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Abstract

We presenttheresultsof anagingteston two prototypesof four-gapMWPC designedfor
theLHCb MuonSystem.Thetestwascarriedoutwith a

���
Cosource,theCalliopegamma

facility at ENEA-CasacciaResearchCenter, nearRome.We monitoredthecurrentsin the
two chambersundertestandin asimilar chamberusedasa reference.
Overaperiodof thirty days,weintegratedachargeupto440mC/cmof wire in thechamber
in gasopenmode,equivalentto 4.6LHC years(in regionM1R2),withoutany appreciable
deteriorationof thedetectorgasgain.



1 Intr oduction
In thisnotewereporttheresultsof anagingtestof two prototypesof Multiwire Proportional

Chamber(MWPC), designedfor theLHCb Muon Systemandbuilt at the INFN Laboratories
in Frascati.The goal of the testwasto prove that the performancesof thesedetectorsarenot
deterioratedby thelargeradiationdoseexpectedin theexperimentin severalyearsof operation.

Thetestwascarriedoutwith the
���

Cosourceof theCalliope� facility attheENEA-Casaccia
ResearchCenter, nearRome.We monitoredthe currentsin threefour-gapMWPC’s: two test
chambersanda referenceone.Thesedetectorsare describedin detail elsewhere[1, 2]. The
testedchamberswereoperatedat a voltagecorrespondingto a gasgain � 8� 10� , abouttwice
thevaluewhichwill beadoptedduringtheexperiment[3], integratingupto 440mC/cmof wire
in thirty days.

In Section2 weshortlydescribetheCalliope� facility. In Section3 wedescribethedetectors
andtheexperimentalsetup.Then,in Section4 wereportthetestresults.In lastSectionwedraw
theconclusionsof thetest.

2 The Calliope gammafacility
The Calliope plant is a pool-type irradiation facility equippedwith a

���
Co radioisotope

sourceplacedin ashieldedcell of volume7x6x3.9m� [4].

The sourceis characterisedby a cylindrical geometrywith the
���

Co pencilsplacedin a
circularrack.Theemittedradiationconsistsof two photonswith energy of 1.17MeV and1.33
MeV. Themaximumlicensedactivity was3.710�
	 Bq andthepresentactivity at thetimeof the
testwas7.9810�
� Bq (June,15th,2003).

This plantoffersthepossibilityto choosethedoseratefor sampleirradiationandthemaxi-
mumdoserate(alongtherack longitudinalaxis) is 7270Gy/h (June,15th,2003).Thestorage
waterpool dimensionsare2x4.5x8m� andtwo separatesourceemergency storagewells are
positionedon the bottom of the pool. The irradiation protectionshield is realizedin baritic
concrete(180cm thickness).

To determinetheirradiationdoserate,at theCalliopeplantthreedifferentdosimetricmeth-
odsareavailable[5]: theFricke absolutedosimetry(20-400Gy), thealaninedosimetry(from
few Gy up to 500kGy) andtheRedPerspex dosimetry(5-50kGy).

Table1: Summaryof numberscaracterisingthe testedprototypes.REF(A,B) andREF(C,D)
indicatethe two double-gapsof the referencechamber. In the first four daysof test,
gapsA andB wereconnectedin gasclosedloop,while C andD werein openmode.
Then,weswitchedtheconnection:(A,B) in openmode,(C,D) in closedloop.

REF(A,B) REF(C,D) TEST1 TEST2
Area(cm� ) 500 500 500 1200
Volume(l) 0.5 0.5 1 2.4

Wire pitch (mm) 1.5 1.5 1.5 2
Gasmode open closed closed open
I (� A/gap) � 20 � 10-20 � 100-200 � 1000-1500

HV range(kV) 
���������
������ 
�������
������ 
���������
���� 2.75
Doserate(Gy/h) notmeasured notmeasured 0.072 0.31
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Figure1: Mapof theirradiationcell andof thecontrolroom.REF: MWPCreferencechamber.
T1: testchamberTEST1.T2: chamberTEST2.GEM: GEM chambers.T: temperature
sensor. P: pressuresensor. BOTTLES: gasbottlesfor MWPC’sandGEM’s.

3 Setupfor the aging test
3.1 Description of chamberprototypes

A detaileddescriptionof theMWPC’s for the region 3 of the LHCb Muon Systemcanbe
foundin [1, 2]. Themainparametersof thethreeprototypesaresummarizedin Table 1. Each
prototypeis composedof four gapsof 5 mm,eachwith ananodewire planeat thecenterof the
gap.Thepositivehighvoltageis appliedto thewires,while thecathodeplanesaregrounded.

The two cathodeplaneson eachgaphave a differentstructure:one is a continuousgold-
platedcopperplane,theotheris dividedin pads(becausein thechambersof region3 thesignal
is readout from pads).However, sincethesecathodeplanesarealwaysgrounded,theirstructure
is not relevantfor theparameterwemeasure:thetotal currentpergap.

Therearesomedifferencesbetweenthethreeprototypes,howeverthechambersTEST1and
REFareidentical:eachgaphas134tungstenwires � 25 cm long with 30 � m diameter, anda
sensitiveareaof � 200  251mm� , representing� 1/6 of onefinal MWPC for region M3R3.
ChamberTEST2is somewhatdifferent,mainlyin thewire pitch(2 mmasin final designinstead
of the1.5mmof TEST1andREF).

We placedthe two chambersTEST1andTEST2in differentpositionswith respectto the
source:TEST1is the chamberat lower exposure.The referencechamberREF wasfar from
the source,protectedby a concretewall. This chamberwasalreadyexposedto radiationin a
previousshortagingtest[6], integratingonly � 50 mC/cmof wire.

Usinga weatherstationwe monitoredtheatmosphericpressureandthe temperaturein the
irradiationcell. A LabView programallows to readthecurrentsof all twelve gapsandthe in-
formationof theweatherstationandto recordthedata.Duringthetest,alsotwo moreMWPC’s
built by theCERNLHCb-MuongroupandseveralGEM chambers[7] built in LNF wereirra-
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diated.A mapof theirradiationcell is shown in Fig. 1.

3.2 Gassystem

Among thegoalsof this testwasa validationof the LHCb gassystem.Thereforewe con-
nectedtwo gapsof chamberREFandall gapsof TEST1to thegasclosedloop.Theclosedloop
includeda gaspurifier with two components:thefirst oneis basedon molecularsievespheres,
for theabsorptionof water;thesecondone,basedon Cu, is for theabsorbtionof oxygen.

Theothertwo gapsof REF, togetherwith all gapsof TEST2,werein openmode:gaswent
directly from themixer to thechambersandthento theexhaustline.

The connectionsare illustrated in Fig. 2, including the position of the CERN chambers
(CERN1andCERN2).ThegasmixturewasAr/CO� /CF� with percentages40/40/20.Weuseda
differentbottlefor eachgas,connectedto amassflowmeterregulatedthroughanMKS system.
Then,thethreegasesenteredanaluminumboxactingasamixer.

Thetotal gasflow was � 6 l/h to themixing box.Typical flowswere:

– OpenMode: � 4.8l/h ( � 2 volumes/hof chamberTEST2);
– Closedloop: freshgas � 1.35l/h; circulatinggas� 5.2l/h.

Theflow of freshgasshouldbe10%of thecirculatinggas,but below the25%thesystem
wasunstable.The GEM chamberswere connectedto the samegasbottlesthroughseparate
flowmetersandmixer. Wecheckedthatthecurrentsdid notchangeathighergasfluxes.

Wesummarizethegassystemsetupduringthetest:

Table2: Summaryof thegassystemsetupduringthetest.In thefirst columnwe give thetime
elapsedfrom thebeginningof thedataacquisition(in days).

Dayof ACQ Date Gassystemstatus
- June,11 Startsystemwith two openloops.
- June,13 Closedloopstarts.
0 June,14 Startdataacquisition.
2 June,16 Purifierincludedin theloop.
3 June,17 Closedloop reachedsteadystate.

14-15 June,28-29 Mixture outof control(low CO� content).
16 June,30 Ar/CO� /CF� = 40/18/20cc/minat 8:30AM

while setvaluesare40/40/20cc/min.
17-19 July,1-3 Still mixtureproblems.

19 July,3 Controlunit of CO� massflowmeterreplaced.
Gaspurifierchanged.

21-22 July,5-6 Again low CO� contentin gasmixture.
MWPC mixture40/10/20cc/min;

23 July,7 low CO� contentalsoin GEM mixture;
CO� bottleandmassflowmeterarechanged;

Gassystemis oversaturatedwith CO� .
24 July,8 Closedloop is off. Two parallelopenloops.
30 July,14 Testis finished.

Thefirst purifierwasusedfrom June16 to July3. Then,asecondpurifierwasuseduntil the
endof thetest.Thecontentof O� wasmeasuredanddid not changeduring the test,but water
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Figure2: Layoutof thegasconnections.In thefirst four daysof test,gapsA andB of chamber
REF wereconnectedin gasclosedloop, while C andD werein openmode.Then,
weswitchedtheconnection:(A,B) in openmode,(C,D) in closedloop.

contentwasnotmonitored.Wenoticedthatthepurifierresponsetimewaslong(aboutoneday).
Thereforewhenthemixturewasunstableor thepurifier waschanged,theclosedloop system
requireda long time to reachasteadystate.

DuringthetesttheCO� contentin thegassuddenlydecreased.Theproblemwasnotobserved
in theGEM chambers,thereforethecommonCO� bottlecouldnotbethecauseof theincrease.
WechangedtheMKS channelconnectedto theCO� andgotagainacorrectdisplayedmixture.
The problemaroseagainafter abouttwo daysand wasobserved also in GEM gasmixture.
This time we changedthebottleanddecidedto operatetheclosedloop in openmode,to reach
a stablesituationin a short time. However, at the endof the test,the observed currentswere
systematicallylower(of � 25%)respectto currentsatbegin.ThissuggeststhattheCO� content
beforethechangeof thebottlewasprobablylower thanexpected.

3.3 Monitoring of temperature and pressure

Within a goodapproximation,the gasgainandthereforethe currentI, arerelatedto high
voltage(V) andgastemperature(!#" ) andpressure($%" ), by theformula:

I = k � e&('*)�+-,/.�+ (1)

wherek and 0 areconstants.During thetest,we recordedthetemperatureT in the irradiation
cell andtheatmosphericpressureP. Wedid nothavesensorsto measuredirectlythetemperature
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andpressureof thegasmixture.Themeasuredvaluesof T andP cannotbeconsideredprecise
estimatesof thegastemperatureandpressureinsidethe two chambers.Therefore,even if the
overall variationsof T andP aresmall, (1.3%for T and1.2%for P) we have normalizedthe
currentsin thegapsundertestto thecurrentsin thereferencegaps,in orderto removetheT and
Pdependence.

4 Results
4.1 Chamber in openmode

Thechamberin gasopenmode(TEST2)wasexposedat a high doserate0.31Gy/h. Gaps
A,B,C werepermanentlyswitchedon at a voltageHV=2.75 kV, correspondingto a gasgain
� 8� 10� [3]. GapD waspermanentlyat 2.05kV andwasmovedto 2.75kV onceaboutevery
threedaysfor aboutfivehours(until currentwasstable)to beusedasamonitor. At 2.75kV, the
currentin eachgapwasof theorderof � 1000-1500� A.

During the experimentthe chamberswill be operatedat a lower HV value(2.6-2.65)kV,
at leastin regionsM2-M5 wherean efficiency 1 95% for eachdouble-gapis sufficient. The
valueHV=2.75 kV chosenfor the test was the result of a compromisebetweenthe needof
acceleratingtheagingtestandtheneedof operatingthechamberin safeconditions.

In Fig. 3 (Left) weshow thecurrentsin thefour gaps.It is evidentthatduringaboutthirteen
days(day� 12-15)theCO� contentin themixturewasanomalouslylow andled to very large
valuesof thecurrents.

Thespikesin thefigurecorrespondto threeeventsin which thechambertripped(thecurrent
in at leastonegapexceededthe2 mA setlimit). This largecurrentwasprobablythecauseof
thebrokenwire in gapC at day� 21.7(seethediscussionin Section4.5).

Also, asalreadymentionedabove, after the changeof the CO� bottle (day 1 25), currents
stabilizedat a lower value.This suggeststhat the CO� contentin the mixture wasprobably
lower thanexpectedsincethebeginningof thetest.

To remove thedependenceon temperature,pressureandprecisemixturecontent,we calcu-
latedtheratioof thecurrentsin A,B,C respectto thecurrentin monitorgapD. Theseratiosare
calculatedaboutonceevery threedays,whenthegapD is switchedonandits currentreachesa
stablevalue.Resultsareshown in Fig. 3 (Right).Theratiosareconstantwithin � 4%.

Also thegapsof chamberREF(exposedatanegligible doserate)wereusedasamonitor. In
thefirst four daysof test,gapsA andB wereconnectedin closedloop,while C andD werein
openmode.Then,we decidedto switch theconnection:(A,B) in openmode,(C,D) in closed
loop, becausethegapD wasnot very stableandwe consideredmoreimportantthe testof the
chamberin openmode(exposedto ahigherdoserate).

In Fig. 4 (Left) we show the currentsin gaps(A,B) of referencechamberREF. In Fig. 4
(Right)theratiosbetweenthecurrentsin gapsA,B,Cof chamberTEST2andtheaveragecurrent
in gapsA andB of REFarereported.At day � 25,awire in gapB of REFbroke,probablydue
to thehighcurrentdrawn duringthedecreaseof CO� contentin thegasmixture.Therefore,for
day 1 25thecurrentratiosreferto gapA alone,notto theaveragecurrentin (A,B). Eventhough
thecurrentsin REF(A,B) arevery irregular, dueto heavy fluctuationsof CO� pecentage,the
currentratiosappearvery stable.Theseresultsprove thatgasgain in chamberTEST2did not
change.
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4.2 Chamber in closedloop

The chamberin closedloop (TEST1)wasexposedto a doserate0.072Gy/h, aboutfour
timeslessthanfor TEST2.ThegapsB,C,DwerepermanentlyswitchedonatHV=3.15-3.2kV.
GapA, usedasa monitor, waspermanentlyat 2.65kV andmovedto 3.2kV onceaboutevery
threedaysfor aboutfivehours(until currentwasstable).SinceTEST1hadasmallerwire pitch
(1.5mm)with respectto TEST2(2 mm),thesamegasgainasin TEST2gapswasobtainedfor
a voltage � 400V higherin TEST1,soat 3.15kV in TEST1thegainis � 8� 10� [3]. Currents
in gapsB,C,D wereof theorderof � 100-200� A.

During the test,the high voltagesof gapsB andC werechanged:from 3.2 to 3.15 kV in
B (at day � 13.6); from 3.15 to 3.2 kV in C (at day � 10.5). At day � 13.6 we have also
removed limiting resistorsof 470 k = from gapsA,B,D (in C therewas no resistor).These
resistorsprovokeda voltagedrop of the orderof � 80 V. Currentsin all gapswerecorrected
usingscalingfactorsin orderto accountfor this voltagedrop andfor changesin the setHV
valuesduringthetest(seetheAppendixfor detailson thecalculationof thecorrectionfactors).

In Fig. 5 (Left) we show thecorrectedcurrentsin thefour gaps.During aboutthirteendays
(day� 12-15),thecurrentsarehigherasaconsequenceof thelow CO� contentin themixture.

Justbeforetheendof thetest(day � 27.5),thecurrentsin gapsC andD sharplydecreased,
of 26%in gapC andof 33%in gapD. A similar effectwasnotobservedneitherin gapsA and
B, nor in thegapsof theCERNchambers.We do not know thecauseof this decrease.We can
only statethatasharpandsimultaneousdecreaseof thecurrentsin two differentgapscannotbe
attributedto anagingprocess.

As alreadyobservedfor theTEST2chamber, herealsoall thecurrentsat theendof thetest
weresystematicallylower respectto thecurrentsat begin.

We computedthe ratio of the currentsin B,C,D with respectto the currentin gapA, used
asa monitor. Resultsareshown in Fig. 5 (Right). Thecurrentratiosarestable,within � 13%,
all over the testexceptfor the last measurement.We do not have any explanationfor this last
measurement.

The gapsC,D of the chamberREF wereusedasa reference.In the first four days,(C,D)
wereconnectedin openmode.Then,we switchedtheconnection:(A,B) in openmode,(C,D)
in closedloop. At the sametime, sincecurrentin gapD wasaboutfour times larger thanin
othergaps,we loweredits highvoltagefrom 3.15to 3.0kV. Also thehighvoltagein gapC was
changed(from 3.15 to 3.05 kV) at day � 13.6.The currentswererescaledusingthe scaling
factorsreportedin theAppendix.

In Fig. 6 (Left) we show thecurrentsin gapsC,D of REF. Figure6 (Right) shows theratios
betweenthecurrentsin gapsB,C,D of TEST1andthereferencegapC of REF. We calculated
theratio respectto gapC alone,becausethebehaviour of gapD wasanomalous:largercurrent
thanin othergapsandpresenceof residualcurrentwhenwe switchedthe radioactive source
off ( � 1200nA at3.15kV). Exceptfor theperiodwith big currentvariations(12.4> day> 25.2)
dueto CO� contentout of control,thecurrentratio for gapB is stablewithin � 15%,while for
C andD wefind asharpdecreaseat theendof thetest,asalreadyobservedin Fig. 5 (Left).
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4.3 Dark currents

We have measuredthecurrentsin thechamberswith theradioactive sourceoff. Thepower
supplyusedfor the test(CAEN SY2527)hada sensitivity of 0.1 � A anda differentoffset for
eachchannel,between0 and1 � A. Therefore,the SY2527is unableto readcurrentssmaller
than1 � A. For this reason,after readingthe SY2527currents,we switchedoff eachgapand
poweredit with aNIM N471A,with sensitivity 1 nA.

In Table3 thecurrentsafteraboutfourteendaysof testareshown. Only gapD of reference
chamberdrawsapermanentcurrent,but thiseffect cannotberelatedto aging,becausethedose
rateon this chamberwasnegligible. Furthermeasurementswereperformedin thelab,afterthe
endof thetest.Wedid not find any self-sustainingrestcurrentin thechambers.

Table3: Currentsin chambersmeasuredwith radioactive sourceoff afteraboutfourteendays
of test.We indicatewith (*) the currentswith an evident decreasingtrend.Unless
otherwiseindicated,high voltageappliedis 3.15kV for chambersREF andTEST1
and2.75kV for TEST2.Thecurrentoffsetin eachSY2527channelis in therange0-1
� A.

Gap REF REF TEST1 TEST1 TEST2 TEST2
SY2527(� A) N471A(nA) SY2527(� A) N471A(nA) SY2527(� A) N471A(nA)

A 0.8 0 28.8 5 at3.2kV 0.6 70 (*)
B 0.2 0 0.4 9 (*) 0.4 70 (*)
C 13.2 0 at3.3kV 0.2 9 (*) 0.2 38 (*)
D 5.6 1200 0.2 7 (*) 0.4 28 (*)

4.4 Integrated charges

In Fig. 7 we show the integratedchargesasfunction of time andthe total valueat theend
of thetest.FromMontecarlocalculationsof themaximumparticleratesin eachdetectorregion
[8], with thefollowing assumptions:

– tenLHC yearscorrespondto 10F secondsof machineoperation(LHC dutycycle=0.32);
– luminosityis 2� 10��� cmGH� sGI� ;
– safetyfactorsare2 in M1 and5 in M2;
– gasgainis 10	 ;
– thechargeis correctedby a factor0.5 in M1 andM2/R1-R2(assumingtheuseof double

cathodereadout);

theintegratedchargein tenyearsis: 950mC/cmof wire in M1R2and550mC/cmin M2R1.
With theseassumptions,the largestintegratedvalue(440 mC/cmin gapB of TEST2)corre-
spondsto � 4.6yearsequivalentfor regionM1R2and � 8 yearsfor regionM2R1.

Defining T JLK the time equivalentin M1R2 (=55.2months),c the LHC duty cycle (=0.32),
andT MNJNOPM thetestduration(=1 month),thecorrespondingtestaccelerationfactorF is:

F = T JLKQ��R�S�TQMNJNOPMU� 17.6
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Figure8: Etchingof theFR4glassepoxylayerin chamberTEST2.
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4.5 Visual inspectionof the chamber in gasopenmode

After the aging test,we openedthe chamberTEST2(which received the largestdose)to
performavisualinspectionandin anattemptto find thecauseof thebrokenwire in gapC.

In general,on all gapswe foundthat:

– theepoxylayeronFR4glassepoxywasetched(seeFig. 8);
– thereareno tracesof dischargesunderthewires(seeFig. 9);
– wiresareclean.

In moredetail:

– GapA : at the gasinput, we observe somedischarge area( � 3 cm� ) underthe wires,
visible on bothcathodesurfaces(pad-structuredandcontinuous)(seeFig. 10).Tracesof
etchingactivity arevisibleon thepads(“bumps”undergroundguardtraces,seeFig. 11).
Thegroundlayeris in perfectconditions.
It oughtto noticethatthesedamagesin guardtraceson thepadsshow apeculiarpattern.
They appearin stripsseparatedby � 5-6 cm andapproximatelydiagonalwith respectto
thechamber(seeFig. 12).

– GapB : thereare tracesof small etchingactivity on the pads.The groundlayer is in
perfectconditions.

– GapC : weobservelargeetchingactivity ononeof thecathodepads,smallontheothers.
In a very smallareatherearetracesof dischargesnearthegasinlet. A wire wasbroken
andthetwo terminalsof thewire for few millimetersarecarbonized(seeFig. 13).
We shouldconsiderthat in this chamberthewireshadno HV limiting resistor, in order
to performtheacceleratedagingtest.In this way a singlewire couldhave drawn a very
largecurrent(orderof mA). We believe thatthebrokenwire is dueto suchaneffect and
not to theeffectof aging.

– GapD (monitorgap):we find no etchingon pads,only on FR4elements.Fromthis we
caninfer thatetchingof padsis dueto thecurrentdrawnby thechamber, while theetching
of theFR4framecomesfrom thesolegasflow.

Consideringthatgapsareconnectedin seriesandthatgasentersthechamberin gapA and
flowsout from gapD, theetchingeffect seemsnotbecorrelatedwith thegasflow direction.

5 Conclusions
We have presentedthe resultsof anagingtestperformedon two prototypesof MWPC for

theLHCb MuonSystem.

Theinterpretationof datafor thechamberin closedgasloopis quitedifficult. Thecurrentsin
thegapsarequitestable,exceptfor theperiodin which theCO� percentagein thegasmixture
wasoutof controlandfor theveryendof thetest,in whichtwo gapsexhibit asharpunexplained
decreasein thecurrent.It is evidentthatthiseffect(sharpandsimultaneousonbothgaps)cannot
beexplainedin termsof aging.

As far asthechamberin gasopenmodeis concerned,the resultsarevery satisfactory:the
currents,normalizedto monitorgaps,arequitestableover onemonthof test,eventhoughthe
gasmixturewasnot well definedfor a relevant time fractionof thetest.The largestintegrated
value(440mC/cmof wire in gapB of TEST2)correspondsto � 4.6yearsequivalentfor region
M1R2and � 8 yearsfor regionM2R1.
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Figure 9: No tracesof dischargesor depositsunderthewiresof chamberTEST2.

Figure 10: Effectof thedischargeactivity nearthegasinput.
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Figure11: “Bumps” on theguardstripsof thepads.

Figure12: “Preferred” directionsof pad etching.Most of the “bumps” undergroundguard
tracesareincludedbetweenthepairsof parallellinesin thepicture.
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Figure 13: A wire of thechamber(above)andthebrokenone(below).

The visual inspectionrevealedthat the brokenwire in onegapis probablydueto an over-
currentandnot to aging.Also, both theetchingon cathodepads(relatedto thecurrentdrawn
becausenotpresentin themonitorgap)andtheetchingof theFR4frame(presentalsoin moni-
tor gap)couldbepartiallydueto thebig accelerationfactorof thetest( � 18 for regionM1R2).
In particular, this accelerationcausesa big gaspollution, sinceonly two volumes/hourareex-
changed.In any case,thecurrentstabilityprovesthattheoveralldetectorgainis notaffectedby
theseeffects.

Appendix
In previoussectionswe reportedthemeasurementsof thechambercurrentsandof their ratios
respectto monitor gaps.Somemeasurementswerecorrectedusingscalingfactorsbecausein
somecaseswechangedtheoperatingconditionsduringthetest.

For what concernchamberTEST2,no correctionfactorwasapplied.All currentsof Fig.3
and4 (Right) referto highvoltage2.75kV in all four gaps.

The gapsA andB of chamberREFwereusedasreferencegapsin openmode.Herealso,
nocorrectionfactorwasappliedon thecurrentsshown in Fig.4(Left), becausethesegapswere
alwaysoperatingat 3.15kV.

For thechamberTEST1somescalingfactorswereneeded,becauseduringthetest:

– wechangedthehighvoltageof gapsB andC;
– weremovedthe470k = limiting resistorsfrom gapsA,B,D (in C therewasnoresistor).

To calculatethecorrectionfactors,for eachgapwe fitted thecurrentI asa functionof the
highvoltageV with apower-law function:
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I [ � A] = 0W� (V/1 kV) X (2)

Theparameters0 andY arereportedin Table 4.

For example,considerthecaseof gapA. Thecurrentbeforeremoving theR=470k = limit-
ing resistorwasI=179.3� A, correspondingto avoltagedrop:

Z
V = R � I = 0.083kV (3)

Then,thescalingfactoris:

I [�\�]�] /I ]N^�_ = [(3.2 -
Z

V)/3.2]X = [(3.2 - 0.083)/3.2]�
	�` � F�� = 0.662 (4)

For what concerngapB, whenwe removed the limiting resistorwe alsochangedthe HV
from 3.2 to 3.15kV to reducethecurrent.In thatcase,thevoltagedropof 78 Volts is reduced
by 50 Volts andleadsto a correctionfactorcloseto one(=0.87).

ThegapsC andD of chamberREFwereusedasreferencegapsin closedloop. Sincetheir
HV waschangedduringthetest,a correctionfactorwasappliedherealsoto thecurrents.The
parametersareshown in Table 5.

Table4: For gapsA,B,C,D of chamberTEST1,thetablesreport:theparameters0 (in � A) and
Y of thefit of thecurrentasfunctionof thehigh voltage(Eq.2);thevoltagedrop

Z
V

dueto the presenceof the limiting resistors(Eq.3); the scalingfactorappliedto the
currentin differenttestperiods,accordingto thevalueof thehigh voltageandto the
presenceof thelimiting resistors.

Gap A 0Q� 10
� Y Z

V (Volt) Gap B 0Q� 10
� Y Z

V (Volt)
2.094 15.681 83 2.333 15.846 78

Period HV (kV) Limiting R Factor Period HV (kV) Limiting R Factor
day> 4.5 3.15 yes 1.28

day> 13.6 3.2 yes 1. 4.5> day> 13.6 3.2 yes 1.
day1 13.6 3.2 no 0.662 day1 13.6 3.15 no 0.870

Gap C 0Q� 10
� Y Z

V (Volt) Gap D 0Q� 10
� Y Z

V (Volt)
1.465 16.064 - 0.918 16.719 73

Period HV (kV) Limiting R Factor Period HV (kV) Limiting R Factor
day> 10.4 3.15 no 1.29 day> 13.6 3.2 yes 1.
day1 10.4 3.2 no 1. day1 13.6 3.2 no 0.680
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Ta able5: For gapsC,D of chamberREF, thetablesreport:theparameters0 (in � A) and Y of
thefit of thecurrentasfunctionof thehigh voltage(Eq.2);thescalingfactorapplied
to thecurrentin differenttestperiods,accordingto thevalueof thehighvoltage.

Gap C 0Q� 10b Y Gap D 0Q� 10b Y
1.086 20.842 1.309 20.615

Period HV (kV) Factor Period HV (kV) Factor
day> 13.6 3.15 0.51 day> 3.7 3.0 1.406
day1 13.6 3.05 1. 3.7> day> 10.5 3.05 1.

10.5> day> 12.5 3.1 0.715
day1 12.5 3.05 1.
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