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Abstract—In this paper resultsof atime performancestudy of GasElec-
tron Multiplier (GEM) baseddetectorsarediscussedThis studywasdriven
by an R&D activity on detectorsfor the Level 0 LHCb muon trigger. Re-
sults presentedin this paper are of more generalinterest, i.e. for experi-
mentsin which high-rate charged-particle triggering is needed. Little in-
terestwasgiven sofar to time performance of GEM-based detectors,with
the exceptionof one paper reporting the measuementof a double-gemde-
tector time resolution with an Ar/CO » (70/30)gas mixtur e where the au-
thors quoted a time resolutionsuchthat high efficiency muon triggering at
LHCb would be impossible. The resultsreported here, obtained with the
addition of CF4 and isobutane to the Ar/CO 5 standard mixtur e, consider
ably impr ove the time performancediscussedn the abave mentionedpaper,
allowing to reacha time distrib ution r.m.s. of 5 nswith an isobutane based
mixtur e. In theseconditions a spark probability per incoming hadron has
beenpreliminary measuedto bein therange5-10~12+10- 1! at 95% con-
fidencelevel. Thesefacts make the triple-GEM detectora promisingoption
for high-rate charged-particle triggering.
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|. INTRODUCTION

Detectorswith oneor more GEM foils [1] have beenexten-
sively studiedin the last four yearsand are currently usedas
trackingdevice [2] or asa partof a trackingdevice [3] in high
rate experiments. In particular when spaceresolutionin the
range50 um to few mm is required,they represent cheaper
solution comparedto the well establishedsolid statedetector
technique Multi-GEM detectordhave alsobe foundto be quite
robustagainstradiationdamage.

However, little interestwasdevotedsofarto theoptimisation
of thetime respons®f GEM detectors Oneimportantapplica-
tion of a trackingdetectorss triggering. In a collider environ-
menta critical issueis bunchcrossingidentification,which sets
an upperlimit to the detectortime resolution,whenrequiring
high trigger efficiency. The work describedn this paperorigi-
natedfrom anR&D actvity on detectordor theLevel 0 LHCb
muontrigger.

Only one paper[4] hasso far presentech measuremenof
a double-GEMdetectortime resolution,with the gas mixture
Ar/CO, (70/30). Theauthorsof thatpaperquotea resolutionof
aboutl0nsr.m.s.withoutsoftwarecorrectionslf oneconsiders
the fact that at the LHC collider the time betweenbunchesis
25 ns, for sucha detectoronly about80% of the hits will fit in
atime window of 25 nswidth, implying thatno high-eficiency
muon-triggeringcould be performedat LHCb.

In this paperwe presenthe latesttest-beanresultson time-
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resolutionmeasuredvith differentgasmixtures. Preliminary
resultson dischage probabilitiesarealsogiven.

Il. THE TRIPLE-GEM DETECTOR

A GEM is madeby a thin (50 um) kaptonfoil, copperclad
oneachside,perforatedvith high surfacedensityof holes,each
oneactingasan electronmultiplication channel.Eachhole has
abi-conicalstructurewith external(internal)diameterof 70 um
(50 pm) and a pitch of 140 um. The bi-conical shapeof the
hole minimisesthe effect of chaging-up of the kaptoninside
the holes(with respecto GEM with holeswith conicalshape)
andis a consequencef the doublemaskprocesausedin stan-
dardphotolitographidechnologiesA typical voltagedifference
of 350to 500V is appliedbetweerthetwo coppersidesgiving
fieldsashigh as100kV/cm into the holes,resultingin anelec-
tron multiplication up to a few thousands.Multiple structures
realizedby assemblingwo or more GEMs at closedistanceal-
low high gainsto be reachedwhile minimising the dischage
probability.

Thetriple-GEM detectorwhich consistf threegaselectron
multiplier (GEM) foils [1] sandwichedetweertwo conductve
planesoneof which, the anode js sggmentedn padsandcon-
nectedto the readoutelectronics,can be effectively usedas a
trackingdetector A cross-sectiomf this detectoris shavn in
Fig. 1.

cathode

Fig. 1. Cross-sectiomnf thetriple-GEM detector E,4, E; and E; arethedrift,
transferandinductionfields,respectiely. g4, g+, andg; arethedrift, trans-
fer andinductiongapsrespectiely.

The ionisation electrons,producedin the gap betweenthe
cathodeandthe first GEM foil (drift gap) by the chagedpar
ticlescrossingthe GEM, areattractedoy electricfieldsthrough
thethreeGEM foils wherethey getmultiplied. Oncethey cross
thelastGEM foil they drift to theanodein the socalledinduc-
tion gap,giving riseto aninducedcurrentsignalon the pads.

I1l. DETECTOR REQUIREMENTS

The LHCb muondetectorsystemconsistsof five stationsof
chambersThefirst station(M1) is locatedin front of the elec-
tromagneticcalorimeterwhile the other four (M2 to M5) are



locatedbehindthe calorimetersandareseparatednefrom the
otherby iron walls [5].

Themainpurposeof themuonsystenis to givetheLevel 0 trig-

ger for muonscomingfrom b-flavouredhadrondecays.To do

this, the trigger requiresfor a muon candidateto give a hit in

all five stationswith unambiguoudunch-crossingdentification
with anefficiengy of 95%for themuonsinsidethe acceptance.

Most of the muonsystemwill be equippedwith Multi-Wire
Proportional-Chamber@MWPC), while the outer part of sta-
tions 4 and5 will be equippedwith Resistve PlateChambers
(RPC).No technologyhasbeenchosenyet for theinner partof
station1, whereparticleratesof the orderof 500 kHz/cn? are
expected.Thetotal areaof this partof stationl is aboutl m2.

A detectorlocatedin region 1 shouldsatisfy very toughre-
guirementsin terms of rate capability efficiengy, deadtime,
numberof adjacenpadsfired pertrackandradiationhardness.

To achieve 95%overalltriggerefficiency onmuonsin abunch
crossinginterval, eachstationmusthave an efficiency of more
than99%. For redundany, two independentietectolayersper
stationareforeseenwhich will be logically OR-ed;therefore,
the requirementfor the single chamberis of at least90% effi-
ciengy. MWPC and RPC detectorsalreadyselectedor LHCb
alreadysatisfy the efficiengy requirementwith a leading-edge
time pick-off method.For uniformity of the readoutchain,this
methodshouldbe usedfor the innerregionsof M1. However,
the high rate indeed prevents methodslenghteningthe pulse
shapesuchaszero-crossingr constant-fractionincreasingn-
efficiency by deadtime. Measurementef GEM-basedletector
time-resolution,as discussedn the Introduction,indicatethat
the 90% efficiengy in a 25 nstime-window requiremenis not
met by the GEM-basedletectorswith the Ar/CO, (70/30)gas
mixture.

The detectorwill be operatedup to a rate of 500 kHz/cn¥;
correctdetectorresponsef a triple-GEM detectoroperatedat
similar high flux of chagedparticleswasalreadyverified[4].

Thepadmultiplicity, i.e. thenumberof adjacentletectopads
firedwhenatrackcrosseshedetectoperpendiculatoit, should
notbelargerthanl.2for a10 mmx 25 mm padsize.Published
resultsindicatea trans\erseavalanchesize of abouta millime-
ter[4].

Deadtime shouldbelessthan50 ns; this putsstringentimits
on both pulsewidth and on the maximumtolerabledischage
rate. Dischage probabilitiesfor triple-GEM detectorsvereal-
ready measuredoth with « sourceg6] and chaged patrticle
beamq?2]. However, thedischageprobability stronglydepends
ondetectomparameterandgasmixtureandmeasurementseed
to beperformedwith thefinal choserconfiguration.

The detectorshould also operatein a harshradiation envi-
ronment. If it is operatedwith the Ar/CO, (70/30) gasmix-
tureandatotal gainof 10*, it would integratea chage of about
6 C/cn?. Aging measurementseresofar performedon multi-
GEM devicesonly with the Ar/CO; (70/30)gasmixture[7] and
no degradatiorof theresponsevasobsenedupto 27 mC/mnt.

IV. OPTIMIZING TIME PERFORMANCES

Signalformationin GEM detectorgakesplacein theinduc-
tion gap,which behavesin thisrespecasanionisationchamber

Assumingno cross-talkio adjacenpadsanda constantlec-
tric field, the signalinducedon a padby oneelectrondrifting in
theinductiongapfor atime t4,i¢t = 9i/Varige, Wherevg,is, is
thedrift velocity of electronsandyg; is theinductiongapsize,is
acurrentpulseof intensityI = e/tq,;z; anddurationt g, ¢

Thetotal signalinducedonapadby atrackcrossinghe GEM
is given by the sumof signalsdueto the singleionisationelec-
trons, amplified by the multiplication throughthe GEM foils,
eachone delayedin time by the correspondingelectrondrift
time in the drift gap. Thetotal signalhasthento be corvoluted
with theamplifierresponséo getthesignalatthediscriminator
input. Thediscriminatorcrossingonthe signalrising edgegives
thetime of the event.

The signalrising edgeat the amplifierinput hasa stepwise
profile, eachstepcorrespondingo the signal of an ionisation
cluster(thetime spreadf electronswithin aionisationclusteris
muchsmallerthanthetime differencebetweerclusters).Then,
the detectortime resolutionwill be determinecdby thetime dis-
tribution of the first ionisation clustersand the corresponding
signalamplitudefluctuations pothin theionisationprocessaand
in the multiplicationthroughthe GEMs.

The numberof ionisationclustersproducedin the drift gap
follows a Poissordistribution. Therefore the distancex of the
ionisationclusternearesto the first GEM hasthe probability
distribution P(z) = n-exp(—nx), with o(z) = 1/n, wheren is
thenumberof ionisationclustersperunit length[8]. In theideal
situationwherethe first ionisationclusteris always triggered
and without the time-walk effect, the detectortime resolution
would be o (t) = (n - varige)~'. Theotherionisationclusters
have aprobabilitydistributionwith largers (x) thanthefirstone,
thoughstill proportionalto 1/n. Thus,in orderto optimisethe
time performancef thedetectoralargeaverageatomicnumber
andhigh drift velocity gasmixture shouldbe used[8].

As explainedbefore,to optimisethetime resolution,it is im-
portantto maximisethe detectionefficiency of the first ionisa-
tion clusters. The distribution of the numberof electronsper
ionisationcluster[10] is suchthatin about70% of the cases
only oneelectronis produced.This shaws that high efficiency
in singleelectrondetection atthefirst GEM - is required.

This efficiengy critically depend®on the configurationof the
electricfields. While higherelectronmultiplicationin the gas
and thereforevoltage acrossthe GEM clearly leadsto higher
efficiency (until the spacechage limitation becomeseffective,
which happenst very high gains),the dependencen the drift
(Ey) field andonthetransferfield (E;), i.e. thefield below the
GEM, is lessobviousandhadto be studiedin detail.

V. OPTIMIZING DETECTOR GEOMETRY

It is clearfrom the previousdiscussiorthatdetectooptimisa-
tion for highratetriggeringis theresultof acompromiseamong
someconflictingrequirements.

Thesizeof thedrift gapgq hasto belargeenoughto minimise
inefficienciesin chaged particle detectionbut shouldbe kept
smallto reducethe deadtime dueto pulsewidth. With a3 mm
gapandfastamplifiers,the pulsewidth would be lessthan40-
50 nsecwhich satisfiegherequirements.

Sincethe longitudinal diffusion is minimal dueto the small
drift pathof the electronsin the detectoythe only effect of the



transfergapis to give a delayto the detectechbulse.However, a
largeionizationin the first transfergapmight resultin a signal
exceeedindhediscriminatorthreshold.Thiswill beseerasahit

earlyin time with respecto hits comingfrom the amplification
of thechagedepositedn thedrift gap. To minimisetheimpact
of this effect, calledby usthe bi-gem effect, the size of thefirst

transfergapg; wassetto 1 mm. We did notwantto reducemore
the size of the gapbecausébelov 1 mmiit is very difficult to

keepa gooduniformity in thegapthicknessall overthe detector
active area.

Giventhefastamplifierswe usedin thistest,thesizeof thein-
ductiongapg; shouldbesmallto increase¢heamountof chage
integratedby the amplifier (with a chage integratingamplifier
with largeintegrationtime constanthe gapsizewould not mat-
ter). A lower limit to the sizeof the inductiongapwasconsid-
eredagainto be of aboutl mm to guarantee gooduniformity
in gapthickness.This seemslsoagoodchoicein orderto min-
imisethedischageprobability, whichis likely to be affectedby
thegapwidth itself [6].

VI. DETECTOR CONSTRUCTION

Fig. 2. ThreeGEMsstacledin thebox. Thebox actsasbothGEM supportand
gascontainer

For the measurementdescribedin this paper somedetec-
tor prototypeswerebuilt. Thethreel0cm x 10 cm active sur
faceGEM foils [11] werefixed on G10 frameswith an epoxy
glue.Theanodewas segmentedn 10 mm x 25 mm pads. The
cathodewas madeof a kaptonfoil, with copperon one side,
gluedonasimilarframe.All frameswerethenfixedto the G10
gas-tightbox with nylon scraws (Fig. 2). Theenclosedyasvol-
ume was approximately0.5 1. The high voltagewas fed with
individual channelgo thetop andbottomsideof eachGEM and
to the cathodethroughan R-C-R filter, for a total seriesresis-
tanceof 2 MQ. Thegasflow ratewassetto 2.21/h.

For this test,the KLOE-VTX fastamplifier [12] alreadyde-
velopedfor wire chambersyasused.For few pF input capaci-
tance suchasfor the padsof our triple-GEM detectorthechar
acteristicof thisamplifierare5 nspeakingtime, 1300e™ r.m.s.
equivalentnoisechage, 25 mV/fC sensitvity and110 (2 input
impedance.

VIl. BEAM TEST SETUP

ThemeasurementsereperformedatwM1 pionbeamfacility
at the Paul Scherreinstitute (PSI), Villigen, Switzerland. The
beamis a quasi-continuou850 MeV/c pion beamwith a max-
imum total intensity of 100 MHz on the detectorsactive area.
Thetrigger consistedf the coincidenceof two 10cmx 10cm
areascintillators,centredonthebeamaxis,aboutl m from each
other The coincidenceof the S1 and S2 signalswassentto a
constanfractiondiscriminatoranddelayedo give thecommon
stopto a 16-bit multi-hit TDC, with 0.8 nsresolutionand20 ns
double-hitresolution.Thediscriminatorthresholdon thetriple-
GEM detectorsignalwassetto about15 mV, in orderto have
the noise countsbelon 100 Hz. For eachrun 50,000triggers
werecollected.
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Fig. 3. Simulatedelectrondrift velocitiesfor the threegasmixturesdescribed
in thetext.

Two differentbeamsettingswereused.A low intensitycon-
dition (30 kHz on the detectors)was usedfor efficiency and
time-resolutionmeasurementsThe maximumbeamintensity
waschoserfor sparkprobability measurements.

Three different gas mixtures were used: Ar/CO,/CFy
(60/20/20) Ar/CO,/CF4/iso-CyH1 (65/8/20/7) andAr/CF,/iso-
CsH10 (65/28/7). Thesegasmixturesshav a high electrondrift
velocity atlow field (Fig. 3). Thisis avery interestingproperty
for fastGEM-basedletectorsinceelectroncollectionby GEM
holesis higheratlow field.

VIIlI. RESULTS

For the data analysis, events with large ADC signalsin
the trigger scintillators,which might have originatedfrom two
trackscomingwithin the ADC gateof 200nswererejected.No
significantcorrelationsbetweenanalysiscutsanddetectortime
resolutionwerefound. For efficiency measurementhetime of
the eventmeasuredvith eachdetectorwas definedasthe first
time of thresholdcrossingamongthosechannelswhich were
abovethreshold.
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Fig. 4. Detectorefficienciesin a 20 nstime window for the gasmixturesde-
scribedin the text, asa function of the sumof the high voltagesappliedon
all GEMs.

The bestvaluesfor the electricfields E;, E; andthe volt-
ageappliedto theGEM (U .., ) Wereexperimentallydetermined
by optimising the detectorefficiency in a given time window.
Thevalueof E; and E; werefixedat 3kV/cm and5 kV/cm re-
spectvely. Thevalueof E; wasfixed at 3 kV/cm whenusing

Ar/CO,/CF, (60/20/20)andat 2 kV/cm for theisohutane-based

gasmixtures.

Thethresholdvaluewaskeptsmallto reducetheinfluenceof
thetime-walk effectandto increasehe probabilityto triggeron
thefirst ionisationcluster As mentionedabove, to improve the
detectionefficiency of thefirst clusterandreducethe influence
of thetime-walk effectit is alsousefulto have large amplifica-
tion in the gasandthereforea high total GEM gain. To achieve
a giventotal gain, insteadof raisingthe threeGEM voltagesat
the sametime, it is betterto increaseonly Uge,,1. Beyondim-
proving slightly collectionefficiency, this minimisesgain fluc-
tuationswherethey arelarger, i.e. in thefirst gapwherea small
chageis produced.In this way theinfluenceof the bi-gem ef-
fect, i.e. the amplificationof the ionisationelectronsproduced
in thefirst transfergap,out of time with respecto thosecoming
from thedrift gapby At = g;/varise, Whereg, is the transfer
gapsize,is alsoreduced.

Fig. 4 and 5 shawv the detectorefficienciesin varioustime
windows as a function of U;,, the sum of the high voltages
appliedon all GEMs, for thevariousgasmixturestested.

The time distributions for a detector efficiengy of 90 %
in a 20 ns time window are showvn in Fig. 6 and 7 for
the Ar/CO./CF; (60/20/20) and the Ar/CO,/CF,/iso-CyHig
(65/8/20/7)gasmixturesrespectiely (the time distribution for
the other isolutane-basedas mixture is similar to the onein
Fig. 7).

A very goodtime resolutionis obtainedfor the Ar/CO,/CF,
(60/20/20) gas mixture, resultingin a distribution r.m.s. of
5.4 ns. For the two isolutane-basedasmixturesan even nar
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Fig. 5. Detectorefficienciesin a 25 nstime window for the gasmixturesde-
scribedin thetext, asa function of the sumof the high voltagesappliedon
all GEMs.

rowertime distribution with anr.m.s.of 5.0 nsis obtained.

It shouldbe noticedthatthesevaluesof ther.m.s. of thetime
distribution are obtainedfor the lowest possibledetectorgain
thatallow LHCb requirementso befulfilled. A furtherincrease
in gainwill continueto improve thedetectottime resolution.

IX. SPARK PROBABILITY

The spark probability was estimated under a high-rate
chaged-particleflux of about50 MHz on the detectoractive
area. For the variousgasmixturesthe detectorworking point
was suchthat the efficiengy in a 20 ns window was of the or-
der of 90 %. For eachgasand voltage configurationat least
10'2 hadronswere integratedon eachdetector(about6 hours
of datataking). A preliminary analysisof the dataset shovs
thatthe sparkprobabilityis below 5 - 10~!2 = 10~!/hadronat
95 % confidencdevel. Thesepreliminaryresultsarevery en-
couraging.Work on this subjectwill continueduring2002.We
are currently planningto measurehe sparkprobability per in-
cominghadronfor variousfastgasmixturesandalsoto study
how the sparkprobability variesasa function of the gainof the
detector

X. CONCLUSIONS

A time performancestudy of triple-GEM detectorsvasper
formedthroughadetailedinvestigatiorof therole playedby de-
tectorgeometryelectricfieldsandgasmixture. With theternary
gasmixture Ar/CO,/CF, (60/20/20)we obtaineda time distri-
bution r.m.s. without software correctionsof 5.4 nsin the con-
ditionswherewe measure@nefficiency of 90%in a20nstime
window. Theisolutane-basedasmixturesallow anadditional
improvementin the time resolution,allowing to reacha time
distribution r.m.s. of 5.0 nsin the sameefficiency conditions.
In theseworking conditionsthe triple-GEM detectormeetsthe
timing requirementseededor theLevel 0 LHCb muontrigger.
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Fig. 6. Detectortime responsebtainedwith an Ar/CO2/CF4 (60/20/20)gas
mixture. In this measurementgem,1 = 430 V, Ugema = 410 V and
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Preliminaryanalysisof the sparkshaws thatthe sparkingprob-
ability wasfoundto bebelov 5 - 10~!2 = 10~!!/hadronat 95 %

confidencdevel. Theseresultsmalke the triple-GEM detector
a promisingoption for high-ratechaiged-particletriggering at

LHC.
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