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Abstract

We presentheresultsof anagingteston two prototypesof four-gapMWPC designedor
the LHCb Muon System Thetestwascarriedoutwith a°Co sourcethe Calliopegamma
facility at ENEA-Casaccid&esearclCentey nearRome.We monitoredthe currentsin the
two chambersindertestandin a similar chambewusedasareference.

Overaperiodof thirty days weintegratedachageupto 440mC/cmof wire in thechamber

in gasopenmode,equivalentto 4.6 LHC years(in region M1R2), withoutary appreciable
deterioratiorof thedetectorgasgain.



1 Intr oduction

In this notewe reporttheresultsof anagingtestof two prototypesf Multiwire Proportional
ChamberfMWPC), designedor the LHCb Muon Systemandbuilt at the INFN Laboratories
in Frascati.The goal of the testwasto prove that the performance®f thesedetectorsare not
deterioratedy thelargeradiationdoseexpectedn theexperimentin severalyearsof operation.

Thetestwascarriedoutwith the®*Co sourceof the Calliope facility attheENEA-Casaccia
ResearclCenter nearRome.We monitoredthe currentsin threefour-gap MWPC'’s: two test
chambersand a referenceone. Thesedetectorsare describedn detail elsavhere[1, 2]. The
testedchambersvere operatedat a voltagecorrespondingo a gasgain ~ 8-10*, abouttwice
thevaluewhichwill beadoptedduringtheexperiment3], integratingupto 440mC/cmof wire
in thirty days.

In Section2 we shortlydescribehe Calliope~ facility. In Section3 we describehedetectors
andtheexperimentaketup.Then,in Sectiord wereportthetestresultsIn lastSectionwe draw
theconclusionof thetest.

2  The Calliope gammarfacility

The Calliope plant is a pool-type irradiation facility equippedwith a ®°Co radioisotope
sourceplacedin a shieldedcell of volume7x6x3.9m? [4].

The sourceis characterisedy a cylindrical geometrywith the ®“Co pencilsplacedin a
circularrack. The emittedradiationconsistsof two photonswith enegy of 1.17MeV and1.33
MeV. Themaximumlicensedactivity was3.7 10" Bq andthepresentctiity atthetime of the
testwas7.9810" Bqg (June,15th,2003).

This plantoffersthe possibilityto choosethe doseratefor sampleirradiationandthe maxi-
mum doserate (alongtheracklongitudinalaxis)is 7270Gy/h (June, 15th,2003). The storage
water pool dimensionsare 2x4.5x8m? andtwo separatesourceemegeng storagewells are
positionedon the bottom of the pool. The irradiation protectionshield is realizedin baritic
concretg180cmthickness).

To determingheirradiationdoserate,at the Calliopeplantthreedifferentdosimetricmeth-
odsareavailable[5]: the Fricke absolutedosimetry(20-400Gy), the alaninedosimetry(from
few Gy upto 500kGy) andthe RedPersp& dosimetry(5-50kGy).

Table 1: Summaryof numberscaracterisinghe testedprototypes. REF(A,B) and REF(C,D)
indicatethe two double-gap®f the referencechamberin the first four daysof test,
gapsA andB wereconnectedn gasclosedloop, while C andD werein openmode.
Then,we switchedthe connection{A,B) in openmode,(C,D) in closedlioop.

REF(AB) | REF(C,D) | TEST1 TEST2
Area(cn?) 500 500 500 1200
Volume(l) 0.5 0.5 1 2.4
Wire pitch (mm) 1.5 15 15 2
Gasmode open closed closed open
| (uAlgap) ~ 20 ~10-20 | ~ 100-200| ~ 1000-1500
HV range(kV) | 3.05—3.15 | 3.0—3.15 | 3.15—3.2 2.75
Doserate(Gy/h) | notmeasured notmeasured 0.072 0.31
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Figure 1: Map of theirradiationcell andof the controlroom.REF: MWPC referencechamber
T1: testchambeMEST1.T2: chambeMEST2.GEM: GEM chambersT: temperature
sensorP: pressuresensarBOTTLES. gasbottlesfor MWPC’sandGEM's.

3  Setupfor the agingtest
3.1 Description of chamber prototypes

A detaileddescriptionof the MWPC'’s for the region 3 of the LHCb Muon Systemcanbe
foundin [1, 2]. The mainparameter®sf thethreeprototypesaresummarizedn Table 1. Each
prototypeis composeaf four gapsof 5 mm, eachwith ananodewire planeatthe centerof the
gap.Thepositive high voltageis appliedto thewires,while the cathodeplanesaregrounded.

The two cathodeplaneson eachgap have a differentstructure:oneis a continuousgold-
platedcoppermplane the otheris dividedin pads(becausén thechamber®f region 3 thesignal
is readoutfrom pads) However, sincethesecathodeplanesarealwaysgroundedtheir structure
is not relevantfor the parametewe measurethetotal currentpergap.

Therearesomedifferencedetweerthethreeprototypeshoweverthechamberd EST1and
REF areidentical:eachgaphas134tungstenwires ~ 25 cmlong with 30 xm diameteranda
sensitve areaof ~ 200 x 251 mm?, representing- 1/6 of onefinal MWPC for region M3R3.
ChambeTEST2is somavhatdifferent,mainlyin thewire pitch (2 mmasin final designinstead
of thel.5mmof TEST1landREF).

We placedthe two chambersTEST1and TEST2in differentpositionswith respecto the
source:TEST1is the chamberat lower exposure.The referencechamberREF wasfar from
the source protectedby a concretewall. This chambemwasalreadyexposedto radiationin a
previousshortagingtest[6], integratingonly ~ 50 mC/cmof wire.

Using a weatherstationwe monitoredthe atmospherigressureandthe temperaturen the
irradiationcell. A LabView programallows to readthe currentsof all twelve gapsandthein-
formationof theweatherstationandto recordthedata.During thetest,alsotwo moreMWPC'’s
built by the CERN LHCb-Muongroupandseveral GEM chamberg7] built in LNF wereirra-
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diated.A mapof theirradiationcell is shovnin Fig. 1.

3.2 Gassystem

Among the goalsof this testwasa validationof the LHCb gassystem.Thereforewe con-
nectedwo gapsof chambeREFandall gapsof TEST1to thegasclosedioop. Theclosedoop
includeda gaspurifier with two componentsthefirst oneis basedon molecularsieve spheres,
for theabsorptiorof water;the secondone,basedon Cu, is for theabsorbtiorof oxygen.

The othertwo gapsof REF, togethemwith all gapsof TEST2,werein openmode:gaswent
directly from the mixerto the chambersandthento the exhaustine.

The connectionsare illustratedin Fig. 2, including the position of the CERN chambers
(CERN1andCERNZ2).ThegasmixturewasAr/CO,/CF, with percentage40/40/20 We useda
differentbottlefor eachgas,connectedo a massflowmeterregulatedthroughan MKS system.
Then,thethreegaseenteredanaluminumbox actingasa mixer.

Thetotal gasflow was~ 6 I/h to the mixing box. Typical flows were:

— OpenMode:~ 4.81/h (~ 2 volumes/hof chambelTEST?2);
— Closedloop: freshgas~ 1.35I/h; circulatinggas~ 5.21/h.

The flow of freshgasshouldbe 10% of the circulatinggas,but below the 25% the system
was unstable.The GEM chambersvere connectedo the samegashbottlesthroughseparate
flowmetersandmixer. We checledthatthe currentsdid not changeat highergasfluxes.

We summarizehe gassystemsetupduringthetest:

Table 2: Summaryof the gassystemsetupduringthetest.In thefirst columnwe give thetime
elapsedrom the beginning of the dataacquisition(in days).

Dayof ACQ Date Gassystemstatus
- June,11 Startsystemwith two openloops.
- June,13 Closedloop starts.
0 June,14 Startdataacquisition.
2 June,16 Purifierincludedin theloop.
3 June,17 Closedloop reachedsteadystate.
14-15 June,28-29 Mixture out of control(low CO, content).
16 June,30 | Ar/CO,/CF, =40/18/20cc/minat8:30AM
while setvaluesare40/40/20cc/min.
17-19 July,1-3 Still mixture problems.
19 July,3 Controlunit of CO, massflowmeterreplaced.
Gaspurifier changed.
21-22 July,5-6 Againlow CO, contentin gasmixture.
MWPC mixture40/10/20cc/min;
23 July,7 low CO, contentalsoin GEM mixture;
CO, bottleandmassflowmeterarechanged,;
Gassystemis oversaturateavith CO,.
24 July,8 Closedloopis off. Two parallelopenloops.
30 July,14 Testis finished.

Thefirst purifier wasusedfrom Junel6 to July 3. Then,a secondpurifier wasuseduntil the
endof the test. The contentof O, wasmeasurednddid not changeduring the test, but water

3



OPEN MODE

Exhaust

b 4

REF(A_B) TEST 2 CERN 2[——>

CO2 =l 3

CLOSED LOOP

CF4 —~— Fresh gas

GAS SYSTEM

vV

Circulating gas

CERN 1[&—{TEST 1 }&{ REF(C,D) |e

Figure 2: Layoutof thegasconnectionsln thefirst four daysof test,gapsA andB of chamber
REF were connectedn gasclosedloop, while C andD werein openmode.Then,
we switchedthe connection(A,B) in openmode,(C,D) in closedloop.

contentwasnot monitored We noticedthatthe purifierresponséime waslong (aboutoneday).
Thereforewhenthe mixture wasunstableor the purifier waschangedthe closedloop system
requiredalongtimeto reacha steadystate.

Duringthetestthe CO, contenin thegassuddenlydecreasedl heproblemwasnotobsered
in the GEM chambersthereforehecommonCQO, bottlecouldnotbethecauseof theincrease.
We changedhe MKS channekonnectedo the CO, andgot againa correctdisplayedmixture.
The problemaroseagainafter abouttwo daysand was obsened alsoin GEM gasmixture.
This time we changedhe bottle anddecidedo operatethe closedloop in openmode,to reach
a stablesituationin a shorttime. However, at the end of the test,the obsened currentswere
systematicallyower (of ~ 25%)respecto currentsatbegin. Thissuggestshatthe CO, content
beforethe changeof the bottlewasprobablylowerthanexpected.

3.3 Monitoring of temperature and pressue

Within a goodapproximationthe gasgain andthereforethe currentl , arerelatedto high
voltage(V) andgastemperaturgT,) andpressurgp,), by theformula:

| =k - eV Te/Pe (1)

wherek anda areconstantsDuring the test,we recordedhe temperaturd in theirradiation
cellandtheatmospheripressurd® We did nothave sensorso measuralirectly thetemperature
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andpressuref the gasmixture. The measuredaluesof T andP cannotbe consideregrecise
estimateof the gastemperatureandpressuransidethe two chambersTherefore evenif the
overall variationsof T andP aresmall, (1.3%for T and1.2%for P) we have normalizedthe
currentdan thegapsundertestto thecurrentan thereferencegaps,n orderto removethe T and
P dependence.

4  Results
4.1 Chamberin openmode

The chamberin gasopenmode(TEST2)wasexposedat a high doserate 0.31 Gy/h. Gaps
A,B,C were permanentlyswitchedon at a voltageHV=2.75 kV, correspondindgo a gasgain
~ 8-10* [3]. GapD waspermanenthat 2.05kV andwasmovedto 2.75kV onceaboutevery
threedaysfor aboutfive hours(until currentwasstable)to beusedasa monitor. At 2.75kV, the
currentin eachgapwasof the orderof ~ 1000-150Q:A.

During the experimentthe chamberswill be operatedat a lower HV value (2.6-2.65)kV,
at leastin regions M2-M5 wherean efficiency >95% for eachdouble-gaps sufficient. The
value HV=2.75 kV chosenfor the testwasthe resultof a compromisebetweenthe needof
acceleratingheagingtestandthe needof operatinghe chambeiin safeconditions.

In Fig. 3 (Left) we shaw thecurrentsin thefour gaps It is evidentthatduringaboutthirteen
days(day~ 12-15)the CO, contentin the mixture wasanomalouslyow andled to very large
valuesof thecurrents.

Thespikesin thefigurecorrespondo threeeventsin which thechambetripped(thecurrent
in atleastonegapexceededhe 2 mA setlimit). This large currentwasprobablythe causeof
thebrokenwire in gapC atday~ 21.7(seethediscussionn Section4.5).

Also, asalreadymentionedabove, after the changeof the CO, bottle (day >25), currents
stabilizedat a lower value. This suggestdhat the CO, contentin the mixture was probably
lower thanexpectedsincethe beginning of thetest.

To remove the dependencen temperaturepressureandprecisemixture content,we calcu-
latedtheratio of thecurrentsin A,B,C respecto thecurrentin monitorgapD. Theseratiosare
calculatedaboutonceevery threedays,whenthegapD is switchedon andits currentreaches
stablevalue.Resultsareshavn in Fig. 3 (Right). Theratiosareconstanwithin ~ 4%.

Also thegapsof chambeREF (exposedat a negligible doserate)wereusedasa monitor. In
thefirst four daysof test,gapsA andB wereconnectedn closedloop, while C andD werein
openmode.Then,we decidedto switchthe connectioni(A,B) in openmode,(C,D) in closed
loop, becausehe gapD wasnot very stableandwe considerednoreimportantthe testof the
chambeiin openmode(exposedo a higherdoserate).

In Fig. 4 (Left) we show the currentsin gaps(A,B) of referencechamberREF. In Fig. 4
(Right)theratiosbetweerthecurrentsn gapsA,B,C of chambeTEST2andtheaveragecurrent
in gapsA andB of REFarereported At day~ 25,awire in gapB of REFbroke, probablydue
to thehigh currentdravn duringthe decreasef CO, contentin the gasmixture. Therefore for
day> 25thecurrentratiosreferto gapA alonenotto theaveragecurrentin (A,B). Eventhough
the currentsin REF (A,B) arevery irregular, dueto heavy fluctuationsof CO, pecentagethe
currentratiosappearery stable.Theseresultsprove thatgasgainin chambefTEST2did not
change.
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Figure 3: Left: currentgaveragedverthreehours)in gapsA,B,C,D of chambeEST2when
HV=2.75KkV. During the periodincludedbetweerthe vertical lines the gasmixture
wasunstable Right: ratios (averagedover abouthalf an hour) betweerthe currents
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Figure 4: Left: currents(averagedover six hours)in gapsA,B (in openmodefor day > 4) of
referencechambeiREF, whenHV=3.15kV. Duringthe periodincludedbetweerthe
vertical lines the gasmixture was unstable At day ~ 25 the gap B was switched
off. Right: ratios(averagedover threehours)betweenrthe currentsin gapsA,B,C of
chambelTEST2andthe averagecurrentin gapsA andB of REF. For day > 25, the

currentratiosreferto gapA of REFalone.



4.2 Chamberin closedloop

The chamberin closedloop (TEST1)wasexposedto a doserate 0.072 Gy/h, aboutfour
timeslessthanfor TEST2.ThegapsB,C,D werepermanentlyswitchedon atHV=3.15-3.2kV.
GapA, usedasa monitor, waspermanenthat 2.65kV andmovedto 3.2kV onceaboutevery
threedaysfor aboutfive hours(until currentwasstable).SinceTEST1hada smallerwire pitch
(1.5mm)with respecto TEST2(2 mm), the samegasgainasin TEST2gapswasobtainedfor
avoltage~ 400V higherin TEST1,soat3.15kV in TEST1thegainis ~ 8-10* [3]. Currents
in gapsB,C,D wereof the orderof ~ 100-200uA.

During the test, the high voltagesof gapsB and C were changedfrom 3.2to 3.15kV in
B (at day ~ 13.6);from 3.15t0 3.2kV in C (atday ~ 10.5). At day ~ 13.6 we have also
removed limiting resistorsof 470 k2 from gapsA,B,D (in C therewas no resistor). These
resistorgprovoked a voltagedrop of the orderof ~ 80 V. Currentsin all gapswere corrected
using scalingfactorsin orderto accountfor this voltagedrop andfor changesn the setHV
valuesduringthetest(seethe Appendixfor detailson the calculationof the correctionfactors).

In Fig. 5 (Left) we shawv the correctedcurrentsin the four gaps.During aboutthirteendays
(day~ 12-15),the currentsarehigherasa consequencef thelow CGO, contentin the mixture.

Justbeforethe endof thetest(day ~ 27.5),thecurrentsn gapsC andD sharplydecreased,
of 26%in gapC andof 33%in gapD. A similar effect wasnot obseredneitherin gapsA and
B, norin the gapsof the CERN chambersWe do not know the causeof this decreaseéWe can
only statethata sharpandsimultaneouslecreasef thecurrentsn two differentgapscannotbe
attributedto anagingprocess.

As alreadyobsenredfor the TEST2chamberherealsoall the currentsat the endof thetest
weresystematicallyjower respecto the currentsat begin.

We computedthe ratio of the currentsin B,C,D with respecto the currentin gapA, used
asa monitor. Resultsareshaowvn in Fig. 5 (Right). The currentratiosarestable within ~ 13%,
all over thetestexceptfor the last measurement\e do not have ary explanationfor this last
measurement.

The gapsC,D of the chamberREF were usedasa referenceln the first four days,(C,D)
wereconnectedn openmode.Then,we switchedthe connection(A,B) in openmode,(C,D)
in closedloop. At the sametime, sincecurrentin gap D wasaboutfour timeslarger thanin
othergapswe loweredits highvoltagefrom 3.15to0 3.0kV. Also thehighvoltagein gapC was
changedfrom 3.15to0 3.05kV) at day ~ 13.6. The currentswere rescaledusingthe scaling
factorsreportedn the Appendix.

In Fig. 6 (Left) we shaw the currentsin gapsC,D of REF. Figure6 (Right) showns theratios
betweenthe currentsin gapsB,C,D of TEST1andthereferencegapC of REF We calculated
theratiorespecto gapC alone,becausehe behaiour of gapD wasanomaloustargercurrent
thanin othergapsand presencef residualcurrentwhenwe switchedthe radioactve source
off (~ 1200nA at3.15kV). Exceptfor the periodwith big currentvariations(12.4<day< 25.2)
dueto CO, contentout of control,the currentratio for gapB is stablewithin ~ 15%,while for
C andD we find asharpdecreasatthe endof thetest,asalreadyobsenedin Fig. 5 (Left).
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4.3 Dark currents

We have measuredhe currentsin the chamberswith the radioactve sourceoff. The power
supplyusedfor thetest(CAEN SY2527)hada sensitvity of 0.1 A anda differentoffsetfor
eachchannelbetween0 and1 uA. Thereforethe SY2527is unableto readcurrentssmaller
thanl pA. For this reasonafter readingthe SY2527currents we switchedoff eachgapand
poweredit with aNIM N471A,with sensitvity 1 nA.

In Table 3 the currentsafteraboutfourteendaysof testareshovn. Only gapD of reference
chambedraws a permanenturrent,but this effect cannotberelatedto aging,becaus¢hedose
rateonthis chambemwasnggligible. Furthermeasurementsereperformedn thelab, afterthe
endof thetest.We did notfind ary self-sustainingestcurrentin thechambers.

Table 3: Currentsin chambersneasuredvith radioactie sourceoff afteraboutfourteendays
of test. We indicatewith (*) the currentswith an evident decreasingrend. Unless
otherwiseindicated,high voltageappliedis 3.15kV for chambersREF and TEST1
and2.75kV for TEST2.Thecurrentoffsetin eachSY2527channels in therange0-1

LA,
Gap REF REF TEST1 TEST1 TEST2 TEST2
SY2527(uA) | NA7T1IA(NA) | SY2527(uA) | NAT1IA(NA) | SY2527(nA) | NA71A (NA)
A 0.8 0 28.8 5at3.2kV 0.6 70 (%)
B 0.2 0 0.4 9(* 0.4 70 (*)
C 13.2 Oat3.3kV 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 integratedchagesasfunction of time andthe total value at the end
of thetest.FromMontecarlocalculationsof the maximumparticleratesin eachdetectomregion
[8], with thefollowing assumptions:

— tenLHC yearscorrespondo 10° second®f machineoperation(LHC duty cycle=0.32);

— luminosityis 2.10*2 cm—2 s !;

— safetyfactorsare2 in M1 and5in M2;

— gasgainis 10;

— thechageis correctedby afactor0.5in M1 andM2/R1-R2(assumingheuseof double
cathodereadout);

theintegratedchagein tenyearsis: 950mC/cmof wire in M1R2 and550mC/cmin M2R1.
With theseassumptionsthe largestintegratedvalue (440 mC/cmin gapB of TEST2)corre-
sponddo ~ 4.6yearsequialentfor region M1R2 and~ 8 yearsfor region M2R1.

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

F = Teq . C/Ttest ~ 17.6
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4.5 Visual inspectionof the chamberin gasopenmode

After the aging test, we openedthe chamberTEST2 (which receved the largestdose)to
performavisualinspectionandin anattemptto find the causeof the brokenwire in gapC.

In generalpon all gapswe foundthat:

— theepoxylayeron FR4 glassepoxywasetched(seeFig. 8);
— thereareno tracesof dischagesunderthe wires(seeFig. 9);
— wiresareclean.

In moredetail:

— GapA : atthe gasinput, we obsene somedischage area(~ 3 cm?) underthe wires,
visible on both cathodesurfaces(pad-structure@ndcontinuous)seeFig. 10). Tracesof
etchingactuity arevisible onthe pads(“bumps”undergroundguardtracesseeFig. 11).
Thegroundlayeris in perfectconditions.

It oughtto noticethatthesedamages$n guardtraceson the padsshav a peculiarpattern.
They appeaiin stripsseparatetby ~ 5-6 cm andapproximatelydiagonalwith respecto
thechambei(seeFig. 12).

— GapB : therearetracesof small etchingactivity on the pads.The groundlayer is in
perfectconditions.

— GapC: weobserelargeetchingactivity ononeof thecathodgyads smallontheothers.

In avery smallareatherearetracesof dischagesnearthe gasinlet. A wire wasbroken
andthetwo terminalsof thewire for few millimetersarecarbonizedseeFig. 13).
We shouldconsiderthatin this chambeithe wireshadno HV limiting resistorin order
to performthe acceleratedgingtest.In this way a singlewire could have dravn a very
large current(orderof mA). We believe thatthe brokenwire is dueto suchan effectand
notto the effect of aging.

— GapD (monitorgap):we find no etchingon pads,only on FR4 elementsFromthis we
caninfer thatetchingof padsis dueto thecurrentdravn by thechamberwhile theetching
of the FR4framecomesfrom the solegasflow.

Consideringhatgapsareconnectedn seriesandthatgasentersthe chambelin gapA and
flows outfrom gapD, the etchingeffect seemsot be correlatedwith the gasflow direction.

5 Conclusions

We have presentedhe resultsof anagingtestperformedon two prototypesof MWPC for
theLHCb Muon System.

Theinterpretatiorof datafor thechambein closedgasloopis quitedifficult. Thecurrentsn
the gapsarequite stable exceptfor the periodin which the CO, percentagén the gasmixture
wasoutof controlandfor thevery endof thetest,in whichtwo gapsexhibit asharpunexplained
decreas@ thecurrent.lt is evidentthatthis effect (sharpandsimultaneousnbothgaps)cannot
be explainedin termsof aging.

As far asthe chambelin gasopenmodeis concernedthe resultsarevery satistctory:the
currentsnormalizedto monitor gaps,are quite stableover onemonthof test,eventhoughthe
gasmixture wasnot well definedfor a relevanttime fraction of the test. The largestintegrated
value(440mC/cmof wire in gapB of TEST2)correspond$o ~ 4.6yearsequialentfor region
M1R2and~ 8 yearsfor region M2R1.
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Figure 10: Effectof thedischage actiity nearthegasinput.



Figure 11: “Bumps” on theguardstripsof thepads.

Figure 12: “Preferred” directionsof pad etching.Most of the “bumps” undergroundguard
tracesareincludedbetweerthe pairsof parallellinesin thepicture.
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Figure 13: A wire of thechambei(abore) andthe brokenone(below).

The visualinspectionrevealedthat the brokenwire in onegapis probablydueto an over
currentandnot to aging.Also, boththe etchingon cathodepads(relatedto the currentdravn
becaus@ot presenin themonitorgap)andthe etchingof the FR4frame(presentlsoin moni-
tor gap)couldbe partially dueto the big acceleratioriactorof thetest(~ 18 for region M1R2).
In particular this acceleratiorcauses big gaspollution, sinceonly two volumes/houiare ex-
changedln ary casethe currentstability provesthatthe overall detectogainis not affectedby
theseeffects.

Appendix

In previous sectionswve reportedthe measurementsf the chambercurrentsand of their ratios
respecto monitor gaps.Somemeasurementaere correctedusingscalingfactorsbecausen
somecaseae changedhe operatingconditionsduringthetest.

For what concernchambefTEST2,no correctionfactorwasapplied.All currentsof Fig.3
and4 (Right) referto high voltage2.75kV in all four gaps.

The gapsA andB of chambeREF wereusedasreferencegapsin openmode.Herealso,
no correctionfactorwasappliedonthecurrentsshavnin Fig.4 (Left), becaus¢hesegapswere
alwaysoperatingat 3.15kV.

For thechambeMEST1somescalingfactorswereneededbecausealuringthetest:

— we changedhe high voltageof gapsB andC;
— weremovedthe470kS2 limiting resistordrom gapsA,B,D (in C therewasnoresistor).

To calculatethe correctionfactors,for eachgapwe fitted the currentl asa function of the
high voltageV with a power-law function:

14



| [LA] = a- (VI kV)?

Theparameters: and arereportedn Table 4.

For example,considerthe caseof gapA. The currentbeforeremaving the R=470Kk(2 limit-
ing resistorwas|=179.3 A, correspondingo a voltagedrop:

AV =R -1 =0.083kV

Then,the scalingfactoris:
lcore/lzaw = [(3.2- AV)/3.2]° =[(3.2- 0.083)/3.2}>%! = 0.662

For what concerngap B, whenwe removed the limiting resistorwe alsochangedhe HV
from 3.2to 3.15kV to reducethe current.In thatcase the voltagedrop of 78 Volts is reduced
by 50 Volts andleadsto a correctionfactorcloseto one(=0.87).

ThegapsC andD of chambeREF wereusedasreferencegapsin closedloop. Sincetheir
HV waschangedduringthe test,a correctionfactorwasappliedherealsoto the currents.The
parameterareshovn in Table 5.

(2)

3)

(4)

Table 4: For gapsA,B,C,D of chambelTEST1,thetablesreport:theparameters: (in 1 A) and
G of thefit of the currentasfunctionof the high voltage(Eq.2);the voltagedrop AV
dueto the presenceof the limiting resistors(Eq.3); the scalingfactorappliedto the
currentin differenttestperiods,accordingto the valueof the high voltageandto the
presencef thelimiting resistors.

Gap A a-10° 3 AV (Volt) GapB a-10° 3 AV (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.
day>13.6 3.2 no 0.662 day>13.6 3.15 no 0.870
GapC a-10° 3 AV (Volt) GapD a-10° 3 AV (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.
day>10.4 3.2 no 1. day>13.6 3.2 no 0.680
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Table 5: For gapsC,D of chambeREF, thetablesreport:the parameters (in 1 A) and( of

thefit of the currentasfunction of the high voltage(Eq.2);the scalingfactorapplied
to the currentin differenttestperiods,accordingo the valueof the high voltage.

GapC a-10° & GapD a-10° 3
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

day>13.6| 3.05 1. 3.7<day<10.5 3.05 1.
10.5<day<12.5 3.1 0.715
day>12.5 3.05 1.
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