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Productionof multi-hydrogen(mH ) isotopesin thespallationof 200AGeVsulphurprojectile
usingnuclearemulsionis reported.Yield of mH isotopesis studiedandcomparedwith that
of the lowestenergy (3.7A GeV) data. The two-sourceemissionpictureis usedto describe
the transversemomentum(PT ) distribution of mH isotopes(with andwithout theeffect of
32 S (
 ; p) 31 P channel).TheRayleightypePT -distribution seemsto be in agreementwith
thecorrespondingexperimentaldata.Thecontributionsof low andhightemperatureemission
sourcesshow a dependenceon thephotonuclearprocesses.

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

1 Intr oduction

Many experimentshave beendevotedto investigatethetransversemomentumdistribution (PT )
of relativistic helium fragmentsusingheavy ion beamswhen they becameavailableat accel-
erators.The authorsof references[1–4] investigatedthe PT distribution of relativistic helium
projectile fragments,producedin nucleus-emulsioncollisions at 0.9 – 4.5A GeV/c. At high
energy, suchinvestigationhasalsobeendone[5] for relativistic He-fragmentsemerging from
eventshaving large impactparametersinducedin the interactionsof 200A GeV 32S ions with
emulsionnuclei (Em). The investigationson the PT distribution of relativistic He projectile
fragments(PFs)show that therearetwo sourceswith differenttemperaturesto emit relativistic
heliumfragments.Theseworksaresupportedby Raha'sarguments[6].

Recently, few similarexperimentswith relativisticprotonPFsobtainedeitherfromnuclear[7–
9] or electromagnetic[10, 11] eventshavealreadybeencarriedout to studythePT distribution.
In theformercase,Ghoshetal. [7, 8] reportedPT distributionsof relativistic protonPFsemitting
from theinteractionsof 12C and16O with nuclearemulsionat 4.5and60A GeV/c,respectively.
Thecomparisonof thesedistributionswith Maxwell-Boltzmanndistribution gave theindication
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of asingletemperaturein thefragmentationregion. Thisis againstthecurrentexplanations[1, 6],
which favor of theexistenceof two differenttemperatures.The existing theories[1, 6] cannot
accountproperlythesingletemperatureemissionof relativistic protonfragments[7, 8]. In addi-
tion, suchobservationdoesnot agreewith the resultsobtainedby El- Nadi andco-workers[9]
wheretherewasanindicationof two temperaturesin thestudyof PT distribution of relativistic
protonPFsemittedfrom theinelasticinteractionsof 32S - Em at 3.7A GeV. In thecaseof elec-
tromagneticdissociation(EMD) process,theauthorof Ref. 10 investigatedthePT distribution
of only relativistic protonfragmentsproducedin thedominantEMD processthroughthe reac-
tions 32S (
 ,p) 31P ( 92 relativistic protonPFs)and16O (
 ,p) 15N ( 45 relativistic protonPFs)
at 200A GeV. TheobtainedPT distribution in eachreactionis �tted by a doubleRayleighdis-
tributionhaving two differenttemperatures.This two-temperaturestructureof relativistic single
chargedfragmentsis describedin Ref. 11 by a simplemodelbasedon a two-sourceemission
picture.

In the presentwork andowing to the collectionof our exclusive datagiven in Ref. 12, it
waspossibleto dofurtherstudyof PT distributionof all relativistic singlechargedparticles(308
hydrogenisotopes)emittedin the differentvisible decaymodes(i.e. thoseinvolving charged
fragments)of 32S spallationat 200A GeV. Consequently, thegivenH-particlesPT -distribution
analyzedwith and without the effect of single proton productionthroughthe 32S (
 ,p) 31P
channel[10], thedominantmodeof decay(44%), within a two-sourceemissionformalism[11].

2 Experimental details

In thepresentwork, a stackof Fuji emulsionplateswasexposedhorizontallyto the200A GeV
32Sionsat theCERN-SPS(Exp. No. EMUO3). To obtainhighscanningef�ciency, thepellicles
werescannedunder100� magni�cationby doublyscanningalongthebeamtracks,fastin the
forwarddirectionandslow in thebackwardone. Thebeamtrackswerepickedup at a distance
of 4 mm from the entranceedge,andwithin the central80% of the pellicle thickness. Each
beamtrackwascarefullyfollowedup to a distanceof 5 cm or until thepoint of interactionwith
anemulsionnucleus.Otherdetailsconcerningthechemicalcompositionof theemulsionused,
irradiationandscanningaregivenin Refs.12and13. In eachevent,thefollowing visualfeatures
wererecorded:Nb, thenumberof blacktracks;Ng, thenumberof grey tracks;Nh = Nb + Ng,
thenumberof heavy tracksfrom thetargetnucleus;N s , thenumberof minimumionizingshower
tracks;NH , thenumberof H-particlesof chargeZ = 1; NZ , thenumberof PFsof chargeZ � 2.
H-particlesandPFsareproducedwithin thefragmentationconede�nedby � � � c = Pf =Pbeam ,
wherePf is theFermimomentum,estimatedto be� 200MeV/c (� c � 1 mradat 200A GeV).
Eacheventwascarefullyexaminedandqualitatively classi�edinto threeprincipalcategories:(i)
central,(ii) peripheraland(iii) electromagneticevents.

ThepureEMD eventsarethenselectedto beanalyzed.Theseeventsgeneratedby theEMD
of the projectilenucleusaregeneratedin collisionsinvolving impactparameterslarge enough
sothatnonuclearinteractionsoccur. Extremelystrongelectromagnetic�elds from heavy nuclei
areproducedfor a very short time 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 h = 0) or
secondaryparticleproduction(Ns = 0) togetherwith the conditionthat the sumof measured
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chargesof all the outgoingfragments(Z � 1) inside the fragmentationconemustequalthe
chargeof the incident32S beam.Exclusionof low-energy e+ e� pairs,high-energy 
 -raysand
elasticscatteringeventswasdone[14, 16]. Uponapplicationof thesestringentselectioncriteria,
210EMD eventsoutof 1459observedeventsweredeterminedto bedueto thecleanbreakupof
the32S projectile.ChargemeasurementswereperformedonprojectileEMD fragmentsby � -ray
counting.For light fragments(Z = 2 � 4), complementarygapcountingwasundertaken[17].
In general,thedetectionof Z � 2 PFsis quitede�nite dueto their distinctive graindensityand
theuseof electronsensitiveFuji nuclearemulsiondetectorsallowsanexclusive typeof analysis
onanevent-by-eventbasis.It is well known thattheemulsiondetectorcoversa4� geometryand
hasa veryhighspatialresolution.Thelatterfeatureis veryhelpful in identifyingandmeasuring
the anglesof individual PFsformedin EMD events,even whenthe fragmentationconeof the
PFsis verynarrow.

Theemissionanglesof all PFsin EMD eventsof 200A GeV 32S projectileweredetermined
from thevectordirectionsof the incidentbeamandemittedfragmentsfollowing Ref. 15. The
accuracy in theangularmeasurementsin theemulsionis higherthan0:1 mradfor angles� � 1
mrad. In nuclearemulsionexperiment,the (pseudo)transversemomentumof the projectile
fragmentcanbeobtainedfrom theemissionanglemeasurement[9]. Sinceweareconcernedwith
therelativistic hydrogenparticlesin thebreakupmodesof 32Sionsat200AGeV, thetransverse
momentumPT of H-particlescanbedeterminedwith theassumptionthatthehydrogenisotopes
havethesamelongitudinalvelocityasthatof theincident32S beam.

3 Results

With thesuccessfulaccelerationof heavy nuclei to ultra-relativistic energies,thestudyof EMD
in nuclearemulsionoffersanumberof experimentaladvantagesparticularlyin theidenti�cation
of speci�c �nal states.Sincein theemulsionexperiment,only chargedparticlescanbeidenti�ed
suchthat thechargeof eachbut not themasscouldbedetermined,neutronscannotbedetected
and isotopesare not separated.Consequently, in this work, the fragmentationmodeshaving
fragmentsaccompaniedwith oneor moreneutronsaremisidenti�ed.

In Table1, we reportthedetected210EMD eventsdueto thecleanbreakup of 200A GeV
32S projectilein emulsion.Onecanseethatthepresenteventsareobservedin only 28channels
(differentvisibledecaymodes)orderedaccordingto Zmax , thechargeof theheaviestPFemitted
in anevent. At thebeginning,onecanobserve thesimplephotonuclearprocessin which oneor
two light PFsdissociatedfrom theprojectilenucleusleaving the residualnucleus,which cools
down, forming a heavy fragment.It is possibleto think thatthis processis characterizedby low
temperature.Ontheotherhand,attheendof thetableonecannoticeahardphotonuclearprocess
in which thesulphurnucleushasbeendecayedinto H andHefragments.

In Fig. 1, we show thechargeyield curve for 32S spallationin theemulsionat two widely
differentenergies. The solid histogramin Fig. 1 representsour dataat 200A GeV while the
dashedonerepresentsthe dataof 3.7A GeV [12]. The two distributionshave a characteristic
U-shapedform. The �gure shows clearly the effect of incident energy at large valuesof Z ,
i.e. at Z � 10. The numberof singlechargedparticles,NH , couldcharacterizethedegreeof
hardnessof interaction.Theseparticlesmay be emittedfrom differentsources.Therefore,for
betterprobingthe dynamicsof heavy ion reactions,the presentwork which is an extensionto
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Tab. 1. Differentvisible decaymodesof 32 S-spallationat 200A GeV andthe correspondingnumberof
events.

Decaymode No. of events Decaymode No. of events
31P + p 92 19F + 2H e+ 3H 1

28 Si+ H e 30 19F + 3H e+ H 2
28 Si+2 H 20 16O + 3H e+ 2H 1

27Al + H e+ H 15 16O + 2H e+ 4H 1
27Al + 3H 6 14N + 3H e+ 3H 1

24M g + 2H e 5 14N + 2H e+ 5H 1
24M g + H e+ 2H 4 12C + 3H e+ 4H 1

24M g + 4H 5 11B + 4H e+ 3H 1
23N a + 2H e+ H 4 11B + 2H e+ 7H 1
23N a + 7 Li + 2H 1 9B e+ 2H e+ 8H 1
23N a + H e+ 3H 4 7Li + 4H e+ 5H 1

23N a + 5H 3 6H e+ 4H 1
20N e+ 2H e+ 2H 3 5H e+ 6H 1
20N e+ H e+ 4H 3 4H e+ 8H 1

Fig. 1. Thechargeyield curve of thePFsemittedin theEMD eventsfor thepresent32 S projectileat 200A
GeV(thesolidhistogram)and3.7A GeV [12] (thedashedhistogram).

our previous one[10], dealsonly with a subsampleof 175 EMD eventshaving oneor more
H-particlesin the �nal state(in addition to the heavy fragments),seeTable1. Following the
analysisof theangulardistribution of 308H-particlespresentedin our subsample,theaverage
valuesof emissionangles,h� H i , arefound[10] to be(0:889� 0:081) mrad.



Yield andtransversemomentumof relativistic hydrogenisotopes... 399

Tab. 2. Relative rates(in percentage)of 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 2.4
6H 6 0.5
7H 7 0.5
8H 16 1.0

In fact,we dealwith theinterestedEMD datasubsampleastwo majorparts,namelysingle
chargedparticles[10] (mostly are protons)which are the most abundantparticle in Table 1,
32S (
 , p) 31P, andthemultiple hydrogenisotopes,mH. Themeasuredcrosssectionin Ref. 12
for the former decaymode,� p

EMD equalsto (502 � 52) mb which represents(33 � 3) % of
the measuredtotal EMD crosssection[12] where,� tot :

EMD = (1531� 103) mb. While for the
laterones,thecrosssectionmeasuredfor mH emissionchannels,� mH

EMD representabout(55 �
4) % of the measuredtotal EMD crosssection. The crosssectionsmeasuredfor 1p and1H,
2H,...,mHemissionchannelsinducedby Ag target in emulsion[18, 19], seeafter, sumto about
(1340� 90) mb,whichrepresentroughly88%of the� tot :

EMD . Thispermitsacomparisonbetween
PT distributionsof thesetwo major parts. This study is consideredcomplementaryto energy
measurementsalreadyreportedin our recentwork [18]. All of this informationcould help to
obtainaconsistentpictureof theentirereactionprocess.

In Table2, we show theproductionrelative rates(in percentage)of visible channelsfor the
multi-hydrogenisotopes(mH) togetherwith that for a singleproton(1p). The latter reaction
channel32S (
 ,p) 31P at 200A GeV hasbeenstudiedin Ref. 10, reportingthat themajority of
eventsin this dominantchannelmay be attributedto the absorptionof giant dipole resonances
(GDRs). On theotherhand,onecannoticefrom Table2 that thebehavior of decreasingyield
andtheextensionof theproductionprobabilityto highermultiplicity valuesof N H (upto 8) may
re�ect thedependenceof thedegreeof break-upon theresponseof projectilenucleusto theab-
sorptionof oneor morethanonevirtual photon,i.e. severalsimultaneousGDRphotons[18,20].

OurtotalEMD crosssectionmeasuredby theinteractionof 32Sin anAg targetis (1531� 103)
mb. This valueis computedusingtherelation[18, 19] � = f =�� , where� is theconcentration
of Ag nucleiin theemulsionused(� = 1:01� 1022 atoms/cm3) andf is theweightfactorof Ag
nuclei (f = 0:62). From theWeizsacker-Williams (WW) calculation[21], the total integrated
EMD crosssectionis estimatedto be(1869� 100) mb(usingthemeasured� (
 , tot) totalphoton
absorptioncrosssection[22]) which is signi�cantly higherthanour measurements.However, a
closeragreementwith our datais obtainedif we subtracttheone-neutron(1n) contribution(281
mb) (calculatedby the WW usingthemeasured� (
 , n) [ 22]) from the WW total EMD cross
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Fig. 2. Themeasuredangulardistribution for all Z = 1 particlesemittedin the total sample(210detected
EMD events)of 32 S break-upat200A GeV.

section.

In Fig. 2, we show the angulardistribution measuredfor all Z = 1 particlesin the sub
sample(175 EMD events)with an averageemissionangle< � H > = 0:89 � 0:08 mrad. This
�gure shows that the peakis broaderandthe tail becomeslarger i.e. therearefew H-isotopes
emittedwith anglesgreaterthanthecritical fragmentationcone(� c).

In the following, the investigationson the transversemomentumdistribution of thepresent
relativistic H-particleswill occurusingthemodelof Ref. 11 introducinga two-sourceemission
pictureto describesuchPT distribution. Thedescriptionof this model[11, 23] is summarized
below.

In the EMD process,the local region of the colliding nucleusobtainedthe virtual photon
energiesfrom thecollisions. Thenthe local region hassomeexcitationenergy andremainsin
a high excitation state. A small part of the excitation energy of the local region is transmitted
to theotherpartof thecolliding nucleus.Thentheotherpart remainsin a low excitationstate.
Thecompletelycolliding nucleusdoesnot remainin theequilibriumstate,but the local region
excitedby virtual photonenergiesandtheotherpartof thecolliding nucleusremainin thelocal
equilibriumstate.Thewholenucleusactscoherently, but eachnucleondoesnot directly obtain
the virtual photonenergies. The nuclei in EMD processarethusexcited non-evenly. The au-
thor [23] treatedthenucleusasa physicalobjectwith givenvolume. For theEMD process,the
two sourcesarethenuclearlocal region (hot source)excitedby virtual photonenergiesandthe
otherpart(coldsource).

Accordingto this picture[11, 24], two emissionsourceshaving differenttemperaturesexist
andmay remainin differentexcitation energies. In the restframeof theemissionsource,it is
assumedthat thethreeparticlemomentumcomponentsobey a Gaussiandistribution having the
standarddeviation(� i ) with thesamewidth.
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Fig. 3. ThePT distribution for all (308)H - particles(thick lines),i.e. with theeffect of p + 31 P channel,
in comparisonwith thatof 92 protons(thin lines). Thesolid histogramsarethepresentexperimentaldata.
Thecurves(seethetext) areour calculatedresults.

ThetransversemomentumPT

�
=

q
P2

x + P 2
y

�
obeys theRayleighdistribution [24]:
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� 2
i

exp
�

� P 2
T

2� 2
i

�
: (1)

For a two-sourceemissionprocess,thePT distribution is thesumof two Rayleighdistributions:

f PT (PT ) = AL f (PT ; � L ) + AH f (PT ; � H ); (2)

whereAL andAH arethe normalizationfactorsfor the low andhigh temperatureemissionof
mH particles,respectively, while � L and� H arerelatedto the temperatureT of the emission
sources[23] accordingto therelation� 2 = m0
 T (
 is themeanLorentzfactor).

In this work, thetransversemomentumof all (308)H particlesemittedin the200AGeV 32S
break-upis calculated.Wedividedsuchparticlesinto two groups,aswealreadymentioned.The
�rst groupcontains92protonsemittedin thedominantdecaymode32S(
 , p) 31Pandthesecond
onecontains216H particlesemittedin thedifferentotherdecaymodesof Table1. Therefore,
the transversemomentumdistributionsare investigatedin Figs. 3 and4 with andwithout the
effectof protonsproducedin thep+ 31P channel,respectively.

In Fig.3, thePT distributionfor all H particlesis comparedwith thecorrespondingoneof 92
protons.Thesolid histogramsarethepresentexperimentaldata.Thecurvesareour calculated
results.Thecontributionsof low andhigh temperatureemissionsourcesaregivenby thedotted
anddashedcurves,respectively. Thesolid curvesarethesumof thedottedanddashedcurves.
Thevalues� L and� H areobtainedby �tting theexperimentaldataandequal160MeV/c and
470 MeV/c, respectively. The valuesof � 2/degreesof freedom(DOF) for the low and high
componentsof all mH isotopesare0.507and1.319,respectively. While for thesingleprotons,
thecorrespondingvaluesare0.491and1.861,respectively.
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Fig. 4. ThesameasFig. 3 but for only 216H - particlesi.e. without theeffect of p + 31 P channel.

In Fig.4, weshow thePT distributionfor the216H particlesi.e. without theeffectof p+ 31P
channel.TheotherconditionsarethesameasFig. 3. Thevaluesof � 2/DOF arenow 0.518and
1.857,respectively.

FromFigs.3 and4, onecanseethatthethreeexperimentaldistributionshavethesameshape
andthe sametrend. The best�t is observed for the low componentsof the PT distributions,
wheretheminimumvalueof � 2/DOF is obtained.We alsonoticethat thetwo-sourceemission
picturegivesa gooddescriptionof thetransversemomentumdistribution for H particlesin both
investigatedcases,i.e. with andwithout the effect of p+ 31P channel.This descriptionshows
the dependenceof shapeof PT -distribution on the contributionsof low andhigh temperature
emissionsourcessuchthat thegreatdifferencein thesecontributionscannotbe describedby a
singletemperature.

4 Conclusions

A studyhasbeenmadeof theproductionof multi-hydrogen(mH) isotopesduringthebreak-up
of 200A GeV 32S projectilein nuclearemulsion.Thedecreasingyield andtheextensionof the
productionprobabilityto highermultiplicity valuesmayre�ect thedependenceof thedegreeof
break-upon the responseof the projectilenucleusto the absorptionof oneor more thanone
virtual photon.ThePT -distribution of mH isotopeswasanalyzedwith andwithout theeffectof
singleprotonproductionthroughthe32S (
 ,p) 31P channel,thedominantmodeof decay(44%),
within a two-sourceemissionformalism. The calculatedresultsshow a goodagreementwith
theexperimentaldata.AlthoughthePT -distributionsappearnoevidencefor theeffect of single
protonchannel,thecontributionsof low andhigh temperatureemissionsourcesseemto depend
on thedegreeof photonuclear(simpleor hard)processes.That is theprocessleadingto higher
temperaturewill leadto theemissionof multi-particlesof hydrogenisotopesin the �nal state.
This may be explained,basedon theenergy spreadshown in Ref. 18, in termsof multiphoton
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absorption,i.e. absorptionof severalsimultaneousGDRphotons.
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