldu R
EEF&M e e
SF{] e e

* Mast of the atmospheric lifetime values are taken from Additional Reading 1.

b Reported residence time values for carbon dioxide are highly variable. Differences are associated
with the way in which oceanic uptake is measured, particularly whether the surface layer or
the entire ocean is considered in the calculation.

© GWP values are abtained by integration over a 100 y period. Obtained from Blasing, T.). and
5. Jones, Current greenhouse gas cancentrations, <httpy/fediac.esd.ornl.gov/pnsfeurrent_ghg.
html= (February 2004). These values relate to direct effects; interactions of CFCs with ozone
in the lower stratsophere may reduce the amount of radiation into the lower atmosphere,
contributing to a cooling effect. The GWP values would be correspondingly reduced,

The Relative
instantaneous
radiative forcingijs
independentof the
lifetime of the gas
in the atmoshpere

The GWP takalso
into account the

lifetime of the gas
in the atmoshpere

43



Temperature and CO, concentration:
last 800.000 years
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Lathi, D. et al. Highresolutioncarbondioxideconcentrationrecord 650,00Qy n n 2yaarsn
before present Nature453, 373382 (2008). https://doi.org/10.1038/nature06949 44



Use of Greenhous gases in HEP

GHGsare usedin severalgaseougarticledetectors due taheir characteristics
suitablefor optimal detector performance AND lornigrm operation

F F b F F
Ll Fget ! |
Fr"" ""'I‘F & &
Il: Ill | F/ \ F F/ \ F
F F F
C2H2F4 SFs CF4 CaF10
GWP 1430 GWP 22800 GWP 7390 GWP 8860

l l l

Containment of charge I?Ie.c.tronegatwe: . |
- limiting charge - time resolution
Rate capability

development Gas Electron Multiplier (GEM)
Resistive Plate Chamber (RPC)
- Mitigation of aging phenomena
Cathode Strip Chamber (CSC) Ring-imaging Cherenkov
Multi Wire Proportional Chamber (MWPC) detector (RICH)

v

- Cherenkov radiator

- 30yearsagowe hadto getrid of OzoneDepletiongases
- Therewasnot the feelingabout GHG3, manydetectorswere designed

from the beginningto be usedwith GHGs 45



The use of GHGs at the LHC experiments

@ C2H2F4 W SF6 [ CF4

70000
---Run 1

Development of new leaks

52500 / \

Improvement of gas

Gas recuperation recirculation and
35000 recuperation systems
Upgrade to gas / Upgrade to gas
recirculation recirculation

17500

GHG emission in Run2 per year [tCO2¢]

i e e
O & Q QO O O < 3 ™
B F® @ e et S Lo S0 B
{b\fq NS W QO O © (O \)2\0‘3? X R &OQ \g\o@

- 40%GHG emissions from Run 1 to Run 2 excluding from the calculations ATLA
CMS RPC systems
- ATLAS and CMS RPC systeids¥%increase of GHG emissions due to developmi

of new leaks
46



Replacemenof GHGswith ecofriendly gases

We needto replace L {n@ aproblem
: : ingust the
V CH,F, = R134a = TRfainlyusedin RPCs concerningust
V SE mainlyusedin RPCs RPC community

V CF usedin|CSCEGEMs RICH, ete.
with more ecologlcagasesnamelywnh amuchlower Global WarmindPotential

Difficult problent gasesarethe core of gadilled detectors
We alsoneed
- to getthe sameperformance
- not to changethe electronicsand HV (foexistingsystems)

U HEPRexperiments presentand future, lasseveral(dozeng of year
A A good performance must beantainedfor anadequateperiodof time
A Agingtestsare neededaswell.

Of coursewe canalsore-circulate
the gasesused after purifyingthem, |
and reduce leaks
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The importance of collaborative effort

U Allhigh energyexperiments(ALICE, ATLAS, CM3Cbetc.) and the CERN

gas group (CERN-BER)started, alreadyseveralyearsago, anntense R&D
programto find suitablegasmixtures

U Practicallyall researchirendlines concentrat@roundthe idea ofreplacing

CH,F, (GWP=143® C;H,F,ze (GWP=4
H +CQ (GWP=1pf He)
EEE

I
Fo..C.._F
C” C

GOF o —
V GHF, (hereindicateda@ for shortjs the moleculemostsimilarto TFBEbut
with low GWP
V CQ (or He) areessentiallyaddedto reduce theoperatingvoltage

The RPC EcoGas@GIlis&at+Collaboratioriransversalto ALICE, ATLAS, CERN EP
DT, CMsand LHChwilling to put togetherexpertise andesourcesn orderto

test potential candidatesf ecofriendly gasmixtureswith different detectors and

electronics 18



The RPC ECOGas@GIF++ timeline

| |
: RPC EcoGas@GIF++ Aidalnnova : Irradiation campaign for
1 Collaboration Startup I aging studies
I I 0000 peeescsscscccccaa-
| I :' e
| | .
2021 2022 2023 2024
: Assessmendf the :
I possibilityof usingHFO in ,  testbeam testbeam testbeam testbeam

place of TFE
A ECO1, ECO2 and ECO3

2D18 studies in different laboratories 2021
Setup of the system at GIF++ and first
HFO/CO, based gas mix. under irradiation

Performance Performance
baseline comparison

Std, ECO2 and ECO3 mixtures tested under

=)
b
S —

EO0 Dwkewegwmov | Ry irradiation. First results in papers [1][2][3].

E‘ M ATLAS-20 .
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e % ECO1 discarded

3 | due to high : [1] “High-rate tests on resistive plate chambers operated with
1071 : current increase | eco-friendly gas mixtures”, 2024 Eur. Phys. J. C.

S ~ I [2] “Performance of thin-RPC detectors for high rate
i : N 3 after ~20 mC/ cm? apphcat:ons with eco-friendly gas mixtures”, 2024 Eur. Phys. J. C.
| _/ s e . |integrated charge [3] “Preliminary results on the long term operation of RPCs with
] ECO1 7 il I eco-friendly gas mixtures under irradiation at the CERN Gamma
| | [Se— _,_ L +1_ i Irradiation Facility” — submitted to EPJplus.
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Experimental set-up @GIF++

U Three gasnixturesidentified, with variousconcentrationsof HFO and CO

ECO1: 45% HFO / 50% CO,/ 4% iC,H,, / 1% SF,
ECO2: 35% HFO / 60% CO,/ 4% iC,H,, / 1% SF,
ECO3: 25% HFO / 69% €O,/ 5% iC,H,, / 1% SF,

Attention focussedon ECO2 and ECO&causeof the goodstabilityand

performancedemonstrated in homelabstests

Aglngtests performedat GIF++
12.5TBgl37Cs source

to generate background (high rate

_[]IlTlllffIlK II J L1
— | |

[

to accelerate agingrocesses
100 Gevinuonbeam
to measuredetector performance

&< << &

} GWP reduced by 1/3 w.r.t. the std mixture!

\:
m | 4

g

I

=
;"/

RN
= 4 E///

=

K H 1
8m \bq 10m  11m rz-n 13m 141‘

External Internal
PMTs i S0UNCS PMTs

TN

Trolleys
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Detectors @ GIF++

U Variousdetectors,mountedon two e | | =i1e =

trolleys,equippedwith variouselectroniC¥ 1 L, A
A Help indisentaglingcommonobserved = W
effect from effectsspecificof ONE detector

RPC Gap thickness Electronics
ALICE 2mm FEERIC + TDC
ATLAS 2mm Digitizer

CMS 2mm — double gap CMS FEB + TDC

CMS 1.4mm — CMS FEB + TDC
upgrade double gap
EP-DT 2mm Digitizer
LHCb/SHiP 1.6mm FEERIC + TDC

U Theresultspresentedhererefer particularly
to the detectorsequippedwith TDC

> ‘_ > 1



LINUITHIVY | /0]

Determination of baseline perfomance

Source OFF, 2021 data
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Efficiency and counting rate with irradiation

Source ON, 2021 data
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With ECO2 and ECO3 thiesenceof largerchargeevents (ot streamers)observed
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Aging and causes for aging in RPCs

U Generallythe chargeintegratedalonga certainelapsedtime is
consideredhe mostimportant factor for aging inrRPCs

U The targets ofintegratedchargeare different for variousexperiment for
instance for ALICESF  vmQom?2, for CMSsF M 2[CM$In¢ludinga
safetyfactor of 3.
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g ® ALICE detector Ohmic current subtracted j
E BE0 i TS G HBRLGE s
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Further considerations about aging

Caveat:.Theimportanceof the integratedchargederivesfrom the fact that
production of Hiwasmeasuredo be proportionalto the integratedcharge

A Directdamageof the detector

U However HFQypicallydissociategproducingTriFluoroAceti@cid

How TFAausesaging inRPCsand
affectstheir performance on the
longterm is still to beinvestigated

Agingis alsocausedoy irradiationitself
A Chemicamodificationsin the HPL
electrodes

Agingis alsocausedoy time itself
A e.g.changedn HPLresistivity
becauseof dryingup.

HFO1234yf

CF,CF=CH, (u-HFC-1234yf)

OH*

0,, NO*

CF,CF(O*)CH,(OH) + NO,  CF,CF(OH)CH,O" + NO,

A

CF,CFO

TFF
H,0

100 %

CF,COOH

TFA

+ HF

’ a

+ CH,(OH)(*) CF,CF(OH)(*) + HCHO

0,

CF,CFO | + CH,(OH)(")
TFF

H,0 | 100 %

CF,COOH |+ HF
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Efficiency before and after irradiation campaign
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Plateau efficiency before and after irradiation
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U Neverthelessthere seemsNOT to beanyefficiencydegradationin the time

lapse2022-23

57



The other piece of the puzzle

U Thereplacementof TFEsjust part of the problem; in ECO2 and ECOS3 the
residualGWPis almostALL due to thepresenceof SF6.

U Gasmixturereplacementsgenerallydoneat constantnumberof gasvolumes
A COZ2asthe parameterto considerwhenevaluatingthe reductionof
the impact ongreenhouseeffects

QWP (100y) | coze ()

Standard 1485 6824
ECO2 475 1522
ECO3 527 1529

U With ECO2 and EC@ghievedareductionof 4 times the CO2ert. STD
U TheresidualCO2asALL due to SF6

A Needoto find replacementfor Sk, with low GWP and G©, whichcould
reduce thefractionof largechargeeventswhenin combinationwith HFO.
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Looking for replacements for Sk,

Oneproposedsolutionis G.Proto et al, 2022INSTL7 P05005
ChloretrifluoropopeneGH,CIFk 2 1T T =
POp GHClR g " %CHHFO 2 -+d"3§ Pepete :
(HFO1233zd) g [ Tw :* ; :
. 5 08 e1% =
Avalanchéstreamerseparation 5 - e 2% F i
dusefut LI Haip&thatzdoOV  § ol < *‘ -
& D.4_— ¥ -
g ! .i $T
B. MandelliPossible alternatives to SF6 for & 02/~ : . ]
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What about CF,?

Usedin CSCand GEMs
Forinstance gasmixture usedin CSCsef CMS:
* 40% Ar + 50% CO2 + 10% CF4 |

* The main purpose of CF4 in the gas
mixture - protection against anode wire
aging : Si+ 4 F > SiF4
(also breaking C-chains in polymer
formation)

Usedin GEMdbasicallyto increasedrift velocityA
better time resolution Anyhowwithout CF time
resolutionsstill within requirements

Mainideas

V Reduce (or eliminate) CF
V HFO taeplaceCE, but thisimpliesanincreasedHVA more studiemneeded ¢p



Reduction of CF,in CSC

CSC Pra atorype Chamber %Cd Source Applied CSC Prototype Chambe '%Cd Sour c Applied CSC Pr oto!ype Chamber "Cd Sour: c Applied
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No significantdegradationseen intermsof performance inall
longevitytests

A Howevercathode
modificationswere seenin BPAASE

all cases - * Most of the particles
e = . present on top of the
A Anodesurfacedepositions el

are seenwith 0 and 2% mainly carbon
CF4evenwith nakedeye - ;

Mostra icone nascoste




Replacement of CF, with HFO1234ze
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No gainreductionup to 1 C/cmput significantincreasean the darkcurrentin

first irradiationtests



Conclusions

u Thereare noconclusions

U Activities are In fulsteam thereisa LOT to do!
U Join in, be part of the party!
U Interpretationof the effectsobservednot trivial
U Collaborativeseffors of paramountimportanceat this stage.
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