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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 of9 160 ps could be achieved.
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1 The HARP TOF-WALL

TheHARP experimentconsistsof a barrelspectrometer(TPC) anda forward magnetic

spectrometerdesignedto measurecharge, massandmomentumof secondaryparticles

producedby theinteractionof protons(from thePSaccelerator)with targetsof variousel-

ements.In theregioncoveredby theforwardmagneticspectrometerparticleidentification

is achievedby meansof Cherenkov light detection(for highmomenta)andtime-of-flight

measurements(for low momenta).Thetime-of-flight is measuredby theTOF-WALL, a

setof 39 scintillation counters,arrangedin threevertical walls (seeFig. 1), eachcon-

sistingof 13 counters,positionedat about10 metersfrom the target. The TOF-WALL

coversanoverall areaof 657 : 243cm; , which guaranteesanalmostcompletegeomet-

rical coveragefor the particleproducedat the HARP target anddeflected,accordingto

theirmomentum,by passingthroughthespectrometermagnet.

To providegoodtimeresolutionfor thehighest-momentumparticles(p <>= GeV/c)which

areexpectedto populatethecentralregion, thecentralwall countersareshorter(180cm)

thanthoseof the lateralwalls (250cm). The time resolutionof eachindividual counter

wasmeasuredin laboratorytestsbeforethe installationin theexperimentalapparatusas

describedin thenote[1].

In eachwall thecountersarepartiallyoverlappedby 2.5cmto ensurehermeticcoverage.

Moreover theparticleswhich passthroughtheoverlappingareascancontributeto cross-

calibratethecounterswithin agivenwall.

Two additionalsetsof scintillation counters(“calibration counters”)areplaced,respec-

tively, upstreamanddownstreamtheTOF-WALL (seeFig. 1) to triggeroncosmicevents.

Theprecisepositionof thesecountersallows theselectionof cosmicmuonscrossingthe

TOF-WALL with afixedazimuthalangleof ?/9	@BADC with respectto thehorizontaldirec-

tion (seeFig. 2). Thethreedownstreamcounters(two horizontalcounterswith L = 250

cm andoneverticalcounterwith L = 300cm) provide thereferencetime informationfor

thecosmicscalibrationprocedureandarethuscharacterizedby excellentintrinsic resolu-

tion. Theupstreamcountersconsistof two horizontalscintillators(L = 250cm) andof a

stripof 13horizontalshortscintillatorswith size21 : 21cm; . Theupstreamcountersare

removedduringnormalrun operationswith beamin orderto avoid thepresenceof extra

materialin front of theTOF-WALL.

2 Electronics

Thesignalcomingfrom eachPMT is carriedto anActiveSplitterby highquality signal-

cables(RG213). Oneoutputof the splitter, with amplitudecorrespondingto 100%of
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Figure1: A sketchof thethreewallscomposingtheHARP TOF-WALL.

theinput signal,is first sentto a 16-channelleading-edgediscriminator(LECROY 4413)

with a -38 mV threshold.The discriminatorsignalarefirst delayedby 9 220 ns using

a singlehigh-qualitycable,thenregeneratedby a fastdiscriminator(Line Receiver) and

finally processedby theTDC’s (TDC VME CAEN V775,32 channels,9 37 ps/ch).The

secondoutputof the splitter, correspondingto 25% of the input amplitude,is sentto a

charge-integratingADC (QDC VME CAEN 792,12 bit, 0.1 pC/ch)afterbeingdelayed

by 9 240ns.

Thestabilityof thedigital electronicsis monitoredby pulsingsimultaneouslyall thechan-

nelsof eachdiscriminatorwith anelectronicsignalgeneratedby a pulsercircuit. In ad-

dition the whole time-of-flight system(countersandelectronics)is globally monitored

throughlaserpulseswhicharedirectlysentto thecenterof eachscintillatorby anoptical

fiber injectionsystem[2].

Thetriggerpulse,which definestheSTART signalfor theTDC andtheQDC gate(with

120nswidth), is providedby four possiblesources:
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1. theHARP centraltrigger(for physicsevents);

2. a fastPIN photodiode(for thelasersystem);

3. thecoincidenceof signalsfrom thecosmicscalibrationcounters(for cosmicruns);

4. thepulser(for themonitoringof theelectronicsstability).

Theelectronicsin thecontrolroomis thermostatedat UWVXC C,while thecounterscansuffer

from a maximaltemperatureexcursionof UYKDC C, which guaranteesa stability betterthan

10Z 20 ps.

3 Calibration with cosmic rays

TheHV settingsfor thePMT’swerechosenonthebasisof laboratorytests.Thecounting

rateof eachPMT was 9 1.3 kHz on averageduring the cosmicsdatataking,while the

rateof coincidencesbetweentwo PMT’sattachedto thesamecounterwasapproximately

9 1 kHz.

For the countercalibrationabout3 million eventsof cosmicrayswereacquiredduring

periodsof 4 daysin which the beamfrom the PSwasoff; this procedurewasrepeated

every2-3 monthsduringHARP datataking.

The cosmic-raytrigger wasbasedon the signalcoincidencein both the corresponding

calibrationcountersplacedupstreamanddownstreamtheTOF-wall. This resultedin an

overallcountingrateof R 25 Hz for thewholedetector.
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Theanalysisof therecordedcosmiceventswasusedto measuretheperformancesof the

countersaftertheinstallationin HARPin termsof detectionefficiencies,chargedistribu-

tion andtime resolution.

EachPMT resultedto be fully efficient. This wasdeterminedby comparisonwith its

companionPMT for cosmicmuonspassingthroughthecorrespondingtriggercounters.

Moreover thestudyof theseeventsallowedto determinethetime offsetfor eachPMT in

orderto evaluatethetime-of-flight of particlesinsidetheHARP detector.

3.1 The time calibration method

To properlyevaluatethe time-of-flight of the particles,the observed timesof the PMT

signals []\�^Q_a`%b3cedgfh needto becorrectedin orderto compensatefor thetime misalignment

introducedby signal-cables,PMT’s, discriminators,etc.. and to set the correcttiming

with respectto thecommonHARP \ c time:

[i\�j'^ _a`%b3ch k []\�^ _a`%b3ch l [nmo\�pq^ h l m h
[]\ j ^ _a`%b1fh k []\�^ _a`%b1fh r [smo\�pt^ h l m h'u (1)

In eq. (1), theterm [sm1\�pv^ h correctsfor therelative timing of thetwo PMT’s for center-

crossingparticleandis givenby:

[nmo\�pt^ h kow [ \ _a`%b3c r \ _a`%bWf= ^ h < u (2)

Theestimationof thesecondcorrectionterm, m h , is moreinvolvedandis obtainedwith a

step-by-stepprocedure,accordingto thefollowing method.

Thefirst stepconsistsin aligningin time thecounterswithin eachwall by correctingthe

timesmeasuredby thetwo PMT’s for thetime-of-flight betweenthei-th counterandthe

referencecounterplaceddownstreamtheTOF-WALL:

xzy|{ h kow [ \ _a`%b|c l \ _a`%bWf= ^�}�~v� r [ \ _a`%b3c l \ _a`%bWf= ^ h < (3)

by selectingthemuonscrossingthecountersin theircenterwith thesameinclination ?�R
@MAMC (seeFig. 2). Thesymmetryof thecounterconfigurationallows to avoid theevalua-

tion of � -pathwhich is virtually thesamefor eachcounterwith respectto thereference

(the calibrationcounterinstalledbehindthe TOF-WALL). In the centralwall this sym-

metryis fulfilled by requiringthecoincidenceof thecounterof theTOF-WALL with the

correspondingonein thefront strip andthereferencecounter300cm long. Thedistance
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Figure3: Thesetupof the thethreeTOF walls andof thespecialcosmicscounters(top
view).

crossedby themuonfrom thereference- i.e. thecalibrationcounterinstalledbehindthe

TOF-WALL - to eachcounteris virtually thesamefor all thecountersin eachwall.

A secondcorrection,mo\ f 9 150ps,takesinto accountthedifferenceof flight ( 9 4.5cm)

in alternatecountersdueto thestaggeringof thescintillatorsalongthebeamdirection( 9
2.9cm horizontally).

A furtherstepconsistsin aligningthethreewallswith respectto eachotherusingthetiny

overlapregionsbetweenthecentralandthelateralwalls f L-C-REF� andR-C-REF} (see

Fig. 3):

mo\�������� k \��B��[s� r��S� { ��^ r \��B��[s� r��S� { ��^ (4)

mo\�������� k \��M�)[ �>r��S� { }�^ r \��B��[n� r��S� { }t^ u
An averageoffset, mo\ ; 9 670 ps, was thenintroducedto take into accountthe shifted

position along the beamdirection of the lateral walls with respectto the centralwall

( 9�V�= u�� cm).

Theabsolutetimecalibrationis thenachievedby addingtheterm
xzy|{�� �

f , corresponding

to thetime-of-flight betweenthetargetandtheTOF-WALL of particleswith ¡ k V , such

ashighmomentumnon-interactingpionsfrom thebeam.

In conclusion,at theendof thecorrectionprocedure,thequantitiesm h aregivenby:

m h k [ x%y|{ h l m1\ f ^ l [nmo\������ �X¢ � l m1\ ; ^ l
x%y£{�� �

f u (5)

¤
Thesamemethodcanbeused(with smallerstatisticaluncertainty)with thechargedparticlesproduced

at thetargetin physicsruns.
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3.2 Data analysis

Among all the cosmicray triggers,only singletrough-goingmuonstraversingboth the

counterto becalibratedandthetriggercounters,areusefulfor a 200pslevel calibration.

Dataanalysisis neededto excludespurioustriggersthatcouldspoil thefinal calibration.

Thefollowing criteriaareappliedto validateusefultriggers.

¥ Eventsnot compatiblewith singlethrough-goingmuons(suchase.m. showersor

particlesinteractingin thedetector)arerejected.

¥ Eventscrossingtheedgeof thetriggercountersmustbeexcluded.Their existence

is shown in Fig. 4 wherethedistribution, asa functionof thecounternumber, of

thecosmiceventsrecordedby the13 verticalcountersof theleft wall is displayed;

thetrigger requiresthethreefoldcoincidenceof a givenscintillationcounter(with

both PMT’s fired) with the two correspondingcalibrationcounters(seeFig. 2).

Thetwo isolatedpeaksat theright sideof theplot referto thetwo triggercounters.

Thesmallbackgroundat the left sideof theplot refersto eventscrossingtheedge

of the triggercountersandpassingthroughthecentralwall in the 9 6 cm overlap

region.

counter left
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Figure4: Eventdistribution for left wall countersandfor therelative triggercounters(40
and42). The counternumberingis: 0 - 12 = centralwall counters;13 - 25 = left wall
counters;26 - 38 = right wall counters.
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Thestudyof thechargespectra(pedestalsubtracted)recordedby singlePMT’s in

the datasamplepassingthe previous selectionshows the presenceof eventswith

very low signalsin bothPMT’s of thereferencecounter, in correspondencewith a

largesignalin bothPMT’s of theTOF-WALL counter(seeFig. 5). Theseevents,

whichhit theedgeof thetriggercounters,wouldrequirelargetime-walkcorrections

(seeSec. 3.3); they areeasilyremovedby therequestQ_a`%b3ced _a`%b1f}§~a� < 500QDC

counts(left wall), Q_a`%b3ced _a`%b1f}�~v� < 400 QDC counts(right wall) andQ_a`%b£c}§~a� <
200QDCcountsandQ_a`%b1f}�~a� < 350QDC counts(centralwall).

¥ Doublehits in the samecounteralter its timing response.They canbe produced

by electromagneticshowersor gammaconversions. The distribution of the time

differencemo\�p betweenthetwo PMT’s of a few selectedcountersis shown in Fig.

6: the resolution ¨�©tª¬« , which includesthe contribution dueto the transversesize

of thecalibrationcounters( 9 21 cm), is 9 340ps. Thesedistributionsshow tails

whichextendwell beyondthemaximumtimedifferenceof 9 1 ns(with respectto

themean)expectedfrom thetransversesizeof thecalibrationcounter. Sincethese

eventsare typically producedby e.m. showersand ­ conversions,triggerswith® mo\�p ® < 1 nsfrom themeanvalueof eachcounterwerediscarded.

¥ After applyingthecorrectionfor thetimedifference[nmo\�pt^ h , seeeq. (2), theevents

relative to eachcounterwereselectedby requiring that the longitudinalposition

of theparticlein thereferencecounter, asreconstructedwith the mo\�p information

throughtherelation

mo\�p k \ _a`%b|c r \ _a`%b1f= k ¯° ���±� (6)

° p f���²� 9"³ u K/´'µ�¶B·¹¸ (7)

wascorrespondingto the examinedTOF-WALL counter. In fact the eventswere

selectedby imposinga time-window mo\�pº9 1.34nson thereferencecounter, cen-

teredon the 21 cm region facingthe correspondingTOF-WALL counter(seeeq.

(6) andeq. (7)). This valueof mo\�p agreeswith the total width of the mo\�p distri-

bution for the referencecounter(seeFig. 7), which coverstherange-7.8Z 7.8 ns

(1.34ns : 13 countersR 15.5ns,onceexcludedthe2.5cm of theoverlapregions

of thecounters).Theeventsrecordedonthecentralwall wereselectedby requiring

thecoincidenceof aTOF-WALL counterwith thecorrespondingtriggercounterat

? = KL@MC in theverticalstrip.

8



-10

-7.5

-5

-2.5

0
»2.5

5
¼7.5

10

0
»

500 1000 1500 2000 2500 3000 3
½

500 4000
Q
¾

REF 
(# counts)

tof (ns)

0
¿500

1
À

000

1
À

500

2
Á

000

2500

3
Â

000

3
Â

500

4000

0
¿

500 1000 1500 2000 2500 3000 3500 4000

Q
Ã

REF(
Ä
# counts)


 
 


Q
Ã

(# counts)

0

500

1000

1500

2000

2500

3000

3500

4000

0
Å

5
Æ

00 1000 1500 2000 2500 3000 3500 4000
Q
Ç

            (# counts)




REF PM0

Q
Ç

            (# counts)REF PM1

Figure5: Above: TOF betweenthe left wall calibrationcounterandcounter18 in the
left wall asa function of the charge Q}�~a��� collectedby oneof the two PMT’s in the
calibrationcounter. Center:chargecollectedby oneof thetwo PMT’s of counter18 asa
functionof Q}§~a��� . Below: chargecollectedby theRightPMT of theleft wall calibration
counterasa functionof thechargecollectedby theLeft PMT of thesamecounter.

9



diff_time/2 left (ns)

0

200

400

600

800
È

1000

1200

1400

-10 -5 0 5 10

ID
Entries
Mean
RMS

           1014
          24935

 0.3495
 0.8620

  125.6    /    34
Constant   1362.

Mean  0.3276
Sigma  0.3397

diff_time/2 left (ns)

0

200

400

600

800
È1000

1200

1400

1600

1800

-10 -5 0 5 10

ID
Entries
Mean
RMS

           1017
          32029

 0.6380
 0.8370

  173.1    /    36
Constant
É

  1684.

Mean  0.6286
Sigma
Ê

 0.3537

diff_time/2 left (ns)

0

200

400

600

800
È1000

1200

1400

1600

1800

-10 -5 0 5 10

ID

Entries
Mean
RMS

           1020

          32571
-0.5543
 0.8386

  435.9    /    36
Constant   1740.
Mean -0.5626
Sigma  0.3454

diff_time/2 left (ns)

0

200

400

600

800
È

1000

1200

1400

1600

-10 -5 0 5 10

ID

Entries
Mean
RMS

           1023

          27701
 -1.172
 0.7146

  427.4    /    30
Constant
É

  1559.
Mean  -1.173
Sigma
Ê

 0.3309

Figure6: m1\�p distribution for counters14,17,20and23 of theleft wall.

10



time diff counter 40 (ns) cut ref
Ë

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

-15 -10 -5 0 5 10 15

ID
Entries
Mean
RMS

          99122
         354188
 0.2348E-01

  4.074

Figure7: mo\�p distribution for theleft wall referencecounter.

¥ Fig. 8 shows somechargedistributionsof theselectedeventsfor somecountersof

the left wall: thespuriouseventsproducingthepeakaroundQ 9 50 QDC counts

wereeliminatedby requiringthechargeto exceed125QDCcounts.

3.3 Results

Theraw times-of-flightmeasuredbetweentheTOF-WALL countersandthecorrespond-

ing references,
x%y£{ h = w [ ªÍÌÏÎ4ÐÒÑQÓÔªÍÌÏÎ4ÐzÕ; ^�}§~a� - [ ªÍÌÏÎ4ÐÒÑ�ÓÔªÍÌÏÎ4ÐzÕ; ^ h < , have a symmetric

distributionwhich,asexpected,is notcenteredaroundasinglevalueof reference(seeFig.

9). Theresolution̈ bÔÖ � on thetime-of-flightmeasurement,asevaluatedthroughaGaus-

sianfit, resultedto be 9 280ps,correspondingto anintrinsictimeresolution̈�× of 200ps.

The distribution of the
x%y£{ h = w [ ªÍÌÏÎ4ÐÒÑQÓÔªÍÌÏÎ4ÐzÕ; ^�}§~a� - [ ªÍÌÏÎ4ÐÒÑQÓÔªÍÌÏÎ4ÐzÕ; ^ h < asa func-

tion of thecorrespondingintegratedchargesQh showsamoderatedependenceof thet.o.f.

on the charge (seeFig. 10). Sucha time-walk dependencecan be expressedby the

characteristicfunction Ø
\ k	Ù [ VÚ Û

c
r VÚ Û ^²¸

whereQ is theeventcharge,
Û
c is thepeakof thechargedistribution andW = 11.4ns Ü

pCfnÝ ; for all PMT’s.

This time-walk correctionimprovesthe time-of-flight resolutionby 9 60 pson average

(seeFig. 11).

The overall distributionsof the time-of-flight for the threewalls areshown in Fig. 12,
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13, 14, respectively. The distributionsobtainedafter the
x%y£{ h alignmentcorrections-

first stepin theprocedureof Sec. 3.1- confirmtheeffectivealignmentof thetimesin the

wallsandprovideanestimateof theresolutions̈ bÔÖ � = 224ps(left wall), ¨ bÔÖ � = 233ps

(right wall) and ¨ b�Ö � = 222ps(centralwall).;
Thethreewallswerethenalignedin timeby comparingthetimes-of-flightasdescribedin

eq. (5). For thispurposethefollowing time-of-flightdistributionswerereconstructedfor

the left wall (calibrationcounter40) andthe right wall (calibrationcounter41), respec-

tively (seealsoFig. 3), oncecorrectedthe time-of-flight differencebetweencounters5

and6 of thecentralwall dueto thestaggeringof thescintillatorsalongthebeamdirection

(150ps,see3.1):

tof(40-25)with theselectionof counter5 (centralwall).

tof(40-25)with theselectionof counter6 (centralwall).

tof(40-5)with theselectionof counter25 (left wall).

tof(40-6)with theselectionof counter25 (left wall).

tof(41-26)with theselectionof counter5 (centralwall).

tof(41-26)with theselectionof counter6 (centralwall).

tof(41-5)with theselectionof counter26 (right wall).

tof(41-6)with theselectionof counter26 (right wall).

Theoveralldistributions,obtainedby summinguptheevents\��B��[sKÞA r =D@D^ andtheevents

\��B��[sKDA r @D^ and \��B��[sKDA r ³Þ^ (samefor the right wall), are shown in Fig. 15. The

peakvalueswereusedto calculatethedifferencesmo\�������� ¢ � betweenthetimes-of-flightas

expressedby eq. (5), obtaining:

mo\�������� k \��M�)[n� r��S� { ��^ r \��M�)[n� r��S� { �Ô^ k A u ³DßDàz´�µ (8)

m1\������ � k \��B��[ �>r��S� { }�^ r \��B��[n� r��S� { }�^ k K u @ � à�´'µ u
Usingthesevaluesandthefixedcorrectiondescribedin Sec. 3.1,all thecountersbelong-

ing to thethreewallscouldbeproperlyalignedin time.

Theprecisionon the time calibrationconstantswasestimatedto be 9�@MA ps,essentially

dominatedby thedifferencein angularacceptanceintroducedby thec-raystriggerfor the

countersat theedgesof theleft andright wall with respectto thecounterat thecenter.á
Thequotedvaluesarethe estimateof the resolutionof the time-of-flight betweenthecountersof the

TOF-WALL andthereferenceones.
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Figure10: Dependenceof ë%ì£í�î from thechargeQ for PMT 0 andi = 14,17,20and23
(left wall).
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Figure12: Overall distributionof thetime-of-flight for theleft wall, without (above)and
with (below) thetimecorrectionsë%ì£í î describedby eq. (5).
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Figure13: Overalldistributionof thetime-of-flight for theright wall, without(above)and
with (below) thetimecorrectionsë%ì£í î describedby eq. (5).
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Figure14: Overall distribution of the time-of-flight for thecentralwall, without (above)
andwith (below) thetimecorrectionsë%ì|í�î describedby eq. (5).

19



t
�
of 40-25 overlap 5+6 (ns)

0
ï

20

4
ô

0

6
�

0

8
�

0

100

-10 -5 0
ï

5
ñ

10

ID
Entries
Mean
RMS

           7773
           1108
-0.5090E-01

 0.2563
  38.22    /    38

Constant   95.11

Mean -0.5259E-01
Sigma  0.2244

t
�
of 40-(5+6) overlap 25 (ns)

0
ï

20

40

6
�

0

8
�

0

100

-10 -5 0
ï

5
ñ

10

ID
Entries
Mean
RMS

           7776
           1108

 0.5768
 0.3124

  54.52    /    41
Constant   90.45

Mean  0.5850
Sigma  0.2322

t
�
of 41-26 overlap 5+6 (ns)

0
ï

2
ð

0

40

6
�

0

8
�

0

100

-10 -5 0
ï

5
ñ

10

ID

Entries
Mean
RMS

           8883

            995
-0.5942E-01

 0.2850
  39.20    /    40

Constant   82.37
Mean -0.6681E-01
Sigma  0.2315

t
�
of 41-(5+6) overlap 26  (ns)

0
ï10

2
ð

0

3
ó

0

4
ô

0

5
ñ

0

6
�

0

70

8
�

0

-10 -5 0
ï

5
ñ

10

ID

Entries
Mean
RMS

           8886

            995
 -4.532
 0.3853

  57.81    /    49
Constant   76.53
Mean  -4.531
Sigma  0.2443

Figure15: Distributionsusedin aligningthethreewalls. Seethesetupin Fig. 3 andthe
definitionof times-of-flightin Sec. 3.3. Top figuresreferto left-centralwalls:
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4 Conclusions

After their installationin theHARPexperiment,theperformanceof theTOF-WALL scin-

tillators hasbeenmonitoredby collectingandstudyingcosmicevents. Cosmicmuons

crossingthe TOF-WALL countersat an angle  � 
�!
have beenusedto determinethe

time calibrationconstantsof eachcounterwith respectto a commontime reference.The

resolutionson thetime-of-flight measurementturnedout to be " 225ps,aftercorrecting

for time-walk effects.

Assumingthesametime resolutionfor thecountersof the threewalls andfor the refer-

encescintillators,the averageintrinsic time resolutionof the scintillatorsresultedto be
#%$  160ps& , in agreementwith laboratorytests[1].

In HARP, thetime-of-flightof particlesproducedat thetargetis obtainedfrom thediffer-

encebetweenthetimesmeasuredin theTOF-WALL andin theTOFB (or TDS)counter,

which have anintrinsic time resolutionof about100ps. Thereforethefinal time resolu-

tion on thet.o.f. is expectedto be " 190ps,considerablybetterthanthedesignvalueof

300ps.
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'
This valueshouldbe correctedto take into accounttwo geometricaleffects that act in oppositedi-

rections: on oneside the contribution due to the fluctuationson the flight distance( ( 3 cm) shouldbe
subtracted;ontheothersidetheincreaseof signalfor tracksat (*),+.- improvesthetimeresolutionby about
20%.Thetwo effectsareroughlyequalandcancelout.
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