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A measuremertf chage of ultra-relatvistic projectilefragmentg1 < Z < 3) obtainedn
160-emulsiorinteractiorat 60 A GeV/chasbeenmade Li-projectile fragmentsvereiden-
tified from the chaige distribution of the projectilefragmentsThetrans\ersemomentum
distribution of the Li projectilefragmentyZ = 3) wasstudied.The datawere compared
with Maxwell-Boltzmanrdistribution andthey revealedthe existenceof a singletempera-
ture. Theresultsarecomparedvith otherdataon ultra-relatvistic nuclearcollisions.

1. Introduction

A numberof experimentswith nuclearemulsionhave beendoneto studythe trans-
versemomentumdistribution of nucleonsand a-particle projectilefragmentgPFs). The
experimentswith Li PFs(Z = 3) aremuchmoredifficult becauseheir multiplicity is low.
Anotherproblemis their detectionin emulsionexperiments.Measuremenbf chage of
PFsin heavy-ion interactionshasbeenimproved very muchin the quark searchexper
iments. Plasticdetectortechnique[1], Cerenlov-radiationdetectortechnique[2] anda
searchwithin stablematter[3] weredevotedto the searchor fractionalchages.Bloomer
et al. [4] adoptedthe well-developednuclearemulsiontechniqueandraisedthe selectv-
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ity to make the detectionof fractional chagespossible.They obtainednegative results
in the searchfor a free quark. Their method[4] is very efficientin measuringchagesof
ultra-relatvistic PFsof 1 < Z < 3 by determinatiorof the lacunarity i.e. of the fractional
transpareng or fractional opacityin the linear track structureof ionizationas obsenred
in a developedemulsion. This methodyields an estimateof chaigesfor relatvistic PFs
having 1 < Z < 3 with a standarddeviation of lessthat0.03for the measureadhagesof
eachtrack. Therefore,one canidentify chagedof PFswith high reliability. Bhallaet al.
[5], Baumgardetal. [6], Aggarwal etal. [7] andGhoshetal. [8] reportedtrans\ersemo-
mentumdistribution of two a-particle PFsin nuclearemulsionstudiesandindicatedthe
evidenceof two differentnucleartemperaturesTheir resultsare supportedy Rahas ar
gument9] andseemedo beanexperimentakignatureof the quark-gluorplasmaQGP).
Theanalysisvasbasednthe participant-spectataoncep{10] andsimplefireballmodel
[11]. It is assumedhatthetargetsandthe projectilearesphereandmake cylindrical cut
througheachother, leaving targetand projectilespectatorsRahaet al. [9], proposedhat
althoughthe spectatorsnay be consideredseparatedrom the participantssomeinterac-
tion betweerthemdoesexist andthe spectatorarealsoexcited. They suggestedhatthe
shearviscosity of the nuclearfluid causedriction over the region of contactand work
doneagainstfriction shavs up asheatin the cut surface. The enegy availableto spec-
tatorsproducesparticle emissionin the fragmentatiorregions. If QGPis formedin the
participantregion, thecoeficientof sheawiscositywould be muchreducedn comparison
to the situationwhereno QGPis formed. Hence,the existenceof two differenttypesof
eventsandtwo differenttemperaturefn the caseof relatiistic a-particle PFs.Ghoshet
al. [12] reporteda study of transyersemomentum(pr) distribution of relativistic proton
PFsemeging from interactionsof 12C with nuclearemulsionat4.5A GeV/c.Whencom-
paredwith the Maxwell-Boltzmanndistribution, the pr-distribution revealsthe existence
of asingletemperatureThe enegy momenteof the projectilesusedin theseexperiments
did notexceed4.5A GeV/c.Thereforefurtherstudyon PFsproducedy otherheavy ion
beamf higherenayy is neededThe studywould beimportantfor a betterunderstanding
of the dynamicsof heary ion collisions. With this aim, we measuredchagesof ultra-
relativistic PFsobtainedin 60 A GeV/c160-emulsioninteraction by the measuremeruf
lacunarity (L) or opacity (¢) of the track structurein the nuclearemulsiontrack detec-
tor. We identifieddifferentPFsfor 1 < Z < 3 from their chage distribution and studied
transversemomentundistribution of Li PFs.

2. Experimentabetails

We have useda stackof ILFORD K2 platesexposedo the 160 beamwith theaverage
momentumb0 A GeV/c, obtainedat CERN, Genea. Leitz—Metalloplanmicroscopewith
oil immersionobjective having a magnificationl00x andoccularlens20x alongwith an
imageprocessois usedfor scanning.The datais taken with ASM 68K semi-automatic
measuringsystem.A SUSY systemdisk anda suitablydevelopedprogrammes usedto
measurdacunarity(L) and/oropacity(¢) of the track structure We followedthe method
of Bloomeretal. [4] to identify relativistic PFshaving chagesl < Z < 3. Thistechnique
is apreciseoneandgivesthefast-particlechagesto a precisionof betterthan0.03e. The
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detailsof the theorywerepresentedn our previouswork [13].

We useda randomsub-samplef 557 eventsfrom a biggercollectionof events.Av-
eragemultiplicity wasfound to be 3.5 e consideringall chaged PFs. Multiplicity of Li
PFsis only 0.4. Thelacunarity(L) and/oropacity(¢) weredeterminecbn 1000um of the
lineartrack structurefor eachtrack. It is seenthatthe lacunarity(L) obtaineddirectly or
calculatedrom theopacity(¢) belonggso threedistinctgroupsthathave beenidentifiedto
belongto particleswith Z = 1,2 and3. 217Li PFs(Z = 3) wereidentifiedby this method.
Particleslying beyondthe emissionangleof 2° with respecto theincidentbeamdirection
wererejectedThus,theobsenedPFspossesselocity very closeto thatof thebeam Each
eventwasscannedy two independenbbserersandthe scanningefficiengy is estimated
at98%.

3. Analysis

Theanalysisvasdonewithin theframework of thefireballmodel[11,14]for therela-
tivistic heary-ion collision. It wasassumedhatwhenthe projectileandtargetnucleicol-
lide, a localisationof interactionof the two overlappingpartsof the projectileandtarget
nucleitake placeandform participantsTherestof thetwo nucleiremainrelatively undis-
turbedforming spectatorsThe availableenegy in the centreof massheatsthe sweptout
nucleondeadingto a quasi-equilibriunfireball. It wasassumedhatthefireball is formed
by the nucleonsin the sweptout region only. The large numberof sweptout nucleons
combinedwith ananticipatedairly largenumberof interactiongerparticleis presumably
responsibldor the quasi-equilibratedystem|.e. thefireball which canthenbe described
in termsof meanvaluesandstatistical(Maxwell-Boltzmann)istribution. The trans\erse
momentunof a projectilefragmentis givenby,

pr = Amy(y? — 1)Y/2sin, 1)

whereA is the massnumberof the fragment,my the nucleonrestmassandy the Lorentz
factorof the projectile. The decreasén kinetic enegy of the oxygenprojectileson their
way throughthe emulsionhasbeentaken into accountusing the Bethe-Blochformula,
Assumingthat the momentumof the Li PFsis distributed accordingto the Maxwell-
Boltzmannin the projectile restframewith sometemperaturel, the integral frequeng
distribution of transyersemomentunpernucleonsquared = p%/A2 is givenby

InF(> Q):—Zm%q (2)

If the plot is linear, thenfrom the slope of the line we obtaina single characteristic
temperaturef thedistribution.
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Fig. 1. Distribution of chagesl < Z < 3 of projectilefragmentsemittedin 180- emulsion
interactionat 60 A GeV/c.

TABLE 1. Resultsof measurementsf projectile-fragmenthagesfor 1 < Z < 3. Ko =

Z/p, wherep = +/—InL andL is the lacunarityof the track structure.The fifth column
shavs the numberof measuredhagesof projectile fragmentsin a peakfor a value of
Z=1,2, or3,0N, beyondthelimits Z+ 3Dz.

Z | No.of Ko Dispersion &N
tracks

1| 645 2.974 0.071 0

2| 997 2.979 0.075 0

3| 217 2975 0.073 0

Figurel shavsthe chagedistribution of the PFs.It is obviousfrom thefigurethatthe
chagesaredistributedsharplyaroundtheintegervaluesof Z, whereZ = 1,2 and3. Table
1 shavs thatall PFslie within threetimesthe dispersionD;) aroundthe integerchages.
Figure2 shows thetransversemomentum(pr) distribution of Li PFs(Z = 3) obsenedin
all 557 events. The distribution shavs a prominentpeakat 0.25 GeV/c. Figure 3 shavs
a cumulatie plot of InF(> Q) asgivesa goodlinear fit with x2/d.o.f. = 0.08. An er
ror baris givenin the figure to accountfor the typical statisticalerror. In this caseof a
single Maxwell-Boltzmanndistribution, we get a temperaturef 246 MeV for the Table
2 representshe resultsof someprevious experimentsand shaws the valuesof tempera-
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turesobtainedrom thetransyersemomentundistributionsof differentPFsfrom different
projectilesat severalenegies.
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Fig. 2. Trans\ersemomentumdistribution of the identifiedrelatiistic Li projectilefrag-
ments(Z = 3) producedin oxygen-emulsiorinteractionat 60 A GeV/c. N is the total
numberof Li projectilefragments.

TABLE 2. Valuesof temperaturesf the fragmentatiorregion from the trans\ersemo-
mentumdistributions of differentprojectile fragmentsobtainedin heasy-ion interactions
atseveralenegies.Abbreviationn. a. meansnotavailable.

Interaction Enegy or No.of Projectiie Temperature Ref.
momentum Events fragment (MeV)
S8Fe+emulsion] 1.7A GeV 423 12 and52 [5]
S6Fe+emulsion| 1.9A GeV 368 10and43 [6]

56Fe+emulsion| 0.9A GeV 900 8 and40 [7]1
4OAr+emulsion| 2.0A GeV 975 9and68 [7]1
2C+emulsion| 4.5A GeVic 1200 10and40 [8]
2C+emulsion| 4.5A GeV/c 1200 8 [12]

28Gj+27A 14.6A GeVic n.a.
28Gj+197py 14.6A GeVic n.a.
160+emulsion| 60A GeV/c 557

7 and170 [15]
200to 220 [17]

246 Present
work

CocoocaQaaaaQ
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Fig. 3. Cumulatice plot of InF (> Q) asafunctionof Q . HereQ is thetrans\ersemomen-
tum perunit masssquared p3 /A?) in (GeV/cy.

It is very interestingto notethatall the heary-ion dataat relatively lower enegiesof the
projectileswith a-particlePFsspeakin favour of the existenceof two typesof events,the
so-calledcold andhot events.This obsenationwasinterpretedfollowing Rahaet al. [9]
asa possiblesignaturefor the productionof QGP However, for protonPFs,we obsened
a singletemperaturg¢l?2], andour presentdataalsofavour the existenceof a singletem-
perature which is several timeslarger thanfor the previous data[12]. The momentum
of the projectilesusedin the presentwork is severaltimeslargerthanthe previousvalue,
suggestinghatthe temperaturef the fragmentatiorregion increasesvith the projectile-
momentumThus,theRahas argumentailsto explain suchbehaiour. Onemaycomment
thatthe physicalprocessemvolvedfor this behaiour of Li PFsat 60 A GeV/c mustbe
differentfrom theonewe depictedrom Rahas hypothesis.

J.Barretteetal. [15], in the E814collaborationexperimentsat the Brookharen AGS,
indicatedthe existenceof two distinctdomainsoneof the beamrapidity spectatonucle-
ons, andthe secondof the participantnucleonsasa resultof nucleartranspareng For
the?8Si + 27Al interactionat 14.6 A GeV/c,atemperaturef 170MeV for theinteracting-
nucleondrom ananalysisof thetrans\ersemomentunspectrumwasobsened. T. Abbott
etal. [16], in the E802collaborationexperimentsused?8Si projectilesfrom AGS at 14.6
A GeV/c.In the?8Si + 197Au interaction they obsenednormalmomentundistribution of
identifiedprotonswith atemperaturef (215+ 5) MeV for the exponentialand (1874 5)
MeV for the Boltzmanndistribution. They obsenedfrom similar experimentg17], tem-
peraturesn therangeof 200to 220MeV for identifiedkaonsandprotons.Therefore pur
dataarein accordwith the valuesfrom 150to 250 MeV, asobtainedby otherheary-ion
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experiments.

4. Conclusion

Our latestdataon the trans\ersemomenturrdistribution of Li PFs(Z = 3) in the 160-
emulsioninteractionat 60 A GeV/c indicatea single temperaturen the fragmentation
region. Previousdata[12] onthe pr distribution of protonPFsof 12C-emulsiorinteraction
at4.5A GeV/csupportthe presentvork, but a differenttemperaturef the fragmentation
region is obtained.The orderof thetemperaturés consistentvith the valuesobtainedby
otherheavy-ion experiments.
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SPEKTAR POPRENIH IMPULSA ULTRA-RELATIVISTICKIH FRAGMENATA Li
(Z=3) U SUDARIMA KISIK-EMULZIJA PRIGOA GeV/c

Nacinili smomjerenjanabojafragmenatasudara(l < Z < 3) iz sudarat®O u nuklearnoj
emulziji pri 60 GeV/c. Prepozneanijelitijevih jezgri medi fragmentimazasnva se na
odredvanju nabojafragmenataProltavala se raspodjelgpoprenih impulsali fragme-
nata. Podacise usporedju s Maxwell-Boltzmann@om raspodjelomi oni ukazujuna
jednutemperaturw podriEju sudaraRezultatiseusporediju s drugimpodacimaaultra-

relatvistiCke sudare.
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