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Abstract

The procedure to calibrate in time the scintillation counters of the HARP TOF-WALL
using cosmic muons is described in detail. The analysis of the collected cosmic events
was also used to evaluate the performance of the detectors in terms of efficiency and
time resolution. All scintillation counters resulted to be fully efficient. The procedure
allowed to precisely align in time the signals of all counters so that an overall intrinsic
time resolution ok 160 ps could be achieved.
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1 TheHARP TOF-WALL

The HARP experimentconsistsof a barrelspectromete(TPC) anda forward magnetic
spectrometedesignedo measurechage, massand momentumof secondaryparticles
produceddy theinteractionof protons(from thePSacceleratoryvith targetsof variousel-
ementsln theregioncoveredby theforwardmagneticspectrometegparticleidentification
is achievedby meansof Cherenkv light detection(for high momentajandtime-of-flight
measurementor low momenta).Thetime-of-flightis measuredy the TOF-WALL, a
setof 39 scintillation counters arrangedn threevertical walls (seeFig. 1), eachcon-
sistingof 13 counters positionedat about10 metersfrom the target. The TOF-WALL
coversanoverall areaof 657 x 243 cm?, which guaranteeanalmostcompletegeomet-
rical coveragefor the particle producedat the HARP target and deflected,accordingto
theirmomentumpy passinghroughthe spectrometemagnet.

To provide goodtime resolutionfor the highest-momenturparticles(p> 2 GeV/c)which
areexpectedo populatethe centralregion, the centralwall countersareshorter(180cm)
thanthoseof the lateralwalls (250 cm). Thetime resolutionof eachindividual counter
wasmeasuredn laboratorytestsbeforethe installationin the experimentalapparatuss
describedn thenote[1].

In eachwall the countersarepartially overlappedy 2.5cmto ensurehermeticcoverage.
Moreover the particleswhich passthroughthe overlappingareascancontribute to cross-
calibratethe counterswithin agivenwall.

Two additionalsetsof scintillation counterg(“calibration counters”)are placed,respec-
tively, upstreananddownstreanthe TOF-WALL (seeFig. 1)totriggeroncosmicevents.
The precisepositionof thesecountersallows the selectionof cosmicmuonscrossingthe
TOF-WALL with afixedazimuthalangleof § ~ 50° with respecto the horizontaldirec-
tion (seeFig. 2). Thethreedownstreancountergtwo horizontalcounterswith L = 250
cmandoneverticalcounterwith L = 300cm) provide the referencdime informationfor
thecosmicscalibrationprocedureandarethuscharacterizedy excellentintrinsic resolu-
tion. Theupstreancountersconsistof two horizontalscintillators(L = 250cm) andof a
strip of 13 horizontalshortscintillatorswith size21 x 21 cm?. Theupstreantountersare
removedduring normalrun operationswvith beamin orderto avoid the presencef extra
materialin front of the TOF-WALL.

2 Electronics

Thesignalcomingfrom eachPMT is carriedto anActive Splitter by high quality signal-
cables(RG213). Oneoutputof the splitter, with amplitudecorrespondingo 100% of



Figurel: A sketchof thethreewalls composinghe HARP TOF-WALL.

theinputsignal,is first sentto a 16-channeleading-edgeliscriminator(LECROY 4413)
with a-38 mV threshold. The discriminatorsignal arefirst delayedby ~ 220 ns using
asinglehigh-qualitycable,thenregeneratedy a fastdiscriminator(Line Recever) and
finally processedby the TDC’s (TDC VME CAEN V775,32 channelsy 37 ps/ch).The
secondoutputof the splitter, correspondingo 25% of the input amplitude,is sentto a
chage-intgratingADC (QDC VME CAEN 792,12 bit, 0.1 pC/ch)after beingdelayed
by ~ 240ns.

Thestability of thedigital electronicss monitoredoy pulsingsimultaneoushall thechan-
nelsof eachdiscriminatorwith an electronicsignalgeneratedy a pulsercircuit. In ad-
dition the whole time-of-flight system(countersand electronics)is globally monitored
throughlaserpulseswhich aredirectly sentto the centerof eachscintillatorby anoptical
fiberinjectionsystem][2].

Thetriggerpulse,which definesthe START signalfor the TDC andthe QDC gate(with

120nswidth), is providedby four possiblesources:
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Figure2: Thecentresof the TOF-WALL countersandof the cosmictriggercountersare
alignedat § = 45°; however, if onetakesinto accounthe verticalangulardistribution of

cosmicmuons(4Z ~ co$f) theeffective averageangleis 6 ~ 50°.

1. theHARP centraltrigger (for physicsevents);

2. afastPIN photodiodgfor thelasersystem);

3. thecoincidenceof signalsfrom the cosmicscalibrationcountergfor cosmicruns);
4. thepulser(for themonitoringof the electronicsstability).

Theelectronicsn thecontrolroomis thermostateat+1°C, while thecounterscansuffer
from a maximaltemperaturexcursionof +£4°C, which guaranteea stability betterthan
10+20ps.

3 Calibration with cosmic rays

TheHV settingdor thePMT’swerechoseronthebasisof laboratorytests. Thecounting

rate of eachPMT was~ 1.3 kHz on averageduring the cosmicsdatataking, while the

rateof coincidencebdetweertwo PMT’s attachedo the samecounterwasapproximately
~ 1kHz.

For the countercalibrationabout3 million eventsof cosmicrayswere acquiredduring

periodsof 4 daysin which the beamfrom the PSwasoff; this procedurevasrepeated
every 2-3 monthsduringHARP datataking.

The cosmic-raytrigger was basedon the signal coincidencen both the corresponding
calibrationcountersplacedupstreamanddownstreanthe TOF-wall. This resultedin an

overall countingrateof ~ 25 Hz for thewholedetector



Theanalysisof therecordedcosmiceventswasusedto measurehe performancesf the
countersaftertheinstallationin HARP in termsof detectiorefficiencies,chagedistribu-
tion andtime resolution.

EachPMT resultedto be fully efficient. This was determinedby comparisonwith its
companiorPMT for cosmicmuonspassinghroughthe correspondingriggercounters.

Moreover the studyof theseeventsallowedto determinghetime offsetfor eachPMT in
orderto evaluatethe time-of-flight of particlesinsidethe HARP detector

3.1 Thetimecalibration method

To properly evaluatethe time-of-flight of the particles,the obsered timesof the PMT
signals(t); " %! needto be correctedn orderto compensatéor thetime misalignment
introducedby signal-cablesPMT'’s, discriminators,etc.. andto setthe correcttiming
with respecto thecommonHARP ¢, time:

)70 = (MO + (AL + A
)M = ()M = (AL) + A 1)

In eq. (1), theterm (At_); correctsfor therelative timing of thetwo PMT’s for center
crossingparticleandis givenby:
tPMT 0 _ tPMT 1

(At_); =< ( 5

)i > . (2

Theestimationof thesecondcorrectionterm, A;, is moreinvolvedandis obtainedwith a
step-by-steprocedureaccordingo the following method.

Thefirst stepconsistan aligningin time the counterswithin eachwall by correctingthe
timesmeasuredy thetwo PMT’s for the time-of-flight betweernthei-th counterandthe
referencecounterplaceddowvnstreanthe TOF-WALL:

tPMT 0 + tPMT 1 tPMT 0 + tPMT 1

TOF; =< ( 2 Yrer — ( 2

)i > 3

by selectinghe muonscrossinghe countersn their centerwith thesameinclinationf ~
50° (seeFig. 2). Thesymmetryof the counterconfigurationallows to avoid the evalua-
tion of u-pathwhich is virtually the samefor eachcounterwith respecto the reference
(the calibrationcounterinstalledbehindthe TOF-WALL). In the centralwall this sym-
metryis fulfilled by requiringthe coincidenceof the counterof the TOF-WALL with the
correspondingnein thefront strip andthe referencecounter300cm long. Thedistance
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Figure3: The setupof the the threeTOF walls andof the specialcosmicscountergtop
view).

crossedry the muonfrom thereference i.e. the calibrationcounterinstalledbehindthe
TOF-WALL - to eachcounteris virtually the samefor all the counterdgn eachwall.

A secondcorrection, At; ~ 150ps,takesinto accounthedifferenceof flight (~ 4.5cm)
in alternatecountersgdueto the staggeringf the scintillatorsalongthe beamdirection(~
2.9cm horizontally).

A furtherstepconsistsn aligningthethreewalls with respecto eachotherusingthetiny
overlapregionsbetweerthecentralandthelateralwalls ! L-C-REF, andR-C-REF; (see
Fig. 3):

Atyes, = tof(L — REF;) — tof (C — REF;) 4)
Atres, =tof(R — REFg) —tof(C — REFg).

An averageoffset, At, ~ 670 ps, wasthenintroducedto take into accountthe shifted
position along the beamdirection of the lateral walls with respectto the centralwall
(~ 12.9 cm).

Theabsolutdime calibrationis thenachiezedby addingthetermT'O F—,, corresponding
to thetime-of-flight betweernthetagetandthe TOF-WALL of particleswith 5 = 1, such
ashigh momentummone-interactingpionsfrom the beam.

In conclusionatthe endof the correctionprocedurethe quantitiesj; aregivenby:

Ai = (TOE + Atl) + (AtrefL,R + At?) + TOFﬂ:1' (5)

I Thesamemethodcanbeused(with smallerstatisticaluncertainty)with the chagedparticlesproduced
atthetargetin physicsruns.



3.2 Dataanalysis

Among all the cosmicray triggers,only single trough-goingmuonstraversingboth the
counterto be calibratedandthetrigger countersareusefulfor a200pslevel calibration.
Dataanalysisis neededo excludespurioustriggersthatcould spoil thefinal calibration.
Thefollowing criteriaareappliedto validateusefultriggers.

e Eventsnot compatiblewith singlethrough-goingmuons(suchase.m. shoversor
particlesinteractingin the detector)arerejected.

e Eventscrossingthe edgeof thetriggercounteramustbe excluded. Their existence
is shavn in Fig. 4 wherethedistribution, asa function of the counternumber of
the cosmiceventsrecordedby the 13 vertical countersof theleft wall is displayed,;
thetriggerrequiresthe threefoldcoincidenceof a given scintillation counter(with
both PMT’s fired) with the two correspondingalibrationcounters(seeFig. 2).
Thetwo isolatedpeaksat theright sideof the plot referto thetwo trigger counters.
The smallbackgroundat the left sideof the plot refersto eventscrossingthe edge
of the trigger countersand passingthroughthe centralwall in the ~ 6 cm overlap

region.
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Figure4: Eventdistributionfor left wall countersandfor therelative triggercounterg40
and42). The counternumberingis: 0 - 12 = centralwall counters;13 - 25 = left wall
counters26 - 38 = right wall counters.



The studyof the chage spectrapedestakubtractedyecordedoy singlePMT’s in
the datasamplepassingthe previous selectionshows the presenceof eventswith
very low signalsin both PMT’s of the referencecounter in correspondenceith a
large signalin bothPMT’s of the TOF-WALL counter(seeFig. 5). Theseevents,
whichhit theedgeof thetriggercounterswouldrequirelargetime-walk corrections
(seeSec. 3.3); they areeasilyremovedby therequesQh v “M"1 > 500QDC
counts(left wall), QLM “PMT'1 ~ 400 QDC counts(right wall) and QR¥T 0 >

200QDC countsandQEYZ ' > 350QDC counts(centralwall).

Double hits in the samecounteralter its timing response.They canbe produced
by electromagneticshaversor gammacorversions. The distribution of the time

differenceAt_ betweerthetwo PMT’s of afew selecteccounterss shown in Fig.

6: theresolutionoa; , Which includesthe contribution dueto the trans\ersesize
of the calibrationcounterg~ 21 cm), is ~ 340 ps. Thesedistributionsshaow tails

which extendwell beyondthe maximumtime differenceof ~ 1 ns(with respecto

the mean)expectedfrom the trans\ersesizeof the calibrationcounter Sincethese
eventsare typically producedby em. shoversandy corversions,triggerswith

|At_| > 1 nsfrom themeanvalueof eachcounterwerediscarded.

After applyingthecorrectionfor thetime difference(At_);, seeeq. (2), theevents
relative to eachcounterwere selectedby requiring that the longitudinal position
of the particlein the referencecounter asreconstructeavith the A¢_ information
throughtherelation

tPMT 0 _ tPMT 1 T
At_ = 5 - (6)
Vesf

U;flf ~ 6.4 ns/m, @)

was correspondingo the examinedTOF-WALL counter In factthe eventswere
selectedy imposingatime-windav At_ ~ 1.34nsonthereferencecountey cen-
teredon the 21 cm region facingthe correspondingrOF-WALL counter(seeeq.
(6) andeq. (7)). Thisvalueof At_ agreeswith the total width of the A¢_ distri-
bution for the referencecounter(seeFig. 7), which coverstherange-7.8+7.8ns
(1.34ns x 13 counters~ 15.5ns,onceexcludedthe 2.5 cm of the overlapregions
of thecounters) Theeventsrecordecnthecentralwall wereselectedy requiring
thecoincidenceof a TOF-WALL counterwith the correspondingriggercounterat
0 = 45° in the verticalstrip.
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Figure7: At_ distributionfor theleft wall referencecounter

e Fig. 8 shavs somechage distributionsof the selectedeventsfor somecountersof
theleft wall: the spuriouseventsproducingthe peakaroundQ ~ 50 QDC counts
wereeliminatedby requiringthe chageto exceed125QDC counts.

3.3 Resaults

Theraw times-of-flightmeasuredbetweerthe TOF-WALL countersandthecorrespond-
ing references]OF; = < (2L b - (EEEHME 0, > have a symmetric
distributionwhich, asexpectedjs notcenterediroundasinglevalueof referencdseeFig.
9). Theresolutionoor onthetime-of-flight measuremengsevaluatedhrougha Gaus-
sianfit, resultedo be~ 280ps,correspondingo anintrinsictime resolutions; of 200ps.
The distribution of the TOF; = < (730 ppp - (2T, > asafunc-
tion of thecorrespondingntegratedchagesQ; shovsamoderatelependencef thet.o.f.
on the chage (seeFig. 10). Sucha time-walk dependencean be expressedy the

characteristidunction . .

0 \/@),

whereQ is the eventchage, @), is the peakof the chage distributionandW = 11.4ns-

pC'/2 for all PMT’s.

This time-walk correctionimprovesthe time-of-flight resolutionby ~ 60 pson average
(seeFig. 11).

The overall distributions of the time-of-flight for the threewalls areshowvn in Fig. 12,

5t =W (
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13, 14, respectiely. The distributionsobtainedafterthe TOF; alignmentcorrections-
first stepin theprocedureof Sec. 3.1- confirmtheeffective alignmentof thetimesin the
walls andprovide anestimateof theresolutionsrror = 224ps(left wall), oror = 233ps
(right wall) andoror = 222 ps(centralwall).?

Thethreewalls werethenalignedin time by comparinghetimes-of-flightasdescribedn
ed. (5). For this purposehefollowing time-of-flight distributionswerereconstructedor
the left wall (calibrationcounter40) andthe right wall (calibrationcounter41), respec-
tively (seealsoFig. 3), oncecorrectedthe time-of-flight differencebetweencountersb
and6 of thecentralwall dueto the staggeringf thescintillatorsalongthebeamdirection
(150ps,see3.1):

tof(40-25)with the selectionof counter5 (centralwall).
tof(40-25)with the selectionof counter6 (centralwall).
tof(40-5)with the selectionof counter25 (left wall).
tof(40-6)with the selectionof counter25 (left wall).

tof(41-26)with the selectionof counters (centralwall).
tof(41-26)with the selectionof counter6 (centralwall).
tof(41-5)with the selectionof counter26 (right wall).
tof(41-6)with the selectionof counter26 (right wall).

Theoveralldistributions,obtainedby summingup theeventsto f (40 — 25) andtheevents
tof(40 — 5) andtof (40 — 6) (samefor the right wall), are shavn in Fig. 15. The
peakvalueswereusedto calculatethedifferencesit,.s, , betweerthetimes-of-flightas
expressedy eq. (5), obtaining:

Atres, =tof(L — REFL) — tof(C — REFL) = 0.638 ns (8)
Atyesn, =tof(R — REFgR) — tof(C — REFg) = 4.598 ns.

Usingthesevaluesandthefixedcorrectiondescribedn Sec. 3.1,all thecounterdelong-
ing to thethreewalls could be properlyalignedin time.

The precisionon the time calibrationconstantsvasestimatedo be ~ 50 ps, essentially
dominatedvy thedifferencein angularacceptancentroducedoy the c-raystriggerfor the

countersatthe edgesf theleft andright wall with respecto the counteratthecenter

2The quotedvaluesarethe estimateof the resolutionof the time-of-flight betweerthe countersof the
TOF-WALL andthereferenceones.
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Figure14: Overall distribution of the time-of-flight for the centralwall, without (above)
andwith (below) thetime correctionsl’'O F; describedy eq. (5).
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Figurel15: Distributionsusedin aligningthethreewalls. Seethesetupin Fig. 3 andthe
definition of times-of-flightin Sec. 3.3. Top figuresreferto left-centralwalls: tof (40 —
25) (top left) andtof (40 — 5) + tof (40 — 6) (top right). Bottomfiguresreferto central-
right walls: tof (41 — 26) (bottomleft) andtof(41 — 5) + tof (41 — 6) (bottomright).
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4 Conclusions

After theirinstallationin theHARP experimentthe performancef the TOF-WALL scin-
tillators hasbeenmonitoredby collectingand studyingcosmicevents. Cosmicmuons
crossingthe TOF-WALL countersat an angle~ 50° have beenusedto determinethe
time calibrationconstant®f eachcounterwith respecto acommontime referenceThe
resolutionson thetime-of-flight measurementrnedout to be ~ 225 ps, after correcting
for time-walk effects.

Assumingthe sametime resolutionfor the countersof the threewalls andfor the refer

encescintillators,the averageintrinsic time resolutionof the scintillatorsresultedto be
oc ~ 160ps’, in agreemenwith laboratorytests[1].

In HARR, thetime-of-flight of particlesproducedat thetargetis obtainedrom the differ-

encebetweerthetimesmeasuredn the TOF-WALL andin the TOF B (or TDS) counter
which have anintrinsic time resolutionof about100 ps. Thereforethe final time resolu-
tion onthet.o.f. is expectedto be ~ 190 ps, considerablybetterthanthe designvalueof

300ps.
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3This value shouldbe correctedto take into accounttwo geometricaleffectsthat actin oppositedi-
rections: on one side the contribution dueto the fluctuationson the flight distance(~ 3 cm) shouldbe
subtractedpntheothersidetheincreaseof signalfor tracksat~ 50° improvesthetime resolutionby about
20%. Thetwo effectsareroughlyequalandcancelout.
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