actaphysicaslovacavol. 55 No. 4, 395-403 August 2005

YIELD AND TRANSVERSE MOMENTUM OF RELATIVISTIC HYDROGEN
ISOTOPESIN PHOTONUCLEAR SPALLA TION OF 32 SIONS AT 200A GeV

A. Abdelsalan?, S.Kamel'®, Kh. Abdel-Waged, N. Rashed
aPhysicsDepartmentFaculty of ScienceCairo University Cairo, Egypt
bPhysicsDepartmentFaculty of EducationAin ShamsUniversity Cairo, Egypt
¢PhysicsDepartmentfFaculty of Applied SciencelUmmAIl-QuraUniversity
Makkah,SaudiArabia
d physicsDepartmentFaculty of ScienceCairo University, El FayomBranch,Egypt

Receved 21 November2004,in nal form 19 May 2005,accepted®0 May 2005

Productiorof multi-hydrogenmH ) isotopesn thespallationof 200A GeV sulphurprojectile
usingnuclearemulsionis reported.Yield of mH isotopess studiedandcomparedwith that
of the lowestenepy (3.7A GeV) data. The two-sourceemissionpictureis usedto describe
the trans\yersemomentum(P+ ) distribution of mH isotopegwith andwithout the effect of

325 (;p) ®P channel).The Rayleightype P+ -distribution seemgo bein agreemenwith

thecorrespondingxperimentatata.Thecontributionsof low andhightemperaturemission
sourceshav adependencenthephotonucleaprocesses.

PACS: 25.75.-9,25.70.Mn,25.70.Pq

1 Intr oduction

Many experimentshave beendevotedto investigatehe trans\ersemomenturmdistribution (Pt )
of relativistic helium fragmentsusing heary ion beamswhenthey becameavailable at accel-
erators. The authorsof referenceg1-4] investigatedhe Pt distribution of relatwistic helium
projectile fragments,producedin nucleus-emulsiortollisionsat 0.9 — 4.5A GeV/c. At high
enegy, suchinvestigationhasalso beendone([5] for relativistic He-fragmentemenging from
eventshaving large impactparametersnducedin the interactionsof 200A GeV 32S ions with
emulsionnuclei (Em). The investigationson the Py distribution of relativistic He projectile
fragmentgPFs)shav thattherearetwo sourceswith differenttemperatureto emit relatiistic
heliumfragments.Theseworks aresupportedy Rahas argumentd6].

Recentlyfew similarexperimentaith relatvistic protonPFsobtaineceitherfrom nuclear 7—
9] or electromagnetil0, 11] eventshave alreadybeencarriedoutto studythe P+ distribution.
In theformercaseGhoshetal.[7, 8] reportedPr distributionsof relatiistic protonPFsemitting
from theinteractionsof *>C and'®0 with nuclearemulsionat 4.5 and60A GeV/c,respectiely.
Thecomparisorof thesedistributionswith Maxwell-Boltzmanndistribution gave theindication
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of asingletemperaturén thefragmentatiomegion. Thisis againsthecurrentexplanationgl, 6],

which favor of the existenceof two differenttemperaturesThe existing theories[1, 6] cannot
accountroperlythe singletemperaturemissionof relatiistic protonfragmentd7, 8]. In addi-
tion, suchobsenationdoesnot agreewith the resultsobtainedby El- Nadi andco-workers[9]

wheretherewasanindicationof two temperaturef the studyof Pt distribution of relativistic
protonPFsemittedfrom the inelasticinteractionsof %S - Emat 3.7A GeV. In the caseof elec-
tromagnetiaissociationEMD) processthe authorof Ref. 10 investigatedhe Pt distribution
of only relatwistic protonfragmentsproducedn the dominantEMD procesghroughthe reac-
tions32S (,p) 3P ( 92 relativistic protonPFs)and®0 ( ,p) 1°N ( 45 relativistic protonPFs)
at 200A GeV. The obtainedP+ distribution in eachreactionis tted by a doubleRayleighdis-
tribution having two differenttemperaturesThis two-temperaturetructureof relatiistic single
chagedfragmentsis describedn Ref. 11 by a simple modelbasedon a two-sourceemission
picture.

In the presentwork and owing to the collection of our exclusive datagivenin Ref. 12, it
waspossibleto dofurtherstudyof Pt distribution of all relatiistic singlechagedparticles(308
hydrogenisotopes)emittedin the differentvisible decaymodes(i.e. thoseinvolving chaged
fragments)of 32S spallationat 200A GeV. Consequentlythe given H-particlesPr -distribution
analyzedwith and without the effect of single proton productionthroughthe 32S ( ,p) 3'P
channel[10], thedominantmodeof decay(44 %), within atwo-sourceemissiorformalism[11].

2 Experimental details

In the presentwvork, a stackof Fuji emulsionplateswasexposedhorizontallyto the 200A GeV
32Sjonsatthe CERN-SPYExp. No. EMUO3). To obtainhigh scanningef ciency, the pellicles
werescannedinder100 magni cation by doubly scanningalongthe beamtracks,fastin the
forwarddirectionandslow in the backwardone. The beamtrackswere picked up at a distance
of 4 mm from the entranceedge,and within the central80% of the pellicle thickness. Each
beamtrackwascarefullyfollowedup to adistanceof 5 cm or until the point of interactionwith
anemulsionnucleus.Otherdetailsconcerninghe chemicalcompositionof the emulsionused,
irradiationandscanningaregivenin Refs.12and13. In eachevent,thefollowing visualfeatures
wererecordedNp, the numberof blacktracks;Ng, thenumberof grey tracks;Ny = Np+ Ng,
thenumberof heavry tracksfrom thetargetnucleusN s, thenumberof minimumionizing shover
tracks;Ny , thenumberof H-particlesof chageZ = 1; Nz, thenumberof PFsof chagezZz 2.
H-particlesandPFsareproducedvithin thefragmentatiorconede ned by ¢ = Pt =Pyeam,
whereP; is the Fermimomentumestimatedo be 200MeV/c( . 1 mradat200A GeV).
Eacheventwascarefullyexaminedandqualitatively classi edinto threeprincipal categories:(i)
central,(ii) peripheraland(iii) electromagnetievents.

ThepureEMD eventsarethenselectedo beanalyzed.Theseeventsgeneratedby the EMD
of the projectile nucleusare generatedn collisionsinvolving impactparametersarge enough
sothatno nuclearinteractionsoccut Extremelystrongelectromagneticelds from heavy nuclei
are producedfor a very shorttime at the projectile; sucheventstypically consistof projectile
fragments,which proceedessentiallyin the direction of the projectile nucleus. The present
candidateEMD eventswere selected 14, 15] with no visible target excitation (N, = 0) or
secondaryparticle production(Ns = 0) togetherwith the conditionthatthe sumof measured
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chagesof all the outgoingfragments(Z 1) inside the fragmentationcone mustequalthe
chage of theincident32S beam. Exclusionof low-enegy e* e pairs,high-enegy -raysand
elasticscatteringeventswasdone[14, 16]. Uponapplicationof thesestringentselectiorcriteria,
210EMD eventsout of 14590bsenedeventsweredeterminedo bedueto the cleanbreakupof
the32S projectile. Chage measurementsereperformedon projectileEMD fragmentsy -ray
counting. For light fragmentgZ = 2  4), complementargapcountingwasundertalen[17].
In generalthedetectionof Z 2 PFsis quite de nite dueto their distinctive graindensityand
the useof electronsensitie Fuji nuclearemulsiondetectorsallows anexclusive type of analysis
onanevent-by-e/entbasis.It is well known thattheemulsiondetectorcoversa4 geometryand
hasa very high spatialresolution.Thelatterfeatureis very helpfulin identifying andmeasuring
the anglesof individual PFsformedin EMD events,even whenthe fragmentatiorconeof the
PFsis very narrow.

Theemissionanglesof all PFsin EMD eventsof 200A GeV 32S projectileweredetermined
from the vectordirectionsof the incidentbeamandemittedfragmentsfollowing Ref. 15. The
accuray in theangularmeasurementis the emulsionis higherthan0:1 mradfor angles 1
mrad. In nuclearemulsionexperiment,the (pseudo)trans\ersemomentumof the projectile
fragmenttanbeobtainedrom theemissioranglemeasuremetrj]. Sinceweareconcernedvith
therelatvistic hydrogerparticlesin the breakup modesof 3’Sionsat200A GeV, thetrans\erse
momentunPr of H-particlescanbe determinedvith the assumptiorthatthe hydrogerisotopes
have the samelongitudinalvelocity asthatof theincident3?S beam.

3 Results

With the successfulcceleratiorof heary nucleito ultra-relatvistic enegies,the studyof EMD
in nuclearemulsionoffersa numberof experimentabdwantageparticularlyin theidenti cation
of speci ¢ nal statesSincein theemulsionexperimentonly chagedparticlescanbeidenti ed
suchthatthe chaige of eachbut notthe masscould be determinedneutronscannotbe detected
and isotopesare not separated.Consequentlyin this work, the fragmentationrmodeshaving
fragmentsaccompaniedvith oneor moreneutronsaremisidenti ed.

In Tablel, we reportthe detected?10 EMD eventsdueto the cleanbreakup of 200A GeV
323 projectilein emulsion.Onecanseethatthe preseneventsareobsenedin only 28 channels
(differentvisible decaymodes)rderedaccordingo Z yayx , thechageof theheaviestPFemitted
in anevent. At the beginning, onecanobsene the simple photonucleaprocessn which oneor
two light PFsdissociatedrom the projectile nucleusleaving the residualnucleus which cools
down, forming a heary fragment.lt is possibleto think thatthis processs characterizedy low
temperatureOntheotherhand,attheendof thetableonecannoticeahardphotonucleaprocess
in which the sulphurnucleushasbeendecayednto H andHe fragments.

In Fig. 1, we shaw the chage yield curve for 32S spallationin the emulsionat two widely
differentenegies. The solid histogramin Fig. 1 represent®ur dataat 200A GeV while the
dashedonerepresentshe dataof 3.7A GeV [12]. Thetwo distributions have a characteristic
U-shapedform. The gure shaws clearly the effect of incidentenegy at large valuesof Z,
i.e.atZ 10. Thenumberof singlechagedparticles,Ny , could characterize¢he degreeof
hardnes®f interaction. Theseparticlesmay be emittedfrom differentsources.Therefore for
betterprobingthe dynamicsof heary ion reactionsthe presentwork which is an extensionto
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Tah 1. Differentvisible decaymodesof 32 S-spallationat 200A GeV andthe correspondingiumberof

events.
Decaymode No. of events Decaymode No. of events
P+ p 92 F + 2He+ 3H 1
ZBSi+He 30 F + 3He+ H 2
ZSi+2H 20 O+ 3He+ 2H 1
ZIAl + He+ H 15 0+ 2He+ 4H 1
2TAl + 3H 6 N + 3He+ 3H 1
Mg+ 2He 5 N + 2He+ 5H 1
Mg+ He+ 2H 4 2C+ 3He+ 4H 1
Mg+ 4H 5 B+ 4He+ 3H 1
ZNa+ 2He+ H 4 B + 2He+ 7H 1
ZNa+"Li +2H 1 Be+ 2He+ 8H 1
ZNa+ He+ 3H 4 "Li + 4He+ 5H 1
BNa+ 5H 3 6He+ 4H 1
Ne+ 2He+ 2H 3 5He+ 6H 1
Ne+ He+ 4H 3 4He+ 8H 1
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Fig. 1. Thechageyield curve of the PFsemittedin the EMD eventsfor thepresenf? S projectileat 200A
GeV (thesolid histogram)and3.7A GeV [12] (thedashechistogram).

our previous one[10], dealsonly with a subsampleof 175 EMD eventshaving one or more
H-particlesin the nal state(in additionto the heary fragments),seeTable 1. Following the
analysisof the angulardistribution of 308 H-particlespresentedn our subsample the average
valuesof emissionanglesh i, arefound[10] to be (0:889 0:081) mrad.
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Tah 2. Relatve rates(in percentagedf visible channelsof multi-hydrogen(mH) isotopestogetherwith
thatof thesingleproton.

Multiplicity | No. of tracks | Relative rates(%)
1p 92 43.8
1H 113 53.8
2H 58 13.8
3H 39 6.2
4H 44 5.2
5H 25 24
6H 6 0.5
7H 7 0.5
8H 16 1.0

In fact,we dealwith the interestedEMD datasubsampleastwo majorparts,namelysingle
chaged particles[10] (mostly are protons)which are the most abundantparticlein Table 1,
325 ( , p) 3P, andthe multiple hydrogenisotopesmH. The measuredrosssectionin Ref. 12
for the former decaymode, P, equalsto (502 52) mb which represent§33  3) % of
the measuredotal EMD crosssection[12] where, 45 = (1531 103) mb. While for the
later ones,the crosssectionmeasuredor mH emissionchannels, Tt represenbout(55
4) % of the measuredotal EMD crosssection. The crosssectionsmeasuredor 1p and 1H,
2H,...,mHemissionchanneldnducedby Ag targetin emulsion[18, 19], seeafter, sumto about
(1340 90) mb,whichrepresentoughly88%of the S . Thispermitsacomparisorbetween
P+ distributions of thesetwo major parts. This studyis considereccomplementaryo enegy
measurementalreadyreportedin our recentwork [18]. All of this information could help to
obtaina consistenpictureof theentirereactionprocess.

In Table2, we shav the productionrelative rates(in percentagedf visible channelgor the
multi-hydrogenisotopes(mH) togetherwith that for a single proton (1p). The latter reaction
channef?S ( ,p) *'P at 200A GeV hasbeenstudiedin Ref. 10, reportingthatthe majority of
eventsin this dominantchannelmay be attributedto the absorptionof giant dipole resonances
(GDRs). On the otherhand,one cannoticefrom Table 2 thatthe behaior of decreasingield
andthe extensionof the productionprobabilityto highermultiplicity valuesof Ny (upto 8) may
re ect thedependencef the degreeof break-upon the responsef projectilenucleusto the ab-
sorptionof oneor morethanonevirtual photon,i.e. severalsimultaneou$SDR photong18, 20].

Ourtotal EMD crosssectionmeasuredby theinteractionof 32Sin anAg targetis (1531 103
mb. This valueis computedusingtherelation[18,19] = f= , where istheconcentration
of Ag nucleiin theemulsionused( = 1:01 10?2 atoms/cm) andf is theweightfactorof Ag
nuclei (f = 0:62). Fromthe Weizsacler-Williams (WW) calculation[21], the total integrated
EMD crosssectionis estimatedo be(1869 100) mb (usingthemeasured ( , tot) total photon
absorptiorcrosssection[22]) which is signi cantly higherthanour measurementd-dowever, a
closeragreementvith our datais obtainedf we subtracthe one-neutror{1n) contribution (281
mb) (calculatedby the WW usingthe measured ( , n) [ 22]) from the WW total EMD cross
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Fig. 2. The measuredingulardistribution for all Z = 1 particlesemittedin the total sample(210 detected
EMD events)of *2S break-upat 200A GeV.

section.

In Fig. 2, we shav the angulardistribution measuredor all Z = 1 particlesin the sub
sample(175 EMD events)with anaverageemissionangle< y >= 0:89 0:08 mrad. This
gure shows thatthe peakis broaderandthe tail becomedargeri.e. therearefew H-isotopes
emittedwith anglesgreatetthanthecritical fragmentatiorcone( ).

In the following, the investigationson the transyersemomentumdistribution of the present
relativistic H-particleswill occurusingthe modelof Ref. 11 introducinga two-sourceemission
pictureto describesuchP+ distribution. The descriptionof this model[11, 23] is summarized
below.

In the EMD processthe local region of the colliding nucleusobtainedthe virtual photon
enegiesfrom the collisions. Thenthelocal region hassomeexcitation enegy andremainsin
a high excitation state. A small part of the excitation enepgy of the local region is transmitted
to the otherpart of the colliding nucleus. Thenthe otherpartremainsin alow excitation state.
The completelycolliding nucleusdoesnot remainin the equilibrium state,but the local region
excited by virtual photonenegiesandthe otherpartof the colliding nucleusremainin thelocal
equilibrium state.The whole nucleusactscoherently but eachnucleondoesnot directly obtain
the virtual photonenegies. The nucleiin EMD processare thusexcited non-ezenly. The au-
thor[23] treatedthe nucleusasa physicalobjectwith givenvolume. For the EMD processthe
two sourcesarethe nuclearlocal region (hot source)excited by virtual photonenegiesandthe
otherpart(cold source).

Accordingto this picture[11, 24], two emissionsourceshaving differenttemperaturesxist
andmay remainin differentexcitation enegies. In the restframeof the emissionsource,it is
assumedhatthethreeparticlemomentumcomponent®bey a Gaussiardistribution having the
standardieviation( ;) with the samewidth.
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Fig. 3. The PT distribution for all (308)H - particles(thick lines),i.e. with the effect of p + 3> P channel,
in comparisorwith thatof 92 protons(thin lines). The solid histogramsarethe presenexperimentaldata.
Thecurves(seethetext) areour calculatedesults.

q_—
ThetransersemomentunPr = P2+ P? obeystheRayleighdistribution [24]:

P P
fp, (Pr; i):—;exp 2_2T ; 1)

For atwo-sourceemissionprocessthe Pt distributionis the sumof two Rayleighdistributions:
fpr (Pr) = ALf(Pr; L)+ Auf(Pr; n); (2

whereA_ andAy arethe normalizationfactorsfor the low andhigh temperatureemissionof
mH particles,respectiely, while | and y arerelatedto the temperaturel of the emission
sourceg23] accordingto therelation 2= mg T ( isthemeanLorentzfactor).

In this work, thetrans\ersemomentunof all (308)H particlesemittedin the 200A GeV 32S
break-ups calculatedWe dividedsuchparticlesinto two groupsaswe alreadymentioned.The
rst groupcontains92 protonsemittedin thedominantdecaymode®?S( , p) *'Pandthesecond
onecontains216 H particlesemittedin the differentotherdecaymodesof Table1. Therefore,
the transyersemomentumdistributions are investigatedn Figs. 3 and 4 with andwithout the
effect of protonsproducedn the p+ 3P channelyespectiely.

In Fig. 3, thePr distributionfor all H particlesis comparedvith thecorrespondingneof 92
protons. The solid histogramsarethe preseniexperimentaldata. The curvesareour calculated
results.The contributionsof low andhigh temperaturemissionsourcesaregivenby the dotted
anddashecturves,respectiely. The solid curvesarethe sumof the dottedanddashedcturves.
Thevalues | and y areobtainedby tting the experimentaldataandequal160MeV/c and
470 MeV/c, respectiely. The valuesof 2/degreesof freedom(DOF) for the low and high
component®f all mH isotopesare0.507and1.319,respectrely. While for the single protons,
thecorrespondingaluesare0.491and1.861,respectiely.
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Fig. 4. ThesameasFig. 3 butfor only 216H - particlesi.e. withouttheeffectof p + 3! P channel.

In Fig. 4, we shav the P+ distributionfor the216H particlesi.e. withouttheeffectof p+ 3P
channel.The otherconditionsarethe sameasFig. 3. Thevaluesof 2/DOF arenow 0.518and
1.857 respectiely.

FromFigs.3 and4, onecanseethatthethreeexperimentalistributionshave the sameshape
andthe sametrend. The best t is obsened for the low componentf the Pt distributions,
wherethe minimumvalueof ?/DOF is obtained.We alsonoticethatthe two-sourceemission
picturegivesa gooddescriptionof thetrans\ersemomentundistribution for H particlesin both
investigatectasesj.e. with andwithout the effect of p+ 3*P channel. This descriptionshavs
the dependencef shapeof P -distribution on the contributions of low andhigh temperature
emissionsourcessuchthatthe greatdifferencein thesecontributionscannotbe describecby a
singletemperature.

4 Conclusions

A studyhasbeenmadeof the productionof multi-hydrogen(mH) isotopesduring the break-up
of 200A GeV 32S projectilein nuclearemulsion. The decreasingield andthe extensionof the
productionprobabilityto highermultiplicity valuesmayre ect the dependencef the degreeof

break-upon the responseof the projectile nucleusto the absorptionof one or more thanone
virtual photon.The Pt -distribution of mH isotopesvasanalyzedwith andwithout the effect of

singleprotonproductionthroughthe ®?S ( ,p) 3*P channelthe dominantmodeof decay(44%),
within a two-sourceemissionformalism. The calculatedresultsshonv a good agreementvith

theexperimentaldata. Althoughthe P+ -distributionsappeamo evidencefor the effect of single
protonchannelthe contritutionsof low andhigh temperaturemissionsourceseemto depend
on the degreeof photonuclealsimpleor hard) processesThatis the procesdeadingto higher
temperaturavill leadto the emissionof multi-particlesof hydrogenisotopesin the nal state.
This may be explained,basedon the enegy spreadshownn in Ref. 18, in termsof multiphoton
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absorptionj.e. absorptiorof severalsimultaneous$sDR photons.
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