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A measurementof chargeof ultra-relativistic projectilefragments(1
�

Z
�

3) obtainedin
16O-emulsioninteractionat60A GeV/chasbeenmade.Li-projectilefragmentswereiden-
tified from thechargedistribution of theprojectilefragments.Thetransversemomentum
distribution of theLi projectilefragments(Z � 3) wasstudied.Thedatawerecompared
with Maxwell-Boltzmanndistributionandthey revealedtheexistenceof asingletempera-
ture.Theresultsarecomparedwith otherdataonultra-relativistic nuclearcollisions.

1. Introduction

A numberof experimentswith nuclearemulsionhave beendoneto studythe trans-
versemomentumdistribution of nucleonsandα-particleprojectilefragments(PFs).The
experimentswith Li PFs(Z � 3) aremuchmoredifficult becausetheirmultiplicity is low.
Anotherproblemis their detectionin emulsionexperiments.Measurementof charge of
PFsin heavy-ion interactionshasbeenimproved very much in the quarksearchexper-
iments. Plasticdetectortechnique[1], Čerenkov-radiationdetectortechnique[2] and a
searchwithin stablematter[3] weredevotedto thesearchfor fractionalcharges.Bloomer
et al. [4] adoptedthewell-developednuclear-emulsiontechniqueandraisedtheselectiv-
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ity to make the detectionof fractionalchargespossible.They obtainednegative results
in thesearchfor a freequark.Their method[4] is very efficient in measuringchargesof
ultra-relativistic PFsof 1 � Z � 3 by determinationof thelacunarity, i.e. of thefractional
transparency or fractionalopacity in the linear track structureof ionizationasobserved
in a developedemulsion.This methodyields an estimateof chargesfor relativistic PFs
having 1 � Z � 3 with a standarddeviation of lessthat0.03for themeasuredchargesof
eachtrack.Therefore,onecanidentify chargedof PFswith high reliability. Bhallaet al.
[5], Baumgardtet al. [6], Aggarwal et al. [7] andGhoshet al. [8] reportedtransversemo-
mentumdistribution of two α-particlePFsin nuclearemulsionstudiesandindicatedthe
evidenceof two differentnucleartemperatures.Their resultsaresupportedby Raha’s ar-
gument[9] andseemedto beanexperimentalsignatureof thequark-gluonplasma(QGP).
Theanalysiswasbasedontheparticipant-spectatorconcept[10] andsimplefireballmodel
[11]. It is assumedthat thetargetsandtheprojectilearespheresandmake cylindrical cut
througheachother, leaving targetandprojectilespectators.Rahaet al. [9], proposedthat
althoughthespectatorsmaybeconsideredseparatedfrom theparticipants,someinterac-
tion betweenthemdoesexist andthespectatorsarealsoexcited.They suggestedthat the
shearviscosityof the nuclearfluid causesfriction over the region of contactand work
doneagainstfriction shows up asheatin the cut surface.The energy availableto spec-
tatorsproducesparticleemissionin the fragmentationregions. If QGPis formedin the
participantregion,thecoefficientof shearviscositywouldbemuchreducedin comparison
to the situationwhereno QGPis formed.Hence,the existenceof two differenttypesof
eventsandtwo differenttemperaturesin thecaseof relativistic α-particlePFs.Ghoshet
al. [12] reporteda studyof transversemomentum(pT ) distribution of relativistic proton
PFsemergingfrom interactionsof 12C with nuclearemulsionat4.5A GeV/c.Whencom-
paredwith theMaxwell-Boltzmanndistribution, the pT -distribution revealstheexistence
of a singletemperature.Theenergy momentaof theprojectilesusedin theseexperiments
did notexceed4.5A GeV/c.Therefore,furtherstudyonPFsproducedby otherheavy ion
beamsof higherenegy is needed.Thestudywouldbeimportantfor abetterunderstanding
of the dynamicsof heavy ion collisions. With this aim, we measuredchargesof ultra-
relativistic PFsobtainedin 60 A GeV/c16O-emulsioninteraction,by themeasurementof
lacunarity(L) or opacity (φ) of the track structurein the nuclearemulsiontrack detec-
tor. We identifieddifferentPFsfor 1 � Z � 3 from their chargedistribution andstudied
transversemomentumdistributionof Li PFs.

2. Experimentaldetails

We haveusedastackof ILFORD K2 platesexposedto the16O beamwith theaverage
momentum60 A GeV/c, obtainedat CERN,Geneva.Leitz–Metalloplanmicroscopewith
oil immersionobjectivehaving a magnification100� andoccularlens20 � alongwith an
imageprocessoris usedfor scanning.The datais taken with ASM 68K semi-automatic
measuringsystem.A SUSYsystemdisk anda suitablydevelopedprogrammeis usedto
measurelacunarity(L) and/oropacity(φ) of the trackstructure.We followedthemethod
of Bloomeret al. [4] to identify relativistic PFshaving charges1 � Z � 3. This technique
is a preciseoneandgivesthefast-particlechargesto a precisionof betterthan0.03e. The

142 FIZIKA B 6 (1997)3, 141–148



GHOSH ET AL .: TRANSVERSE MOMENTUM SPECTRUM OF ULTRA-RELATIVISTIC . . .

detailsof thetheorywerepresentedin ourpreviouswork [13].

We useda randomsub-sampleof 557 eventsfrom a biggercollectionof events.Av-
eragemultiplicity wasfound to be 3.5 e consideringall chargedPFs.Multiplicity of Li
PFsis only 0.4.Thelacunarity(L) and/oropacity(φ) weredeterminedon 1000µm of the
linear trackstructurefor eachtrack. It is seenthat the lacunarity(L) obtaineddirectly or
calculatedfrom theopacity(φ) belongsto threedistinctgroupsthathavebeenidentifiedto
belongto particleswith Z � 1 � 2 and3. 217Li PFs(Z � 3) wereidentifiedby thismethod.
Particleslying beyondtheemissionangleof 2� with respectto theincidentbeamdirection
wererejected.Thus,theobservedPFspossessvelocityverycloseto thatof thebeam.Each
eventwasscannedby two independentobserversandthescanningefficiency is estimated
at98%.

3. Analysis

Theanalysiswasdonewithin theframework of thefireballmodel[11,14]for therela-
tivistic heavy-ion collision. It wasassumedthatwhentheprojectileandtargetnucleicol-
lide, a localisationof interactionof the two overlappingpartsof theprojectileandtarget
nucleitakeplaceandform participants.Therestof thetwo nucleiremainrelatively undis-
turbedforming spectators.Theavailableenergy in thecentreof massheatsthesweptout
nucleonsleadingto a quasi-equilibriumfireball. It wasassumedthatthefireball is formed
by the nucleonsin the sweptout region only. The large numberof sweptout nucleons
combinedwith ananticipatedfairly largenumberof interactionsperparticleis presumably
responsiblefor thequasi-equilibratedsystem,i.e. thefireballwhich canthenbedescribed
in termsof meanvaluesandstatistical(Maxwell-Boltzmann)distribution. Thetransverse
momentumof a projectilefragmentis givenby,

pT � Am0 � γ2 � 1	 1
 2sinθ � (1)

whereA is themassnumberof thefragment,m0 thenucleonrestmassandγ theLorentz
factorof theprojectile.Thedecreasein kinetic energy of theoxygenprojectileson their
way throughthe emulsionhasbeentaken into accountusing the Bethe-Blochformula,
Assumingthat the momentumof the Li PFs is distributed accordingto the Maxwell-
Boltzmannin the projectile rest framewith sometemperatureT, the integral frequency
distributionof transversemomentumpernucleonsquaredQ � p2

T � A2 is givenby

lnF � � Q	
� � A
2m0T

Q � (2)

If the plot is linear, thenfrom the slopeof the line we obtaina singlecharacteristic
temperatureof thedistribution.
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Fig. 1. Distributionof charges1 � Z � 3 of projectilefragmentsemittedin 16O- emulsion
interactionat60A GeV/c.
TABLE 1. Resultsof measurementsof projectile-fragmentchargesfor 1 � Z � 3. K0 �
Z � ρ, whereρ ��� � lnL andL is the lacunarityof the track structure.The fifth column
shows the numberof measuredchargesof projectile fragmentsin a peakfor a valueof
Z � 1 � 2 � or 3, δN, beyondthelimits Z � 3DZ.

Z No. of K0 Dispersion δN
tracks

1 645 2.974 0.071 0
2 997 2.979 0.075 0
3 217 2.975 0.073 0

Figure1 showsthechargedistributionof thePFs.It is obviousfrom thefigurethatthe
chargesaredistributedsharplyaroundtheintegervaluesof Z, whereZ � 1 � 2 and3. Table
1 shows thatall PFslie within threetimesthedispersion(Dz) aroundtheintegercharges.
Figure2 shows thetransversemomentum(pT) distribution of Li PFs(Z � 3) observedin
all 557 events.The distribution shows a prominentpeakat 0.25GeV/c. Figure3 shows
a cumulative plot of lnF � � Q� asgivesa goodlinear fit with χ2 � d � o � f � � 0 � 08. An er-
ror bar is given in the figure to accountfor the typical statisticalerror. In this caseof a
singleMaxwell-Boltzmanndistribution, we get a temperatureof 246 MeV for the Table
2 representsthe resultsof someprevious experimentsandshows the valuesof tempera-
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turesobtainedfrom thetransversemomentumdistributionsof differentPFsfrom different
projectilesatseveralenergies.

Fig. 2. Transversemomentumdistribution of the identifiedrelativistic Li projectilefrag-
ments(Z � 3) producedin oxygen-emulsioninteractionat 60 A GeV/c. N is the total
numberof Li projectilefragments.

TABLE 2. Valuesof temperaturesof the fragmentationregion from the transversemo-
mentumdistributionsof differentprojectilefragmentsobtainedin heavy-ion interactions
at severalenergies.Abbreviationn. a.meansnotavailable.

Interaction Energy or No. of Projectile Temperature Ref.
momentum Events fragment (MeV)

56Fe+emulsion 1.7A GeV 423 α 12and52 [5]
56Fe+emulsion 1.9A GeV 368 α 10and43 [6]
56Fe+emulsion 0.9A GeV 900 α 8 and40 [7]
40Ar+emulsion 2.0A GeV 975 α 9 and68 [7]
12C+emulsion 4.5A GeV/c 1200 α 10and40 [8]
12C+emulsion 4.5A GeV/c 1200 p 8 [12]

28Si+27Al 14.6A GeV/c n. a. p 7 and170 [15]
28Si+197Au 14.6A GeV/c n. a. p 200to 220 [17]

16O+emulsion 60A GeV/c 557 Li 246 Present
work
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Fig. 3. Cumulativeplot of lnF � � Q� asa functionof Q . HereQ is thetransversemomen-
tumperunit masssquared� p2

T � A2 � in (GeV/c)2.

It is very interestingto notethatall theheavy-ion dataat relatively lower energiesof the
projectileswith α-particlePFsspeakin favourof theexistenceof two typesof events,the
so-calledcold andhot events.This observationwasinterpreted,following Rahaet al. [9]
asa possiblesignaturefor theproductionof QGP. However, for protonPFs,we observed
a singletemperature[12], andour presentdataalsofavour theexistenceof a singletem-
perature,which is several times larger than for the previous data[12]. The momentum
of theprojectilesusedin thepresentwork is several timeslargerthanthepreviousvalue,
suggestingthat the temperatureof the fragmentationregion increaseswith theprojectile-
momentum.Thus,theRaha’sargumentfailsto explainsuchbehaviour. Onemaycomment
that thephysicalprocessesinvolvedfor this behaviour of Li PFsat 60 A GeV/cmustbe
differentfrom theonewedepictedfrom Raha’shypothesis.

J.Barretteet al. [15], in theE814collaborationexperimentsat theBrookhavenAGS,
indicatedtheexistenceof two distinctdomains,oneof thebeamrapidity spectatornucle-
ons,andthe secondof the participantnucleons,asa resultof nucleartransparency. For
the28Si + 27Al interactionat14.6A GeV/c,a temperatureof 170MeV for theinteracting-
nucleonsfrom ananalysisof thetransversemomentumspectrumwasobserved.T. Abbott
et al. [16], in theE802collaborationexperimentsused28Si projectilesfrom AGSat 14.6
A GeV/c.In the28Si + 197Au interaction,they observednormalmomentumdistributionof
identifiedprotonswith a temperatureof (215  5) MeV for theexponentialand(187  5)
MeV for theBoltzmanndistribution. They observedfrom similar experiments[17], tem-
peraturesin therangeof 200to 220MeV for identifiedkaonsandprotons.Therefore,our
dataarein accordwith thevaluesfrom 150 to 250MeV, asobtainedby otherheavy-ion
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experiments.

4. Conclusion

Our latestdataon thetransversemomentumdistributionof Li PFs(Z ! 3) in the16O-
emulsioninteractionat 60 A GeV/c indicatea single temperaturein the fragmentation
region.Previousdata[12] onthepT distributionof protonPFsof 12C-emulsioninteraction
at 4.5A GeV/csupportthepresentwork, but a differenttemperatureof thefragmentation
region is obtained.Theorderof thetemperatureis consistentwith thevaluesobtainedby
otherheavy-ion experiments.
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SPEKTAR POPRĚCNIH IMPULSA ULTRA-RELATIVISTIČKIH FRAGMENATA Li
(Z " 3) U SUDARIMA KISIK–EMULZIJA PRI60A GeV/c

Načinili smomjerenjanabojafragmenatasudara(1 # Z # 3) iz sudara16O u nuklearnoj
emulziji pri 60 GeV/c. Prepoznavanje litijevih jezgri med–u fragmentimazasniva se na
odred–ivanju nabojafragmenata.Proǔcavala seraspodjelapoprěcnih impulsaLi fragme-
nata. Podacise uspored–uju s Maxwell-Boltzmannovom raspodjelomi oni ukazuju na
jednutemperaturuu podrǔcju sudara.Rezultatiseuspored–uju sdrugimpodacimazaultra-
relativističkesudare.
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