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ABSTRACT

Title of Dissertation: THE DECAY OF HOT NUCLEI FORMED IN LA-

INDUCED REACTIONS AT E/A = 45 MeV

Bruce Libby, Doctor of Philosophy, 1992

Dissertation directed by: Professor Alice C. Mignerey, Department of

Chemistry and Biochemistry

The decay of hot nuclei formed in the reactions 139La + 27AI, 51V,

natCu, and 139La were studied by the coincident detection of up to four complex

fragments (Z > 3) emitted in these reactions. Fragments were characterized as to

their atomic number, energy and in- and out-of-plane angles. An attempt was

made to measure target-like fragments emitted to large laboratory angles, but the

results were not conclusive.

The probability of the decay by an event of a given complex fragment

multiplicity as a function of excitation energy per nucleon of the source is nearly

independent of the system studied. Additionally, there is no large increase in the

proportion of multiple fragment events as the excitation energy of the source

increases past 5 MeV/nucleon. This is at odds with many prompt

multifi'agmentation models of nuclear decay. Correlation functions of the

relative velocity and angle between pairs of fragments in events with 3 complex

fragments are similar to those of other reactions in which a sequential

mechanism for the emission has been proposed. There is also some evidence



Y

that a fast-fission reaction mechanism may be occuning in the reaction La + A1

(and possibly La + V). This is indicated by the well characterized binary decay

of the source and anisotropic angular distributions of the emitted fragments.

The reactions 139La + 27A1, 51V, and natCu were also studied by

combining a dynamical model calculation that simulates the early stages of

nuclear reactions with a statistical model calculation for the latter stages of the

reactions. For the reaction 139La + 27A1, these calculations reproduced many of

the experimental features, such as fragment cross sections, and total charge and

source velocity distributions for multiple fragment events. Other features, such

as charge-Dalitz plots and branching ratios of the multiple fragment events were

not reproduced. For the reaction 139La + 51V, the shape of the fragment cross

section distribution, and the total charge and source velocity distributions were

reproduced by the model. However, the calculation failed to reproduce the

magnitude of the cross sections, charge-Dalitz plots, and branching ratios.

The calculation failed to reproduce any of the experimental features of

the reaction 139La + natCu, with the exception of the source velocity

distributions. This indicates that the early stages of the reaction are being well

represented by the dynamical calculations, but not the fragmentation stage. In

central collisions, there is some indication that multifragmentation may be

occurring in the dynamical calculations, but the mechanism of this

multifragmentation is still unclear.
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CHAPTER I INTRODUCTION

I.A INTERMEDIATEMASS FRAG_ EMISSION - AN OVERVIEW

Earlystudiesof nuclearreactionsled to theirclassificationby different

models whichdependedon the projectileenergyandthe impactparameter.In

centralcollisions at low energies, the projectileinteractswith the entiretarget,

leadingto fusion andthe formationof a compoundnucleus. The compound

nucleus thendecays by the emission of light particles(protons,neutrons,and

alphaparticles)orby fission (forheavy compoundnuclei). In peripheral

reactions, theprojectileinteractsonly with a portionof the target. These nucleons

can thenbe emitted,or transfertheirrelativekineticenergyto the rest of the target

nucleus. Thetargetcan then de-excite by the emissionof light particles,leadingto

a heavy target:likeresidue. Theexcited targetcan also fission ff it is heavy.

Intermediatemass fragments(IMFs), with masses between those of alpha

particlesand fissionfragments,were f'wstdetectedradiochemicallyin highenergy

proton-inducedreactions(WOL56,CAR58, CUM64). These fragmentsboreno

obvious genetic relationshipto either the projectileor target,and a varietyof

mechanismswereproposedfor the productionof IMF's. These mechanisms

included fragmentation(WOL56,CARS8) andfission (CUM64)of the target. As

experimentswith electroniccountersbegan to studynuclearleactions, IMF'swith

Z up to 20, including neutronrichisotopes such as 11Li' 15B, and 17C,were

detected(1'OS71,HYD71). In these reactions,a two-stepreactionmechanism

was proposed. Inthe first step, the proton interactswith the individualnucleons



of the target, leading to the emission of nucleons and even small clusters. During

thesecondstage,equilibriumisreachedandtheexcitationenergyisdissipatedby

fissionorevaporationoflightparticles.

Atthistime,thedescriptionsofthemechanismsofnuclearreactionswere

clearlydefinedaseitherbeinglowenergyorhighenergymechanisms.Inlow

energy mechanisms (E/A<10 MEV), the projectile and targetsee each other as a

whole, so that the mechanisms are described using mean field effects. On the

other hand, high energy mechanisms (E/A>100 MeV) are described using

nucleon-nucleon interactions. The exit channels range from binary (two

fragments) at low energy to many body at high energy. At some point, called the

intermediate energy region, there should be a transition from low energy to high

energy mechanisms. The production of IMF's at intermediate energy has been

thought to provide a signal of this transition in reaction mechanisms.

As experiments produced more and more IMFs, theories arose to explain

their presence. In one model, the emission of MFs was considered to be due to

the asymmetric fission of a compound nucleus. This was just an extension of the

general theory of fission to the mass asymmetry coordinate (MOR75). In other

words, light particle evaporation and symmetric fission of a compound nucleus

could be considered to be the extreme cases of a single compound nucleus decay

mechanism. It was also proposed that IMFs could be emitted by a hot nuclear

"firebalr' formed by the overlap region of target and projectile in peripheral

collisions at bombarding energies up to several hundredMeV/nucleon or more

(WES76, JAC83, JAC85). In this prescription, nucleons emitted close to each

other in space are said to coalesce into fragments, with masses as high as fourteen.

While many new explanations arose for the increased presence of IMFs at

intermediate energies, it was also clear that lower energy mechanisms, such as



compoundnucleusdecay,continuedto play animportantrole at intermediate

energies(CHA88a,CHA88b, BOW87, BOW89, BOW9lh). Whatmade matters

even moreconfusingwas theexplanationof the datain thereactionLa+ C at

E/A=50 MeV (BOW87, BOW89, BOWglb) by a dynamicalmodel (PIgl) and a

statistical multifragmentationmodel (GRO88). These modelcalculationsma_or

may not be consistent with theincompletefusion-compoundnucleusmechanism

for this reactionproposedby Bowman(BOW87, BOW89, BOWglb). Using a

multifragmentationmodel, Gross(GRO88)reproducedmanyof the experimental

featuresof this reaction,such asfragmentcross sections andfragment-fragment

correlations. In this calculation,only two IMF'sand severalH and He isotopes

wereproduced,whichmanywouldnot considertruemultifragmentation.

However, the importantconsiderationis the simultaneousproductionof ali

fragments (both IMF'sand light particles),whichshowed that the conclusionthat

Bowman reached of statisticaldecay of a compoundnucleusformed in this

reactionis not definitive. The simulationof this reaction bya dynamical

calculationallowedthe conclusionthatanincomplete fusionproductin this

reactionreaches thermal equilibrium,_vhichis a result that Bowmanreachedand

an assumptionof Gross'smodel (PI91). However, the dynamicalcalculation

performed cannot accountfor the emissionof fragmentsdueto statistical

processes.

The experimentalandtheoreticalstudyof the reactionLa + C atE/Al50

MeV shows how foggy the pictureof nucleardecay can be in this energyregion.

In thestudy of the reactionCa+ CaatE/A=35 MeV, forexample, the multiple

fragmentevents weresuccessfullyinterpretedbyusing both a sequentialmodel

that treatedexpansionof the sourceanda multifragmentationmodel (HAG92).



Formultifragmentation,emissionoffragmentsshouldbeisotropicinthe

centerofmass,sotheenvelopeoftheenergyflowshouldbesphericalinshape..

On theotherhand,sequentialdecayshouldleadtoanelongatedeventshapedueto

the kinematicalconstraintsof sequentialdecay andthe time between subsequent

decays. Event shapeanalysis of the reactionAr + V at bombardingenergiesfrom

E/A = 35 to 85 MeV showedthat there is some evidence forthe onsetof

multifragmentationas the bombardingenergyis increased,because the event

shapebecomes more spherical(CEBg0). However,the lackof a cleartransition

indicatedthat there may be a competitionbetweensequentialandpromptdecay

channels.

On the otherhand,studyof thereactionNe + Au at E/A = 60 MeV led to

the conclusionthat multifragmentationwas notoccurring. This conclusionwas

based oncomparingthe relativevelocities andanglesbetween pairsof fragments

producedin events with threeIMFs to simultaneousand sequentialdecay

simulations.(BOU89) The time scalebetween the subsequentemission stages in

this reactionwas foundto be fairlyshort. Timescale analysis for the emission of

complexfragmentsin the reactionAr + Au atE/A = 35 MeV reacheda similar

conclusion (KIM91). As the time between theemission of IMFs decreases in a

sequentialmechanism,the signature,suchas the event shape,of the mechanism

maybecomemore like the signatureof multifragmentation.Thiscan lead to

erroneousconclusionsconcerningthe decay mechanism.

It is clear thatthe mechanismforthe productionof IMFs is still a question

of greatconcerntoresearchers,and hasnot beenclarified (and has possibly

becomemore confused) byexperimentalstudiesover the past tenyears. These

experimentshaveshown that it is possible toproducehighlyexcited nuclei in

heavy-ionreactionsat intermediateenergy. A nucleuscan accommodateonly a



certain amount of excitation energy (around 8 MeV/nucleon, the average binding

energy of a nucleon in the nucleus) before it will completely disintegrate into its

constituent protons and neutrons. This limiting excitation energy is thought to be

somewhat lower than 8 MeV/nucleon, because of the formation of clusters of

nucleons (IMF's).

In the experimental studies discussed, the hot nuclei may have been

produced in a region of excitation energy in which there is a competition between

decay channels. This competition can be illustrated by examining Figure I.1

(BON85). In this figure, the term T near the different lines (for different decay

processes)referstothenucleartemperature.ThetemperatureT isa

parameterizationoftheexcitationenergyandisequalto(E*/a)I/2,inwhichE* is

theexcitationenergyofthenucleusandaistheleveldensityparameter(usually

takentobeA/8toA/10,whereA isthemassofthenucleus).

As shown inFigure1.1,fragmentsinthemassrangeoflessthanAo/2can

beproducedbyseveraldifferentmechanisms,includingcompetitionbetween

fission-likeandfragmentationprocesses.The onsetoffragmentationoccursat

temperaturesofabout4 MeV, whilethresholdforthedominationoftheMF cross

sectionbyfragmentationisabout7MeV, whichcorrespondstoanexcitation

energyofabout5 MeV/nucleon.Inotherwords,thereshouldbeasharpincrease

inthecrosssectionforfragmentslighterthanfissionfragmentsandtheprobability

ofmultiplefragmenteventsastheexcitationenergyincreasespast5 MeV/nucleon.

As thetemperatureincreasesevenhigher,to15MeV, thenucleuscompletely

vaporizesintoitsconstituentnucleons.

Thisonsetofmultifragmentationattemperaturesaround7MeV hasbeen

linkedtoapossibleliquid-vaporphasetransitionnearthecriticaltemperaturein

nuclearmatter(PAN84,LEV85).Thenucleon-nucleoninteractionisrepulsiveat



FigureI. 1: Schematicdiagramof nucleardecayprocessesthatcanoccurat

intermediateenergies.NA is theyield (in arbitraryunits)andAo is themassof

the nucleus studied. The scale of NA is logarithmic (BON85).
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shortdistances(less than 0.5 fm) andattractiveat longerdistances(up to 2-3 fm).

This is similarto thebehaviorof atoms in a vanderWaal'sgas. Because of this,

it is thought thatnuclearmattercan exhibit aphasetransitionfrom liquidto vapor

at excitationenergiesreadilyattainableatintermediateenergy(OEL87). This type

of mechanismwas proposedwhen it was observedthatthe mass distributionof

IMF'sin some nuclearreactionsfollowed a power law dependenceP(A) _ A"k,

in whichP(A) is the probabilityof emitting a fragmentof massA andk is the

criticalexponent,with values rangingfrom 1.5to 4 (PAN84). The critical

exponent is equalto 2.33 for a vanderWaal'sgas.

However,a powerlaw mass distributionis not uniqueto a phase

transition. This type of mass distributionhas also been predictedbypercolation

models, in whicha nucleus is consideredto be acomposite of nucleonson a

lattice, connectedby bonds. Excitationof the nucleus leads to a breakingof some

of the bonds,with subsequentfragmentformation (MOR88). Additionally,

sequentialdecaycalculationsof a mass 100 nucleusat temperaturesrangingfrom

6 to 20 MeV also produceda powerlaw distributionof the fragmentmass for

small (A<30) fragments (MOR88). Percolation,sequentialdecay, andliquid-

vapor phase transitionscan ali be consideredto be statisticaldecay models. The

power law massdistributionmay thenbe a featureof all statisticaldecay models,

not anyparticularone.

It is also possible toexplain IMFformationthroughthe use of dynamical

models. Duringnuclearreactions,severely deformedand/orcompressednuclei

may beproduced. Dynamicalfluctuationscan then lead to some type of

multifragmentation.A pancake-shapedsystemcan undergoRayleigh-Taylor-like

surfaceinstabilities. These instabilitiesarecausedby the interactionsbetween the

two surfacesof the pancake. Sphericalfragments thenform becauseof the



reduction in the surfaceenergy of the system (asopposed to the highsurface

energyof the pancake)(lVlOR92).A compressednucleuscanalso undergosome

type of expansion. This expansionis likely to be isentropic,and internalenergy

(or excitationenergy)will be convertedinto translationalkineticenergy. If the

nucleus then entersa regionof dynamicalinstability,it will fragment(BER83,

LOP84).

Thisexperimentalandtheoretical workcan be,summarizedas a seriesof

interrelatedresearchproblems. These questionsinclude:

1)Whatis the maximumexcitationenergy that a nucleuscan

accommodate?

2) Do these highly excitednucleidecayinto severalfragmentssequentially

or simultaneously?

3) Are the decayprocessesdueto dynamical(non-equilibrium)or

statistical (equilibrium)considerations,or a combinationof the two?

4) Is therea smooth evolution in themechanismof ]MFemission as the

bombardingenergyand/orthe mass of the system is increased,or is there an

abrupttransition of thereactionmechanism?

5) Is the increasein IMFcross sectionrelatedto a liquid-vaporphase

transition in nuclearmatter?

It is hopedthatby studyingheavy-ioninducednuclearreactionson a series

of targets,and then bycomparingthose reactionsystematicsto thoseobtainedfor

similar systems atdifferentbombardingenergies,that atleast some of these

research problemscan be explored.

I.B SCOPE OF THE EXPERIMENT



Muchof theexperimentalworkof the Maryland-LBLcollaborationover

the past severalyears hasinvolved the studyof IMFemission atintermediate

energies. At one point it was thoughtthat featuresconsistent with compound

nucleusdecay mayexist at bombardingenergieseven higherthan E/Al50 MeV

(BOW87, BOW89, BOW91b). However,even for the very asymmetricsystem

La + C at E/A=80MeV, non-equilibriumprocessesbecome very important

(BOW89, BOW91b). Gold-inducedreactionswere also studied atE/A - 50

MeV, butthe low fission barrierof the projectileled to a largefrdctionof events

with IMF emissiondue to asymmetricfissionof the projectilein peripheral

reactions. With these two problems in mind,a researchprogramthat focused on

IMF emission in La-inducedreactionsat lowerenergies was started. Because the

lanthanumprojectileis nothighlyfissile, only centralcollisions causelanthanum

to fission.

An experimentinvolving the reactionLa + Al, V, andCu atE/A = 45 and

55 MeV was performed. This was a continuationof experimentsstudyingthe

reactionsLa + C, Al, V or TJ,and Cu or Ni at E/A = 35 and40 MeV. These

allowed an availableenergy(inthe centerof mass, assumingcompletefusion)

rangingfrom385 MeV for the reactionLa + C at F./A=35MeV to 2410 MeV for

the reactionLa + Cu atE/A=55MeV. Inthis way, the availableenergyeasily

surpassedthe proposed limit for the onsetof multifragmentation.Additionally,

thesymmetricreactionLa + Lawas studiedat FdA=45 and 55 MeV. However,

the detectorsystem usedwas notwell suitedfor studies involvingreactionsof

symmetricsystems.

The goal of this researchis to explore the mechanismof IMFemission at

intermediateenergies. ChapterIIexplainsthe experimentaltechniquesused to

study complexfragmentemission in these reactions. ChapterHIpresents the

10



experimental results, both inclusive and for coincident IMF's. Chapter IV

discusses the modeling of the reactions studied by dynamical and statistical

calculations. Reaction systematics and discussion of the results (both

experimental and modeled) will be presented in Chapter V. The conclusions of

this study are made in Chapter VI.
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CHAPTER II EXPERIMENTAL PROCEDURES

II.A EXPERIMENTAL PHILOSOPHY

In the 1970's, with the advent of a new generation of heavy ion

accelerators, it became possible to accelerate ions throughout the entire range of

theperiodictable.By theuseofinversekinematicsreactions,inwhichthe

projectileisheavierthanthetarget,thedesignofexperimentstodetectcomplex

fragments(orintermediatemassfragments(IMF's))(Z>2)emittedinnuclear

reactionsinducedbyheavyionsbecamesimplified.Innuclearreactions,

fragmentscanbeemittedovertheentirerangeof4 n steradiansinthecenterof

mass.Innormalkinematicsreactions,thecomplexfragmentsareemittedboth

forwardandbackwardinthelaboratorysystem.A full4_ arrayofdetectorsin

thelaboratoryisneededinordertoreconstructareactionthatledtocomplex

fragmentemission.On theotherhand,complexfragmentsemittedininverse

kinematicsreactionsareemittedtoforwardlaboratoryangles.Thiscanbe

illustratedbyexaminingFigureII.1.

IfasourceofcomplexfragmentsismovingatalaboratoryvelocityVs,a

fragmentcanbeemittedwithavelocityVe (whichisCoulomb-likein

magnitude)eitherforwardorbackwardinthesourceframe.The "Coulomb

circle"isthelocusofallanglestowhichthefragmentcanbeemitted.Ifthe

fragment is emitted forward in the source frame, then it is detected at a

laboratory angle 02. If it is emitted backward in the source frame, then it is

12



FigureH.1: Vectordiagramshowingthe emissionof a fragmentwith a velocity

Ve from a sourcemovingwith a velocity Vs. Emissionof the fragmentboth

forwardsandbackwardsin the sourceframe leads to detectionat forward

laboratoryangles.
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detectedatangle O1. It shouldbe notedthataliemission in the sourceframe

leads to emission of the fragmentsto forwardlaboratoryangles. It then

becomesnecessaryto placedetectorsonly atforwardanglos to obtaina good

(thoughnotcomplete) coverageof 4 _ in the centerof mass for detectionof
,Q

complexfragments. Additionally,the highvelocity of the centerof mass

provides a kinematicboost to the complex fragments,so thatonly fragments

emittedbackwardsin the centerof mass with verylargeemission velocities are

below the detectorenergythresholds. However,theheaviest fragmentsand

evaporationresiduesareemittedin a narrowcone aboutthe beam. Therefore,

detectionefficiencyfor these fragmentsis low becauseof the limiteddetector

coverageat small laboratoryangles.

The choice of a reactingsystem to studyanda detectorsystemto study

that reactionwith is almostalwaysa trade-off. By using inversekinematics

reactions,complex fragmentemission can be studiedwith a fairlyinexpensive,

modulardetectorsystem that coversa largeangularrangein the centerof mass

while only coveringa smallangularrangein the laboratorysystem, Thisarray

canbe reconfiguredand then matedto a nearlyfull47rdetectorto studycomplex

fragmentemissionin reactionsin normalkinematics(BOWgla).

Heavy-ionbeamsareused to inducenuclear reactionsfor several

reasons. Although use of light ions (3He, for example)asprojectilesavoids

ambiguityof determiningthe identityof projectile-likefragments,thelight ions

do not providemuchcompressionalenergyfor heatingup thenucleus.

Compressionalenergyis more efficient atheatingup a nucleusthan collisional

er:ergybecausecompressionis a collective mode,meaning thatthe entire

nucleusis heatedatone time by the compressionalenergy. Onthe otherhand,

collisional energycan be spreadby individualnucleon-nucleoncollisions. The

15



choice of a Lanthanumbeam was made for severalreasons. The advantagesof

using inversekinematicsreactions to study complex fragmentemission have

been previouslydiscussed. In addition, since one of thegoals of the experiment

was to determinethemechanisrrt(s)responsiblefor complex fragment emission,

it was necessaryto use a projectilewith a high fission barrier,so thateven

binaryfission would come from centralcollisions. This contrastswith what

would occurwith U or even Au beams, with veryperipheralreactions leadingto

fission of the projectile. Forpracticalreasons,La was used asa projectile

because it is monoisotopicand can be deliveredto the scatteringchamber at a

relativelyhigher intensity (5 x 108particlesperspill, or pps) thanother heavy

beams. Also, La-inducedreactionshad been previously studiedwith the same

detectorsystem at E/A-35 and 40 MeV and atE/A=55MeV during this running

period. Thus, the mechanism(s) responsiblefor complex fragmentemission can

be easily compared andcontrastedover arange of availableenergyof over 2

GeV.

II.B. ACCELF_2_TORAND BEAM LINECONFIGURATION

Experiment941H was performedinFebruaryand March,1990 using

the Beam 44 beamlineandthe 60" scatteringchamberat the LawrenceBerkeley

LaboratoryBEVALACcomplex. In thisexperiment,La was acceleratedto F.JA

=45 MeV and impingedon self-supportingtargetsof 27A1,51V, natCu,and

139La.

The BEVALAC uses a linearaccelerator(the SuperHILAC)capableof

acceleratingion species throughoutthe periodictabletoE/A=8.5 MeV as an

injectorfor the Bevatronsynchrotron.The Bevatronis able to accelerate protons

16



to4.9GeV and238U toE/A=960MeV. Duringthisexperiment,thecirculating

beam was approximately5 x I08particlesperspill(pps).A spillisdefinedas

the time it takes to extract the beam into the experimental area. This process

usually takes 6 seconds. Hence, there are 10 "spills" of ions per minute, with a

fiat-top ( the period of time during which the beam is actually being directed into

the experimental area) for this experiment of 500 ms. This flat-top period can be

extended to up to one second for detector systems with a high duty factor.

The beamline Configuration for experiment 941H is shown in Figure

II.2. The beam is extracted from the Bevatron and steered down the beamline

using a series of bending (labeled $1M7, Ml, etc.) and focusing (labeled Q1,

Q2, etc.) magnets. Wire chambers (labeled WC1, WC2, etc.) are placed along

the beamline and can be moved into and out of the beam to check both the x and

y positions of the beam. Due to the presence of satellite beams, a scattering

chamber entrance collimator was placed inside the beampipe as it entered the

chamber to ensure that only a single beam was delivered to the chamber. A local

collimator was placed inside the scattering chamber between the beampipe and

the target to deliver a beamspot less than 1 cm in diameter on target. The size

and shape of the beamspot at the target was checked by placing a phosphor in

the target position. A video camera pointing into the chamber detected the

phosphor glow as the beam passed through it. By monitoring the glow as the

beam was adjusted by changing the current in the bending and focusing magnets

(usually just the M1 bending magnet was adjusted), the optimal beamspot was

produced. The beam focus was checked periodically throughout the experiment.

Additionally, a Faraday cup was placed at the back of the scattering chamber to

provide the integrated beam current.

17



FigureII.2: Beamlineconfigurationof theBeam 44 beamlineat theLawrence

BerkeleyLaboratoryBevalac. The labelsareas follows: WC- wirechamber,

M6, etc.- bendingmagnet,QA, etc.- focusingmagnet,DP- diffusion pump,

GV1, etc.- gate valve.
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FigureII.3: View of the scatteringchamberfor Exporiment941H as se_nfrom

above.
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II.C. DETECTOR SYSTEM

The detector system used in Experiment 941H consisted of a Si-Si(Li)-

plastic array in the side-by-side configuration (KEH89, KEH92) to detect

forward-focused intermediate mass fragments and 14 Si surface barrierdetectors

in an arc ranging from -45 ° to -90 ° as an attempt to detect target-like fragments.

A diagram of the scattering chamber set-up as seen from above is shown in

Figure II.3. The array and the recoil detectors are described in detail below.

II.C.1 The Si-Si(Li)-Plastic Array

The Si-Si(Li)-Hastic array,which has been described elsewhere in great

detail (KEH89, KEH92) was designed for use in inverse kinematics reactions to

detect particles ranging in charge from protons to beam particles, lt is a modular

arraythat can be reconfigured to meet the goals of the experiment. Each module

(or telescope) consists of a 300-ktm thick Si detector, a 5-mm thick Si(Li)

detector, and a 7.5-cm thick Bicron BC400 plastic scintillator with attached

photomultiplier tube. The active area of the Si detectors measured 46 by 46 mm.

A drawing of one of the telescopes is shown in Figure II.4.

In this experiment, the arraywas mounted in the side-by-side

configuration to maximize the angular coverage for intermediate mass fragments

being emitted to relatively large angles. In this configuration, the modules are

mounted in 3 telescope by 3 telescope square arrays on each side of the beam.

The disadvantage of this mounting scheme is the lack of coverage at angles close

to the beam, where the heavier reaction products are emitted.

Each arraywas placed on mounts that can be remotely controlled to

22



Figure II.4: Drawingof an individualtelescopeof the Si-Si(Li)-plasticarray

used in this experiment.
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Figure II.5: Schematic diagram of the arrays used in this experiment. The

labels inside each telescope are the labeling scheme used. The angles show the

positioning of the arrays with respect to the beam.
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move up anddown; andeach of thesemotormountswas placed on the arms

insidethescatteringchamberthatrotateclockwiseorcounterclockwise.Inthis

way,each

telescope can be placeddirectlyintothe beamduringthe calibrationprocedure,

which is describedin SectionII.C.1.A. The armswereplaced asymmetrically

with respectto thebeam, with the left arraycenteredat 15° and therightarray

centeredat -14°. This was done to increasethe coverage of angles close to the

beam for detection of heavy fragments.Each arraywas mountedso thattheface

of the 300-ttm Si detectorwas 37.5 cm from the target,thus allowing anangular

coverage(in thelaboratorysystem)from 3° (-2°) to 27° (26°) in planefor the left

(right)arrayand from -12 to 12 degreesout of plane. Additionally,each

telescope was mounted so that its face was normal to the target,and agold foil

of either 1.5 or 3.0 rag/cre2 was placedin front of each telescope forelectron

suppression. A schematicdiagramof the arrayas it was mountedin this

experiment (with the telescope labels) is shown in FigureII.5.

Eachof the Si or Si(Li) detectorsin the arraywas position sensitive in

one direction;and they were mountedin such a way as to provideboththe x and

y position of aparticleenteringa telescope.

The positionsensitivity forthe Si detectorswas achieved by the method

ofresistivechargedivision.A schematicdiagramillustratingthisprocessis ...........

showninFigureII.6.Theholes(formedinelectron-holepairswhentheparticle

passesthroughthedetector)migratetoonefaceofthedetectortogivethe

positionsignal,whiletheelectronsmigratetotheoppositefaceandprovidethe

energysignal.Becausetherearetwocontactstoprovidethepositionsignal(one

ofwhichisgrounded),theholesdetectedatonecontactwillbeafractionofthe

27
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FigureII.6: Schematicdiagram illustrating the determinationof th¢positionof a

particleenteringa Si detectorbyresistivechargedivision.
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energy signal proportionalto the distance fromthe contact the particletraverse.

In other words,

XE=E X/I, (II. 1)

inwhichXE isthepositionsignal,E istheenergysignal,X isthedistance

traversedbytheholes,andL isthelengthoftheresistivelayer.

Iftheresistivelayeriscontinuous,thenatsometimeamaskmustbe

placed in fromof thedetector to provide the informationtocalibratethe detector

....for position. However, the resistive layers for theSi detectors in the arrayare

divided into stripsand gaps of low and high resistivity,respectively. The

detectors are thus self calibratingbecause theratio of the position signal to the

energy signal correspondsto discrete values. The face of each Si detectorwas

divided into 15 low resistivity stripsof 2.42-mm width and 14 high resistivity

gaps of 0.607-mm width. The strips and gaps for the 300-ttm detectors were

fabricated by bombarding the detectors with 25 kev boronions (WAL90). The

low resistivity strips have a B concentrationof'-2 x 1014 atoms/cm2; the high

resistivity gaps have a B concentration of--3 x 1013atoms/cm2. For the 5-mm

Si(Li) detectors, a thin layer of palladium was evaporatedover the entire face of

the detector; gold strips were then evaporatedon top of the I'd layer, providing

the low resistivity strips (WAL90).

H.C.1.A. Energy calibrations

BecausetheBEVALAC (andallelectrostaticaccelerators)acceleratesion

speciesdcpe,ndingon thecharge-to-massratiooftheion,.itispossible.to

acceleratebeamsofmultipleionspecies.FigureHI.5showstheenergy

30



FigureII.7: Energyspectrumof the"cocktail"calibrationbeamdirectedintoone

of thedetectortelescopes.
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spectrumof14N2+,28Si4+,56Fe14+,and84Kr24+acceleratedtoE/A=45

MeV anddirectedintooneofthetelescopes.Becausethearrayswereplacedon

mountsthatmoved upanddown (andonarmsthatarced)itwas possibleto

direct these "cocktail" beams into each telescope. In order to prevent radiation :

damage to the detectors, the beam was highly attenuated to approximately 10(3

particles per spill before it was directed into the detectors.

Silicon detectors have a non-linear energy response to heavy ions due to

pulse-height defect (PHD), in which the pulse height produced for a heavy ion is

lower thanthat for light ions of the same kinetic energy. This is caused by the

high ionization density at the Bragg peak for heavy ions. Thus, electron-hole

pairs can recombine before the electric field in the device separates them. This

non-linearity is dependent on the energy, mass, and atomic number (Z) of the

incident particle. The 5-mm Si(Li) detectors were calibrated to first order by

directing the cocktail beam at E/Al35 MeV into the detector (with the 300-_

detectors removed) and then assuming a PHD of 0.6% for N and 0.9% for Si

(BLU91). The PHD for heavier particles was determined empirically for each

detector by fitting the deviation of the apparentenergy of the calibration beams

from the true energy with the proper function (COL90). For this experiment,

the PHD was determined to have the form:
• .

Ereal=aZ4E(0"8+4"7/'_ "_) (II.2)

in which Ereal is the true energy of the particle, Z is the atomic number of the

particle, E is the detected energy, and a is a constant adjusted to provide the best

energy determination for the calibration beams. Typically an error of<l% in the

energy determination was achieved.
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• The energy Calibrationfor the 300-_tm Si detectors was done in much the

same way. The 30()-]_mdetectors were remounted in front of the 5-mm

detectors and the cocktailbeams were directed intothe telescopes. The energy

depositedinthe 300-timdetectors was then determined by the change inenergy

deposited into the 5-mm detectors. Because of the variable thickness of the 300-

ttm Si detectors, the energy calibration was corrected for both the x and y

position of the particle in the telescope by the application of a linear function.

II.C.I.B Position Calibrations

The position, both in the x and y directions, of a particle passing through

a telescope was determined by using the method of Kaufman (KAU70). After

determination of the x andy position of a particle, a conversion was made to the

polar angles O (in-plane angle) and • (out-of-plane angle). The position signal

YE as a function of the energy of the particle is shown in Figure II.8. The 15

lines correspond to the 15 strips, and the intersection point is related to the

electronic base-line offsets. As Figure II.8 stands, it is not useful for

determining the position of the particle. The position signal must be divided by

its energy signal, yielding a value called, for instance, POA. A plot of the

energy of the particle as a function of POA yields curved lines for each strip,

shown in Figure II.9. In order to straighten the lines at low energy, the

following function is used:

POSX-- A(XE+B)/(E+C) (II.3)
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Figure II.8: Position signal YE (in channels) of particles entering a detector as a

function of energy (in chalmels). Fifteen lines, corresponding to the fifteen

strips, are clearly visible.
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0 . , "' " °

Figure H.9: Energy signals (in channels) of particles entering a detector as a

function of POA, the position-energy divideA by the energy. Fifteen curves are

clearly visible.
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Figure H.10: Energy signals (in channels) of particles entering a detector as a

function of POSX (POSX= A(YE+B)/(E+C), in which A is an expansion

parameter,YE and E are the position-energy and energy signals, and B and C

are related to the electronic baseline offsets). Fifteen lines are clearly visible.
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Figure II.11"Projection of Figure II.lO onto the x-axis. The peaks correspond

to individual s_ps on the face of the detector.
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in which A is a constantused to expand thedata,XE andE arethe position-

energysignal and the energysignal,respectively,and the constantsB and C are

relatedto the electronicbase-lineoffsets. A plot of energy as a function of

POSX is shown in FigureH.10. By projectingFigureII.10 onto the x-axis, as

shown in FigureII.11, the channelof each peakis determined. These peaks ....

correspondto the position of each stripon the face of thedetector. The position

of the peakis thenconverted to the correctangleof its strip;and then the

channels of the peaksare fit toa n-orderpolynomial (with n equal to 2 or 3) to

providea continuousfunctionof the angles.

II.C.1.C ParticleIdentificationand Z Calibrations

In orderto identify theatomicnumberof a particlepassinginto a

telescope, a plotof the totalenergyversusthe energy depositedin the 300-pm

detectorcan be examinedfor parabolicorrespondingto each atomic number,as

shown in Figure II.12. This plot shows curves for discrete atomic numbers,but

is difficultto use to determinethe atomicnumberof the particle.

In order to linearize the paraboliin Figure II.12, the Bohrequation for

the energylost bya chargedparticlepassing througha mediumis used:

-dE/dx=(41re4kZ2pz/mev2)ln(meV3/2Ze2(0) (11.4)

in whiche is the electron charge, me is theelectronmass, z, p, andc_are

the atomicnumber,numberdensityof atoms,andthe frequencyof motionof the

electronin the stoppingmedium, andZ andv arethe charge and velocityof the

chargedparticleand kis the degreeof ionizationof the chargedparticle.

Because the logarithmictermvariesslowly, Eq. H.4can be simplifiedto:
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z2/- Mz2m- z3m (n.5)

if one assumesthattheeffective chargeis proportionalto the mass of the

chargedparticle. If one equates-dE/dx with the energylost in the 300-ttm

detector (becausedxis small), one has:

[(AE)(E)] _ Z3 (II.6)

or

[(AE)(E)]1/3 o,:Z (11.7).

The quantityon the left side of (II.7) is modified by theadditionor

subtractionof a fractionof the energy in the300-I.tmdetectorto give the particle

identificationfunction(PID):

PID=M{[(AE)(E)]I/3+N(AE)} (II.8)

The constantM is usedto expandthe dataandN is a constantto s_aighten the

lines in a plot of the AI]as a functionof the PI]). Afterthestraightening

procedure the plot is thenprojectedonto the HD-axis, as shown in Figure 1].13.

The peaks are then fit to thecorrectatomicnumberbymatchingthe peaks to the

known peaks of the cocktailcalibrationbeams. Thesepeaksarethenfit to ann-

orderpolynomial (with n equal to 2 or 3) using a leastsquaresmethod. As can

bereadilyseenfromFigureII.13,peakscorrespondingtoatomicnumbersupto

Zbeam=57canbedistinguished.

44



FigureH.12: Energy of particlesin the300-_m device (in channels)as a

functionof energyin the5-mmdevice (inchannels). Theparoboliareatdiscrete

Z values.
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FigureII.13:ProjectionofAB asafunctionofthePIDontothePID-axis.

PeakscorrespondingtoindividualZ'soffragmentsuptoZbcam(57)arcclearly

visible.
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ll.D.RECOIL DETECTORS

In anattemptto detectanytarget-likefragments(TI_s) recoilingfrom

an incompletefusion productor in a deep-inelasticreaction,anarcof 14Si

fission fragmentdetectorswas placed63.5 cm from the targetat anglesranging

from -45 to ~90degrees.Thearcwasmadeupof four900-mm2andten450-

mm2detectors,eachwitha thicknessrangingfrom200-300I_m.Eachdetector

wasmountedsothatits facewasnormaltothetarget.

ll.D. 1.Energy Calibrations

The recoildetectors werecalibratedfor energyby using theknown

energiesof the 0¢particleand the two fission fragmentsfrom252Cf. The

energyof the fission fragments(KAU74)was correctedfor pulse-heightdefect

(/'HD) using theprocedureof Moulton,et al. (MOU78) in an iterative process.

For real particles,the energylost in one half the targetthickness was found to be

almost independentof mass in thisenergyregion(varyingby only a few tenths

of an MEV),so that the energywas correctedbeforemass and PHD

determinations.

II.D.2.Time calibrations

The timeof flight of particlesbetweenthe targetand the recoildetectors

was determinedby consideringthedetectionof a gammaray or a lightcharged

particlein anyof the arrayscintillatorsas a startsignal and the detectionof a

particlein the recoildetectorsas a stop signal. The stop signal was determined
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byusingatimepick-offpreamplifier.Inactuality,thestartsignalwasdelayed

to ensure a coincidence betweenthe startandthe stop signal, so that theclock

actually ranbackwards. The zeropoin_time (atwhich the clock was started)

was determinedby placinga 249Cf(_ 7) sourcedirectlybetween a recoil

detectoranda scintillator,with essentiallyno flightpath. The timecalibration

was thendeterminedby runninga signal fromanelectronic timepulserwith a

time intervalof 20 ns throughthe associatedelectronics.

II.D.3. Mass Determination

Becausetheenergyofthetargetrecoilfromelasticscatteringwasbelow

detectorthresholds,anindependentdeterminationofthemassofanyTLF

• detectedwasnotpossible.However,themasscouldbecalculatedfromthe

measuredenergyandtime-of-flightoftherecoil,accordingtotherelationship

2Et2
m_ (II.9)

in whichx is thedistancefromthetargettothedetector,E isthecorrected

energyof theparticle,andt isthemeasuredTOF.

Becausethe energy of aparticleenteringthe recoildetectorswas

determinedfairlyaccurately, the errorin the mass is associatedalmost entirely

with errorsin the determinationof the TOF describedin sectionII.D.2.

However, it was possible to calculate (using scatteringkinematics relationships)

the mass of a particleusing the experimentalangle andenergy of the particle.

Forthis method, a range of reactionQ-values was used to determine if the

calculatedmass hada large_dependenceon theQ-value of thereaction. This

calculatedmass was then comparedto the massdeterminedfromthe
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experimentalTOF, shown inTablesII.landII.2forreactionson theV andCu

targets,respectively.Becausethecalculatedmassandtheexperimentally

determined mass are close to each other, the experimental mass will be used as

results. However, due to the various problems associated with the recoil

detectors, no conclusions will be based on these results.
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TableII.1 Experimentalandcalculatedmasses of recoilproductsat theindicatedenergy

andangle overa rangeof reactionQ-valuesfor thereactionLa + V at E/A=45 MeV.

E-15MeV, 0=45°

q (MEV) :alc xpt
0 58 55

il i ,ii

-200 53
ii iiii

-400 48 i llalll

E=I8 MeV, 0=-60° i

Q (MEV) Mcalc Mexpt

0 56 55

-200 51 i illli

-400 46
m.lxL!ta__ i i
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TableII.2 Sameas Table II.2for thereactionLa + Cu atE/A=45 MeV

E=12MeV, 0=-60°
,,, lm.. ii ,,,,

q (MEV) Mcalc Mexpt

0 68 55
ii ii i ,_

-200 63
.. t ii

-400 58

E=20 MeV, 0=60
i i

, q (MEV) Mca],c Mcxpt

0 69 70
,, i i i|111 i ii1|1| ii

-200 64

-400 60
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CHAPTER III EXPERIMENTAL RESULTS

The results of the reactions La + AI, V, Cu, and La are presented in three

sections. The first section presents the inclusive data, with which global features

of the reactions can be described. The second section presents the results for array

coincidence events. The third section discusses the inclusive results from the

recoil detectors.

III.A. INCLUSIVE RESULTS

By studying the inclusive, or singles, results of fragments detected in the

array, a broad understanding of the mechanism(s) responsible for complex

fragment emission can be gained. This section will describe the fragment charge

distributions, angular and velocity distributions, and angle integrated cross

sections for the reactions on each target studied.

III.A.1. Charge Distributions

Shown in Figures HI. 1- III.8 are the fragment charge distributions in

each telescope of the arrayfor reactions on each target. Figures III.1 (III.2),

III.3 (III.4), HI.5 (HI.6), and III.7 (III.8) are for the LMN (RST) array for the

Al, V, Cu, and La targets, respectively. The results are presented relative to the

actual telescope location, with the L and T columns farthest from the beam and

the N and R columns closest to it, as shown in Figure H.5. It should be noted
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Figure III. 1" Distributions of the fragment charge detected in each telescope of

the L-M-N array for the reaction La + Al.
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Figure III.2: Distributions of the fragment charge detected in each telescope of

the R-S-T array for the reaction La . Al.
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Figure III.3: Same asFigureIII.1 for the reaction La + V.
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Figure III.4: Same as Figuro III.2 for the reaction La + V.
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FigureIII.5: Same as FigureIII.1 for thereacdonLa + Cu.
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FigureIII.6:SameasFigureIII.2forthereactionLa+ Cu.
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Figure III.7: Sameas FigureIII.1for thereactionLa + La.
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FigureIII.8: Same asFigureIH.2 for the reactionLa + La.
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that the L1, R3, T1, and T2 telescopes malfunctioned at some time during the

experiment, and were not included in any results.

For the reactions on Al, only those telescopes closest to the beam, N2

and R2, detect fragments with atomic numbers close to that of the projectile

(Zproj=57). The grazing angle for the La projectile in the reaction La + A1 at this

energy (0.85 °) is too small for projectile-like-fragments (PLF's) and elastically

scattered beam particles to be detected, even in the central telescopes. For

fragments detected in telescopes farther from the beam, the distribution is

heavily skewed toward the detection of lighter fragments. This can be attributed

to the Coulombic origin (in the source frame) of the emission velocity, so that

only light fragments will be emitted to large enough laboratory angles. (If one

examines Figure 11.1,it is clear that since the Coulomb circle for lighter

fragments will have a larger radius than the circle for heavy fragments, the light

_: fragments will be detected over a larger range of laboratory angles.) An

important feature is that even the telescopes farthest from the beam detect

' fragments with Z up to 10 or more. This shows that the probability is high that

complex fragments are being emitted at angles not covered by the array.

The Z distributions for the other targets show the same trend as for the

A1 target. An important difference arises for the Cu and La targets, in which

beam particles are detected in the R2 telescope for the Cu target (grazing angle of

1.73°), as shown in Figure III.6, and for both central telescopes (N2 and R2)

for the La target (grazing angle of 3.080), shown in Figures I11.7and 8.

III.A.2. Coulomb Circles
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As shown in Figure 11.1,a source moving with a velocity Vs can emit

fragments at any angle in its center of mass with a velocity due to the Coulomb

repulsion between the fragment and the remaining fragment. If the distribution

in the VII-V.I.plane is actually a circle (there will be some broadening due to

evaporation effects) then it can be deduced that the emission was statistical in

nature because of the istJ_-opic angular distribution. However, the lack of a well

defined Coulomb circle does not necessarily mean that the emission was not

statistical. It has been shown that emission from a continuum of isotropic

sources will smear out the Coulomb circle for a given fragment. In such cases,

- only by gating on the source velocity to separate the different sources can one

regain the circular feature of statistical emission (COL89).

In order to determine the velocity of a fragment, a parametedzation of the

mass M from the known charge Z of the fragment was used. This

parameterization has the form:

M= 2.08(Z) + 0.0029(Z 2) (III. 1)

and has been shown to adequately parameterize the mass in this region of

excitation energy (BOW89, BOW91b).

Contour plots of d2_/dV.l.dVII in the Vii-Vi plane for representative Z-

values are shown in Figures Ill.9-12 for each system studied. These plots are

for the singles events. Similar results are obtained if only coincidence events are

chosen. The Coulomb-like origins of the distribution in the Vll-V.I.planeis

shown by the decrease in the radius of the distribution as the fragment charge

increases.

For the reaction La + Al, the lightest fragments are emitted with a small

parallel velocity, an indication of predominantly backwards emission in the

b
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Figure III.9: Distributions in the Vli-V.l.space for representative fragments for

the reaction La + Al.
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Figure IH.10: Same as Figure 111.9for the reaction La + V.
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Figure III.11" Same as FigureIII.9 for the reaction La + Cu.
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FigureIII.12: Same asFigureIII.9for thereaction La + La.
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center of mass. At intermediate Z values, the emission becomes nearly isotropic

(Z=20 for the A1 and V targets, lower Z values for the Cu and La targets). For

heavy fragments, the higher parallel velocity indicates forward peaking of the

distribution.

The backward peaking of the distribution of light fragments in the Vll-'V.l.

indicates that there is some memory of the entrance channel (since the target is

moving backward in the center-of-mass). This would arise if the fragment were

emitted as the target-like partner in a deep inelastic reaction. Consequently, the

heavy fragments are emitted forward in the center-of-mass in these types of

reactions. The same type of angular distribution arises in non-equilibrium (or

fast- or quasi-) fission. This type of fission occurs on a faster time scale than

symmetric fission, so there is some memory of the entrance channel. Quasi-

fission can be thought of as a link along the Z-wave coordinate between fusion-

fission and deep inelastic reactions (HIN89).

III.A.3. Angular Distributions

The angular distrib_:tion in the center of mass for representative

fragments for the reactions on each target are shown in Figure III. 13 for the A1

and V targets and Figure III. 14 for the Cu and La targets. The angle was

determined in the following manner:
vi

®cm=arctan iVs.Vlll (III.2]

in which V_I.is the perpendicular velocity of the fragment, vii is the parallel

velocity of the fragment, and Vs is the source velocity of that fragment

determined from coincidence events. If Viiis less than Vs, then ®cm is 180 °-
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Figure III.13: Angular distributions in the center of mass for representative

fragments for the reactions La + Al, V. I'ho solids lines are the results of a

quadratic fit to the experimental points using a least-squares method.
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Figure m.14: Sameas Figur_III.13for thereactionsLa + Cu, La.
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®cm. If the distribution in the VII-V.I_plane is isotropic, then the source velocity

can be determined from the centers of _e Coulomb circles. However, this is not

possible for tiffs experiment as the fragment angular distributions go from being

very backward to very forward peaked as the Z of the fragment increases. Only

for a very narrow range of fragments is the yield isotropie. Because of this

feature, the source velocity was determined from the coincidence events. The

source velocity was calculated by the relation:

Vs= Zp(i)/m(i) (III.3)

in which p(i) is the momentum vector of fragment i and m(i) is its mass

determined from Equation III. 1. This determination of the source velocity is

almost model independent, relying on the constraint that the event was

completely detected (which may not necessarily be true). The lines in Figures

III. 13 and 14 are the results of quadratic fits to the data for each fragment Z

value, which was later used to determine the angle integrated cross sections.

The angular distributions show the same general trend as was seen in the

Coulomb circles. The angular distributions range from very backward emission

for light fragments to very forward emission for the heaviest fragments. A fiat

distribution is seen only for a limited range of fragment Z values. As stated

above, this evolution of the angular distribution could be the result of deep

inelastic or quasi-fission reactions. If this angular distribution is a result of

asymmetric quasi-fission, then the nearly isotropic angular distributions for

fragments with Z_20 for the reactions on Al and V could arise from symmetric

(equilibrium) fission. The decrease in the fragment Z for nearly isotropic

emission as the target mass increases could be an indication of more pre-
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equilibrium emission of light particles as the targetmass increases. The

anisotropyof the angulardistribution could also be an indication of pre-

equilibrium emission of complex fragments.

III.B.4. Integrated Cross Sections

The angulardistributions for each fragment forreactionson each target

were fit to a quadratic using a least squares method and then integratedfrom0°

to 180° to obtain the angle integratedcross section foreach fragmentcharge, as

shown in Figure II1.15. For the lightest and heaviest fragments,which show

the greatest anisotropiesin the angular distributions,the integratedcross section

can change by as much as a factorof two due to uncertaintiesin the yield of the

fragments emitted at very forward (or backward)angles in the centerof mass.

This is because of the limitedangular coverageof the arrayat forwardlaboratory

angles (which correspondto eitherveryforward or backward angles in the

source frame). This uncertaintyis reflected in the errorbars in Figure I11.15.

The errorbars were constructedby fitting the angulardistributionfor each

fragmentto a linear plus exponential fit in addition to the quadraticfit mentioned.

(The error bars were also multiplied by the factor foreach targetshown in

Figure 1II.15.) Only for the tightest and the heaviest fragments is therea

significant differencebetween the integrated crosssections obtained by these

two different fitting procedures.

The distributions of the total cross sections show a smoothly decreasing

function for each targetup to Z=30, and then increaseslightly (forthe A1targe0

or remains nearlyconstant (the heaviertargets). This type ofdistribution could

result from several differentprocesses. The smoothly decreasing distribution
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Figure Ili.15" Angle-integratedcrosssections for fragments detected in the

reactions La + Al, V, Cu, andLa. For all fragments, the statistical error bars are

smaller than the points. The error bars shown were determined by fitting the

experimental angulardistributions to a quadratic and to alinear plus exponential

function. In all cases, the error bars have been multiplied by the same factor as

theexperimental data.
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could be a result of some type of multifragmentation. This would lead to a

depletion of the cross section for the heavier fragments and an increase for the

lighter fragments. The flattening of the distribution for the heavier targets could

be a result of an increase in the excitation energy of the system formed

(compared to the Al target). This increase in excitation would then lead to an

increase of fission and complex fragment emission from the source, again

depleting the cross section at high Z values and increasing the yield at lower Z's.

III.B. COINCIDENCE RESULTS

As discussed in Section III.A.3, coincidence results can be used to

determine features of the reaction that cannot be well determined by the inclusive

data. Additionally, fragment-fragment correlations can further clarify re.actlon

mechanisms that may be occurring.

III.B.1. Total Charge Distributions

The total charge detected for ali coincidence events, and also for events

in which the multiplicity of complex fragments n is equal to 2, 3, and 4, is

shown in Figure III. 16. Several features are readily apparent by examining

Figure IR. 16. One of the most striking features is the peak at Ztot=52 for n=2

for the reaction on La. This peak is most likely the result of an oxide coating on

the target due to poor vacuum. For the higher multiplicity events for the La

target, this peak disappears, showing that there is little contamination in the hf3

and 4 events. As the event multiplicity increases, the tail at lowZtot for each

multiplicity and target decreases. This tail arises from the incomplete detection
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Figure III. 16: Total charge distributions for multiple fragment events for the

reactions La + Al, V, Cu, and La. The top row of histograms are the

distributions for all events; the lower rows are for events with a multiplicity of

complex fragments n equal to 2, 3, and 4.
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of a higher multiplicity event (i.e. for an n=3 or 4 event, only 2 complex

fragments were detected).

The values of the centroids of the distributions for each target and

multiplicity are shown in Table III. 1. For the Al target, the eentroid remains

nearly constant independent of the multiplicity. The missing charge (Zp+Z t -

Z_,tot)in this reaction can easily be accounted for by light particle emission (both

pre- and post-equilibrium) and by any target-like-fragment remaining after an

incomplete fusion reaction.

This is not the case for the reactions La + V, Cu, and La. For these

reactions, the centroid increases as the multiplicity increases. The most likely

reason for this missing charge is the lack of detection of complex fragments

emitted to large angles. This is especially true for the reaction La + La, in which

the total charge detected in n=4 events is still less than half the total charge of the

system. One can easily see by examining Figures 1il. 1-8 that the yield of

heavier complex fragments decreases at large angles. However, the light IMF's

(4<Z<10) can still be emitted to angles greater than that covered by the array.

The values of the centroids are also lower for the heavier targets as compared to

the A1 target. This can be caused by the missing of fragments, but also by the

increased evaporation and pre-equilibrium emission of light particles from the

heavier targets, due to the increase in available energy (in the center of mass) as

the target mass increases.

III.B.2. Z1-Z2 Correlations

Shown in Figure HI,17 are contour plots in the Z1-Z2 plane for.the

reactions with each target. In order to remove any possible experimental bias for
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the detection of light or heavy fragments, the identification of the fragment as Z1

or Z2 has been randomized.

Table III.1 Centroids of the Ztot distributions as a.funetion of complex fragment ....

multiplicity. The * for the n=2 eentroid for La indicates that the peak at Ztot=54

from the reaction La + O has been ignored.

ii

Multiplici_ AI V Cu La

2 50.44-I-5.26 40.12-I-12.0 33.12+14.4 23.51-I-10.4.
i i

3 51.99-I-5.06 42.39:1:9.30 39.31-I-9.92 33.37-I-10.9
i i i|i i

4 52.24:t: 3.18 46.15:1:7.04 43.51+ 8.10 36.70-2:7.42

The Z1-Z2 plot for the reaction on A1 shows a ridge at constant Z1+7_2,

with only a small amount of yield below this ridge line. This ridge is an

indication that the decay of hot nuclei formed in this reaction is essentially binary

and from a well defined source. Along this ridge line the yield is mostly due to

asymmetric combinations of the two fragments (one fragment heavy, the other

light), but there is some yield at more symmetric splits.

For the V and Cu targets, the Z1-Z2 plots lack the binary ridge of the Al

reaction. This shows that the decay of the composite system formed in these

reactions is not well characterized by the identification of 2 fragments. By

examining the total Z detected for these two targets for n=2 events, one can see

that the tail extending to low total Z makes up a large portion of the distribution,

which shows up ascontours filling in the entire space available in the Z-I-Z2

plane.
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Figure HI.17: Contour plots of yield in the Z1-Z2 plane for the reactions La +

Al, V, Cu, and La.
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For the reactionon the La target, the yield at the constant ZI+Z2 ridge

line is due to the oxygen contamination. Although the statistics for this target are

poor, the asymmetric andsymmetric fission events are visible along this line.

Thereis appreciableyield at lowerZ1-Z2 correlationdue to the reactionson the

La target. Foreach targetthereis yield atlow valuesof Z1-Z2 correlation.This

is due to complexdecays in which more thantwo fi'agmentsareproduced.

Althoughthis effect is not largefor thereactionLa + Al, its importanceincreases

as themass of the targetincreases, so that for the reactionsLa+ Cu andLa + La

multiplefragmentevents dominatethedistributions.

IH.B.3. Source Velocity Distributions

As discussed in Section III.A.3, if a hot nucleus undergoes statistical

decay, then the source velocity of a fragmentcan be extractedfrom the centerof

a Coulomb circle, and is independent of the fragment charge. However, for the

experimentstudied, the plots in the V2.-VIIspacedo not exhibitwell defined

circles, so this method fails. The source velocity for the reactions studied was

determined event-by-event by use of Eq. 111.3.The source velocity distributions

for reactions on each target are shown in Figure Hl.18. To ensure that the

kinematic reconstruction was adequate,the source velocity was determinedonly

for those events in which the totalcharge detected was greater than 30. The top

row of histograms is the total distribution;the lower histograms are gatedon

multiplicity of complex fragments equal to 2, 3, and 4. The arrows above each

column refer to the source velocity for complete fusion for each terget. The

centroids of the distributionsfor each multiplicityand target are-given_inTable

111.2.
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Figure m.18: Source velocity distributionsf_r multiplefragment events for the

reactions La + Al, V, Cu, andLa. The arrows above each column refer to the

source velocity for complete fusion for each reaction. The rows of histograms
1

refer to the totaldistributionand the distributionfor events with a multiplicityof

complex fragments n equal to 2, 3, and4.
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FigureIII.19: Distributionsin theVs-Ztot plane for n=2 and 3 eventsfor the

reactionsLa + Al, V, andCu.
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As the multiplicity n increases, the tail at low source velocity decreases.

This is similar to what _sseen with the total Z distributions and gives further
6,

indication that the tail arises from incompletely detected events. For each target

and multiplicity (except for n=4 for the reaction La + Al), the source velocity

decreases as the multiplicity of complex fragments increases. For the Al target,

the total Z remains constant for the n=3 and 4 events. This is not the ease for the

heavier targets, where the Ztot increases with multiplicity. Because source

velocity and impact parameter are correlated (central collisions have a lower

source velocity) this could indicate that a more central collision is needed to

produce the higher multiplicity events.

Table Ill.2 Centroids of the source velocity distributions (as a fraction of beam

velocity) as a function of complex fragment multiplicity for each target studied.

i

Multiplicity Al V Cu La

2 .896+.032 .875:!:.056 .865:t:.076 .890+.056
i

3 .884+.030 .844:t:.052 .836+.058 .824+.080
MI I I

4 .887+.036 .826:!:.044 .808:t:.056 .777+.056
i

For each target and multiplicity, the source velocity is between that of the

beam and the complete fusion product (compound nucleus). This indicates that

the hot nuclei in these reactions are formed by some kind of incomplete fusion

reaction, in which only a portion of the target is incorporated into the projectile.

The fate of the target spectator matter is unknown.

•The decay characteristics of these excited nuclei can be further examined

by comparing contour plots in the Ztot -V s space for the n= 2 and 3 events for
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each target, as shown in Figure III. 19. For the n=2 events, only the reactions

on the Al target are well characterized by the detection of two fragments. The

distribution is centered at a well determined source velocity and total charge.

This is another good indication that the decay of hot nuclei formed in these .....

reactions is essentially binary.

For the heavier targets, the decay is not well characterized in the Ztot -

V s plane by the detection of either two or three fragments. Instead, the

distribution is over a much broaderrange on both the Ztot and Vs axes. Low

Ztot is correlated with a low source velocity, showing that these events have not

been well determined, even by the detection of three fragments.

As the multiplicity increases to n=3, the distribution in the Ztot-Vs space

narrows slightly compared to that for n=2, but is still very broad. This is an

example that, at these energies, hot nuclei are formed over a range of impact

parameters, and it is difficult to focus on a specific source of complex

fragments.

III. B. 4. Decay Probabiliiies

The width of the source velocity distribution arises from two different

sources - the evaporation of light particles and the formation of sources at

different impact parameters. It has been estimated that about half of the width of

the source velocity distribution for the reaction La + Al is due to light particle

evaporation, and that this fraction decreases as either the target mass or the

bombarding energy increases (BLU91). In other words, it is possible to focus

on an impact parameter range of a reaction by gating the dataon different source

velocities.
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The probability of decaying by an n-multiplicity event can be calculated

for different gates of the source velocity distribution. This probability is simply:

V(n)
p(n)._y(2)+Y(3)+Y(4) (III.4)

in which P(n) is the probability, Y(n) is the yield of multiplicity n events at a

certain source velocity. Thus, Y(2), Y(3), and Y(4) are the yields of n=2, 3,

and 4 events at that source velocity.

A plot of the decay probability P(n) as a function of source velocity is

shown in Figure II1.20 for each target studied. This figure shows that the decay

probability is nearly independent of the target mass over the entire range of

source velocities. One can further examine the results from Figure III.20 by

converting source velocity to excitation energy to remove the beam velocity term

from Figure HI.20. First, the mass of the source must be determined. It can be

inferred from the source velocity by assuming conservation of momentum in an

incomplete fusion reaction where the excitation energy (and the laboratory

velocity) of the unfused fragment is zero. The mass of the source is then:

Vb
As=Ap _s (III.5)

in which Ap is the projectile mass, and Vb and Vs are the beam and source

velocities, respectively. The total excitation energy of the incomplete fusion

product is:

E*= As'Ap
As Eb (II1.6)
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in which Eb is the beam energy in MeV. Equation 111.6also neglects reaction Q-

values, which arequite small compared to the total excitation energy of the

system. This total excitation energy is then divided by the source mass to give

the excitation energy per nucleon of the source.

The conversion from source velocity to excitation energy has several

assumptions that may not be valid. The first is that any target remnant left after

the incomplete fusion reaction remains at zero laboratoryvelocity and excitation,

which is probably not true. However, the velocity and excitation ate most likely

very small. The second is that the event has been completely characterized by

the detection of 2, 3, or 4 fragments, which is probably valid for the A1 target (in

which Ztot remains fairly constant independent of the multiplicity). For the

other targets, however, Ztot increases with multiplicity, indicating that some

fragments are not detected. The third assumption is that no excitation energy is

lost from pre-equilibrium emission of light particles, which also is not valid for

these reactions. However, the net effect of the second two assumptions would

only be to contract the distribution to lower excitation energies. The same

general trend in the P(n) distributions would still be present.

A plot of the decay probability P(n) as a function of excitation energy per

nucleon of the source is shown in Figure III.21. To first order, this decay

probability is shown to be dependent only on the excitation energy of the

system, not on how that system was formed. Another feature is that the decay

probability for higher fold events does not show a rapid increase as the

excitation energy increases past 5 MeV/A. This is at odds with many

multifragmentation models (as stated in Chapter I), which predict an increased

probability of+multffragmentation as the excitation energy passes 5 ,,,

MeV/nucleon.
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Figure llI.20: Decay probability P(n) as a function of source velocity for

multiple fragments events for ali reactions studied.
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Figure 1TI.21"Decay probability P(n) as a function of maximum excitation

energy pcr nucleon of the source for multiple fragment events for ali reactions

studied.
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III.B.5. Charge-Dalitz Plots

•Anotherwayof characterizingreactionsin which:threecomplex

fragmentsaredetectedis tOconstruct a charge-Dalitzplot of theZ's of the three ....

fragments. A schematicof a Dalitz plot is shownin FigureI11.22.The scales in

the figurerunfrom theedges of the triangleto the oppositevertexandhave a

value of Zi/Ztot in whichZi is the charge of the fragmenti ( i - 1, 2, or 3)and

Ztot is the total chargedetectedin the event. The fragmentsarerandomizedas to

which is 1, 2, or 3; andthe minimum Ztot for whichanevent was characterized

in this way was taken to be 30 in order to guarantee good kinematic

characterizationof the event. In a Dqitz plot, if the yield is concentrated at the

vertices, then the event has one large fragment and two small ones. Yield along

the edges corresponds to 2 medium and one small fragment;yield in the center is

due to ne_ly symmetric 3-body splits, k

Contour plots in the Dalitz space for the reactions on the Al, V, and Cu

targets are shown in Figure 111.23.The La target was not included due to poor

statistics. For the most part, the yield in the Dalitz plots _breach target is

concentratedat the vertices. Forthe Al target,the contour in the center of the

plot is actuallydue to a hole. As the mass of the targetincreases,the yield along

the edges andin Le centerincreases. As thisoccurs,the peaks at the vertices

decrease. This shows the increasingimportanceof more symmetric.decayas the

targetmass increases.

" As with the decayprobabilitydistributions,it is possible to see how the]
charge-Dalitz plots change as a function of source velocity (excitation energy).

The source.-velocitydistributions for the n=3 events showing the limits of the

gates of the source velocity are shown in Figure IH.24. Contours of the
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Figure111.22:Schematicdiagramof a charge-Dalitzplot.
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Figur¢ III.23: Charge-Dalitz plots for the reactions La + Al, V, and Cu.
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Figure Ill.24: Source velocity distributionsfor n=3 events for the reactions La

+ Al, V, and Cu. The dashed lines correspond to the limits of the low and high

source velocity used as gates for the charge-Dalitzplots.
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Figure M.25" Charge-Dalitz plots for the reactions La + Al, V, and Cu gated on

low source velocity.
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Figure III.26: Charge-Dalitz plots for the reactions La + Al, V, and Cu gated on

highsourcevelocity.
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distributioninDalitz-spaceareshowninFiguresIII.25andUI.26fortwobins

ofsourcevelocity.83<(Vs/Vbeam)<.88and.88<(Vs/Vbeam)<.93.Important

differencesareseenbetweenthechargeDalitzplotsgatedonsourcevelocity.

Forthehighsourcevelocitybin(whichcorrespondstolowexcitationenergy),

thebulkofthedistributionisatthevertices,meaningthatthepreferreddecay'at

lowexcitationistooneheavyandtwolightfragments.Thereareholesinthe

centersofthespaceforthereactionsLa+ AlandV,indicatingthatthe

probabilityofsymmetricdecayislow.FortheCu target,thereismerc

distributioninthecenteroftheDalitz-space,whichismostlikelyduetothe

contouringprocess.Athigherexcitationenergy(lowersourcevelocity)the

yieldinthecenterandalongtheedgesincreasesforeachtarget,indicatingthere

morecentralcollisionsareneededtoproducemercsymmetricdecays.

rn.s.6RelativeVelocityandAngleMeasurements

Inordertodeterminewhetherthereactionmechanismthatproducesthree

complexfragmentsissequentialorsimultaneous,therelativeanglesand

velocitiesbetweenpairsoffragmentsinn=3eventswerecalculated.The shapes

ofthesedistributionsaresensitivetothemechanismofthebreakup.Fora

simultaneousbreakup,therelativevelocitiesandanglesbetweenpairsof

fragmentsaresimilar.On theotherhand,inasequentialbreakup,thefirst

scissiondefinestwodirections,sothatonefragmentisdetectedapproximately

180°fromtheothertwo.

Histogramsoftherelativevelocitiesandanglesbetweenpairsof

fragmentsinn=3 eventsforthereactionsontheAl,V,andCu targetsareshown

inFiguresIII.27-29,respectively.TheLa targetwasnotincludedinthis
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analysis due to poor statistics. In those plots, HI refers to the relative velocity or

angle between the heaviest and the middle-sized fragments, HL to the heaviest

and the lightest fragments, and IL to the middle and lightest fragments,

One of the most striking features in Figures m.27-29 is the fact that the

relative velocities and angles between pairs of fragments are quite insensitive to

the target mass and dependent only on which pair of fragments is examined.

The sharppeaks in the relative velocity spectra at 2 cre/ns is what is expected if

the relative velocity is Coulomb-like in origin. However, the fact that these

velocities can extend to greater than 4 cre/ns could indicate that there is some

kind of interaction among the three fragments, boosting the velocities of each.

Withineachtarget,importantdifferencesareseenintherelativeangles

betweenpairsoffragments(independentoftheidentityofthetarget).One of

themostimportantfeaturesisthestrongpeakat0rel=160°-170°fortheHI and

HL pairs.Thisisagoodindicationthatthesetwofragmentscouldarisefrom

thefissionofa heavyresidue.The backwardpeakingisnotasstrongforthe

HL pair,butcouldstillindicateafission-likeoriginforthisfragmentpairalso.

The relativeangledistributionfortheILpairshowsnopeak.

The averagerelativevelocitybetweenpairsoffragmentsinn=3 events

hasbeenusedtojudgethecentralityofthecollision(BOU88).Iftherelative

velocities between the three pairs of fragments show a large difference, the

production of the three fragments could be due to the fissioning of the target in a +

peripheral collision (in normal kinematics). On the other hand, similar relative

velocities can only arise from symmetric divisions of the nucleus. As shown in

the charge-Dalitz plots gated on source velocity (Figures RI.25 and 26),

symmetric decays preferentially occur for central collisions..The centrality can

be expressed by calculating a quantity Y, which is related to the divergence of
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FigureIH.27:Relativevelocityandangledistributionsbetweenpairsof

fragmentsinn=3 eventsforthereactionLa + Al.Hl referstotheheavy-

medium fragmentpair,HL totheheavy-lightpair,andILtothemedium-light

pair.
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FigureIII.28: Same as FigureIII.26for thereactionLa + V.
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Figure III.29: Same as Figur¢ III.26 for the reaction La + Cu.
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FigureIII.30:DistributionsintheY-<vrcl>planeforthereactionsLa + Al,V,

andCu.
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the relative velocities between the three pairs of fragments in the n---3events, and

is defined as:
. . - • , ) , .. ° • .....

Y= <vrel>- vrel,min (111.6)

in which <Vrel> is the average relative velocity between the three pairs of

fragments and Vrel,min is the minimum relative velocity. This expression has

been used to gate on event centrality for the reaction Kr + Au at E/A= 43 MeV

(BOU88). In that reaction, two sources of n=3 events were found,

corresponding to peripheral (Y>2 cre/ns) and central (Y<2 cm/ns) collisions.

Contour plots of the value of Y as a function of <vrel> are shown in Figure

III.30 for the reactions La + Al, V, and Cu. Only one source of n=3 events is

apparent for these reactions, and the distributions are almost identical for each

target studied. The values of Y for these reactions are similar to those used to

identify the central collisions in the reaction Kr + Au at E/A = 43 MeV,

indicating that the n=3 events in this study probably arise from central collision.

III.C. RECOIL DETECTORS

The results for the recoil detectors will only be described in the most

general terms. The results will not be used to attempt to characterize any specific ....

mechanism, due to the problems described in Chapter II. However, one can use

these results to give a general picture of what may be occurring. Even though it

is possible, in principle, for events in the recoil are to be detected in coincidence

with multifragment events in the array, the coincidence rate was too lo.w, so that

events could not be kinematicaUy reconstructed.
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As discussed in ChapterII, there were many experimental difficulties

involving the recoil detectors. Because the time-of-flight and the energy of the
t,

...... " ' ;'fragments" were observed for events in which no target Was"in the beam, it was

necessary to determine which range of time-of-flight and mass of fragments

corresponded to real events. In order to determine whether a signal in any of the

recoil detectors corresponded to actualdetection of a fragment, correlation

functions were constructed for the time-of-flight and the mass for "fragments"

detected in the recoil arc. The correlation function has the form:

t-b
Rl2=t--_ (III.7)

in which t is the yield with a target in placeand b is the yield with no target. The

sum of the yields over ali times was normalized so that the function has a value

between -1 and 1. The time-of-flight correlation function is shown in Figure

III.31 for the Al, V, and Cu targets. It is clear that times measured to be less

than 50 ns or greater than 100ns do not correspond to real events in the

detectors.

-With a window on the time-of-flight of 50 to 100ns, the correlation

functions were then constructed for the mass of the particles, the results of

which are shown in Figure III.32. The condition on the mass of the fragment

being a real mass is 50 to 100ainu. This condition is a result only from the

correlation function, not from an actual physical limit of the detector system.

Therefore only those fragments with a time-of-flight between 50 and 100 ns and

a mass between 50 and I00 amu were further analyzed.

Histograms of the energy distributions of re.coilfragments for reactions

on the V, Cu, and La targets are shown in Figure 111.33.The Al target was not
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Figure HI.31' Correlation function as a function of time-of-flight of the

fragments detected in the recoil arc for the reactions La + Al, V, and Cu.
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Figure m.32: Correlation function as a function of mass for fragments detected

in the recoil arc for the reactions La + AI, V, and Cu. A window on the time-of-

flight of 50-100 ns was used.

135



45 MeV/u La+X

1,0 ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' '

PA1 recoil masses,time>G0 nsoV
ACu

0.5 --

[]

O

 o.o-

,,,,I,,,,I,,,,I .... I ,,,,
o 25 50 75 1oo I_5

m_ss

136



included due to poor statistics and the fact that the window of the mass of the

recoil does not allow target-like fragments for the reaction La + Al. As

expected, the energy distributions are skewed heavily toward low energies, with
• o ., ....

almost no fragments having energies greater than 25 MeV.

Histograms of the recoil mass distributions are shown in Figure III.34.

For the V target, most of the distribution is at mass less than 75. The yield in

the mass distribution below mass 60 is most likely due to quasi-elastic

scattering. The same is also true for the peak in the mass distribution at mass 60

for the reaction La + Cu. The peak at mass 70 for the reaction La + V most

likely involves some type of pick-up mechanism, in which mass is stripped

away form the La projectile. For the reaction Nb + Be, it is possible for this

type of stripping to occur at these energies for intermediate and large (b>5 fm)

impact parameters (CHA88b). For the recoil mass distribution for the La target,

the TLF is at mass that is outside of the window allowed by the correlation

function (Figure III.25). However, the peak in the mass distribution is in the

region of about one-half the target mass. This could be an indication that the

collision might be central enough to cause the TLF to fission.

The angular distributions of these recoil fragments are shown in Figure

III.35. The distribution is skewed towards lower angles, with no yield near the

grazing angle of approximately 90 °. This is because those fragments emitted to

larger angles are not energetic enough to make it out of the target and be above

the detector thresholds. The yield at forward is most likely due to the dissipative

nature of the reactions producing these fragments, with an appreciable amount of

energy loss. Because of the lack of coincidence measurements between the

recoil events and array events, it is not possible to determine Q-values for these

reactions.
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Figure 111.33: Histograms of the energy of fragments detected in the recoil arc

for the reactions La + V, Cu, and La.
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Figure 111.34:Histogramsof the massof fragmentsdctocteMin the recoil arcfor

the reactions La + V, Cu, andLa.
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FigureIII.35: Histogramsof the angulardistributionsof fragmentsdetectedin

the recoil arc for the reactionsLa + V, Cu, andLa.
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CHAPTER IV REACTION_MODEL CALCULATIONS

Except for a very narrow range of projec_e-target combinationsin which

the available energy (in the center of mass) is fairly small, the statistical model of

compound nucleus decay (incorporating incomplete fusion and the full range of

decay asymmetries), as discussed in Chapter I, fails to reproduce experimental

observables in intermediate energy heavy-ion reactions. These observables

include fragment cross sections, angular distributionsand fragment-fragment

correlations. Additionally, even systems whose decay can be well characterized

by the statistical model (BOW87)can also be described by othermodels

(GRO88, PI91). Because the statistical model does not take into accountpre-

equilibrium emission, fast-fission, and other dynamical effects, a more realistic

way of describing the early stages of a reaction is needed.

Within the past 10years, a plethora of dynamic_ models have been used in

an attempt.tocharacterizereactions at intermediate energies. These models,

which go under the names Boltzmann-Uehling-Uhlenbeck (BUU), Vlasov-

Uehling-Uhlenbeck (VUU), Boltzmann-Nordheim-Vlasov (BNV) and Landau-

Vlasov (LV) are ali essentially semi-classical versions of time-dependent Hartree-

Fock calculations. Ali of these models include a term for the mean fields of the

eoUidingnuclei and a collision term for individual nucleon-nucleoncollisions.

While the BUU (or VUU) and LV (or BN'V)models are based on the same

theory, differences are found in some of the results that can be calculated, such as

collective flow effects in heavy ion reactions (I-IAR88). Although these models
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provide a characterization of the dynamical processes occurring during the early

stages of reactions, they cannot account for the statistical emission of complex

fragments once equilibrium is reached (ADO91). However, these calculations

can be coupled to statistical decay models. This can then provide a description of ......

the reaction from the earliest moments (which are governed by dynamical

considerations) until equilibrium is reached and fragments are emitted

statistically.

This chapter describes the use of dynamical and statistical reaction models

to characterize the reactions studied. The first section describes the dynamical

calculations. The second discusses the statistical decay model. The third section

compares the calculated results to those from the experiment.

IV.A THE LANDAU-VLASOV EQUATION

IV.A.IThe VlasovEquation

The Vlasov equation (VE) was originally used to describe the behavior of

particles in a stellar gas (NEU84), but it can be applied to the study of collisions

between quantum particle systems where individual collisions are either inhibited

by the Pauli principle or negligible due to the diluteness of the system (REM85b).

The VE can be considered to be the projection of the exact phase space onto the

class of solutions given by a group of coherent states (pseudo-particles) moving

in a mean field (REMg5a). For a dynamical system governed by a time

dependent Hamiltonian H(r,p;t), in which r and p are the position and

momentum vectors, the VE gives the time evolution of the phase-space.
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probabilitydistribution. If f(r,p;t) is the one-bodyphase-spacedensity

distribution,the VE has the form:

elf

Dtf=_- + {f,H}=O (IV.l)

(GRE87,REM85a), in whichDt is the differentialoperatorwhichdescribesthe

conservativeforceson the particles(REM85b)and

{f,H}_-_mVrf.VpfVrU (IV.2)

(GRE85b)in which U is the potentialof the mean field andm is themass. The

potential li(r) canhave theform of a density dependentSkyrmeinteraction

(GRE87, SEB89) or a Gogny force, which takes intoaccount the non-locality of

nuclearforces (SEB89). The Skyrme interactionhas the form:

U(r,p) = a-p--+ b(p/po)l+v (IV.3)
Po

(SEB89). The parametersa, b,and v arefit to thedensity, binding energy, and

compressibility of thenucleus,respectively,and p and Po aretheactualand

equilibriumnucleardensities. The timedependenceof theHandltoniancan arise

fromthe actionof anexternalfield orfromthe averagefield in the case of a self-

interactingmany particlesystem. The VE conservesmass, charge, energy,and

momentumandis Gatileaninvariant.The coherentstatedistributionssucceedin

reproducingbulknuclearproperties(nuclearmattersaturationdensity,

exponentialfalloff at thesurface)ascomparedwith otherapproaches_85b).
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Solutionof the VE is accomplishedby useof a pseudo-particlemethod,in

which each nucleon correspondsto be a finite numberof pseudo-panicles. If

f(r,p;to) is a solution at time to, and

dr_ p (IV.4)dt-m

and
d_p-dU
tit- dr (IV.5)

then the solutionat time t is (GRE87):

f(r,p,t) -_drodpoS[r-R(ro,Po;t)]5[p-P(xo,Po;t)]f(ro,Po;t) (IV.6).

These arc the basesof numericalsolutionsof the VEif thephase space

distributionis consideredas an ensembleof phase-space ceUs(pseudo-particles)

which behave like classicalparticles. Because a finitesetof point-like particles

cannot describe a continuous phase-space function,numerical solutions based on

pseudo-particletrajectoriesamount to a coursegrainingof the phase-space,

followed by a randomsampling of the grains (GRE87).

This method can only be used for static studiesof the nucleus, such as the

preparation of the nucleus before studying nuclearreactions. Fordynamical

studies of heavy-ion reactions, thefunction f(r,P;0 can b¢decomposed into a

static distributionfolded with a dynamical function thatplays the roleof the

moving basis for the distribution. Thisdecompositionthen has/he form:

f(r,p;t) = w(r,p) • da(r,p;t) (IV.7)
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(ORE87) in which w is the static distribution and da is a dynamical function.

The function da can be considered to be a collection of gaussian wave packets.

This reduces to the pseudo-particle method if da is a delta function (GRE87).

The function w(r,p) has the form:

w(r,p) = O(EF- <H>d) (IV.8)

(GRESSa) in which EF is the Fermi energy and <H>d is the energy of the

coherentstatecenteredat (r,p).

For use in actual calculations,

N

f(r,p;t) = _w(r,p) d_(r-ro,p-po;t) (IV.9)
n=l

(GRE87) in which N is the total number of coherent states (pseudo-particles,

gaussians). The variable N is chosen by requiring the stability of the solutions

against variations in the results, and r-ro and P'Po are the _'idths of the

gaussians in space and momentum, respectively (GRE87).

The widths are chosen to reproduce nuclear radii and binding energies.

Because of the finite number of coherent states, there will be some numerical

fluctuations in the solutions of f(r,p;t). However, because the actual solution of

the VE is done by a Monte-Carlo method, the fluctuations should be averaged

out. Any information that relies on the observation of dynamical fluctuations can

be lost because of this. Fortunately, most observables are quantities averaged

over the phase-space (REM85b).
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ThesolutionoftheVE isusefulasanapproachtostudyingnuclear

reactionsforseveralreasons:

I)Sinceitispositive,itcanbeinterpretedasaprobability

distributionofanassemblyofpseudo-particles.

2)Becauseitissemi-classical,theinterpretationofitspropertiesis

easier.

3)ltcanbecoupledtoacollisiontermtoaccountforindividual

nucleon-nucleoncollisions(REM85a).

IV.A.2 The Landau-Vlasov Equation

TheLandau-Vlasovequation(LVE),alsoknown astheBoltzmann-

Nordheim-Vlasov(BNV) equation,arisesfromthecouplingoftheVE toa

collisionterm.Thisallowsforthestudyoftheinterplaybetweenone-andtwo-

bodyinteractionsinheavy-ionreactions(REM85a).Forthemostpart,the

collisiontermusedistheUehling-Uhlenbcckcollisionterm(REM88,REM85b,

GRE85, PI9I,LERg0). Forapplicationsusingthecollisionterm,EquationIV.I

ismodifiedsothatithastheform:

df
Drf-_-+ {f,H}=Icoll (IV.lO)

in which Icoll is the collision integral. The resultant LVE is a dynamical

approach which describes the time evolution of the one-body phase-space density

under the influence of the self consistent mean field and nucleon-nucleon

collisions (LER90).

The collision integral Icou has the form"
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Icoll=. g^ ^_dP2dP3dP4-_-[A]5(b)8(c) (IV.II)
4mZ_ , c_z

with

A= [(l-fl')(1-f2')f3f4-(l-f3')(1-f4')flf2] (IV.12)

b= (pI+ P2" P3" P4) (IV.13)

and

c--(_1+ _2-_3"_4) (IV.14)

in which g is the degeneracy, fi is the distribution function, li' is the occupation

number, Pi is the momentum, ei is the energy of pseudo-particle i (i= 1,.2 before

the collision and 3, 4 after) and d__ois the nucleon-nucleon cross section
dfi

(REM85b, PI91).

The cross section term d_.o.ais the effective (in-medium) nucleon-nucleon
d_

cross section:

_,dU_eff dt_(E)_free
t,d-_J "( d-_ J (1-Y(p)) (IV.15)

(GRES7) inwhichY(p)isadensityscalingfactorwhichaccountsforthe

reductionofthecrosssectionasthedensityincreases.SincecollisionsatE/A <

100MeV occuressentiallyatthesurface,thisin-mediumcorrectionisoflittle

importance(<10%) attheenergiesstudiedinthisexperiment(GRE87).

Thecollisiontermdescribedaboveisonlyvalidforapplicationtoadilute

quantumgas,butthestronglyinteractingsystemofanucleuscanbeconsidered
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as such as long as the Pauli principle is effective (the mean fre_ paths and times

betweencollisionsarclargecomparedtospatialextensionsanddurationofthe

collisions)(GRE85b).

ForactualsolutionoftheLVE, thereactionisconsideredoveraseriesof

timesteps.Ateachtimestep,acollisionbetweentwomstparticlesoccursifthe

followingconditionsarcmet:

1)Duringthetimestep,themst-particlesmustpassthepointof

closestapproach.

2)The distanceofclosestapproachmustbesmallerthan"_Onn/_,

M

inwhichann isthenucleon-nucleoncrosssection.

3)ThecollisionisnotPauli-blocked(BON89).

BecausethephasespaceissampledusingaMonte-Carlomethod,the

followingprocedureisusedtodeterminewhethertwomst-particlesintcracti

1)Two mst-particlesarcrandomlychosenintheoccupied

momentum space.

2)The quantity_.iscalculatedas

I
_.= (IV.16)

(Crnn,ave)(P)

inwhich¢_nn,aveistheaveragenucleon-nucleoncrosssectionand

p isthemst-particledensity.

3)A collisionprobabilityisintroduced:

l'Iij= At/Atcollision (IV.17)

AtcoUision= X/Vrcli,j (IV.18)
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At <Atcoliision (IV. 19)

in which Vrel i_jis the relative velocity between two test-particles

and At is the time step.

4) A random number x (0<x<l) is calculated.

If x is less than Hij, then a collision occurs (BON89).

The main drawback of the use of the LVE is that it is an equation for the

average one-body dis_budon function; it neglects fluctuations and correlations

apart from incoherent two-body scatterings and Pauli principle correlations

(BON90).

IV.B STATISTICAL DECAY MODEL C_ATIONS

The statistical decay of a compound nucleus (an excited nucleus in thermal

equilibrium)wasoriginallydescribedasoccurringbytwoseparatemechanisms-

eithertheemissionoflightparticles(protons,neutrons,ando_particles)orby

syrnmetricfissionffthesystemisheavyenoughorhasahighenoughangular

momentum. (Itshouldbenotedthatparticleemissionorfissioncanonlyoccurif

thesystemisabovetheYrastline.OncethesystemreachestheYrastline,itcan

onlydecaybytheemissionofyrays.)The divisionbetweenthetwo separate

compoundnucleusdecaymechanismswas moreofanillusionthananactualfact

As heavyionswereacceleratedtohigherenergies,compoundnucleiwere

producedwithexcitationenergiesandangularmomentahighenoughforcomplex

fragmentstobeemittedwithalargeenoughcrosssectiontobeeasilydetected.A

,.-.., theory arose (MOR75) that extended the statistical model.to the mass asymmetry
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coordinate. In other words, symmetric fission and .lightparticle emission could

be considered to be extremes of a single decay mechanism.

The statistical decay computer code GEMINI (CHA88a, CHA88b) is based

on this formulation. In GEMINI, all decay channels are considered, from the

emission of light particles, through complex fragment emission, to symmetric

fission. For the emission of light particles, the formalism of Hauser and

Feshbach is used. In this formalism, the decay width to go from the nucleus

(Zo, Ao, Jo) at an excitation energy E* to the residual nucleus (Z2, A2, J2) with

excitation energy U2 through the emission of a particle (Z I, A I, JI) has the

form:

2J+1 J°+J2 E*'B'Er°t(J2)

d TI(e)P2(U2'J2)de (IV.20)
Fj2(Z1, A 1,Z2, A2)-2gPo /=lJo-J2l

in which _ and e are the orbital angularmomentum and kinetic energy of the

emitted particle, P2(U2,J2) is the level density of the residual system with a

•thermal excitation energy U2 and Po is the level density of the original system.

: The value of U2 is determined by:

U2 = .2* - B - ErotO2) - e (IV.21)

in which B is the nuclear binding energy and Erot(J 2) is the rotation plus

deformation energy of the residual nucleus. The transmission coefficients T_(e)

are calculated with ,,hesharp cut-off approximation, in which:
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2z(z+O
TI(_)= 0 if _<Ecoul+ (IV.22)

21m2

and

+.h21 (1 +1) (IV.23)
TI(e) = 1 if _ > Ec°ul 21aR2

inwhich_tisthereducedmass,EcoulistheCoulombbarrier(calculatedusinga

diffusenessofthenuclearradius),andR istheabsorptiveradius.The absorptive

radiusR hasthevalues:

R - 1.16A2113+ 2.6fm forprotonandneutronemission

R = 1.16A2113+ 3.7fm for0temission.

Fortheemissionofheavyfragments,thetransitionsmm formalismof

Moretto(MOR75) isused:

E*-Esad(J o)

r(zl, Al, Z2,A2)- JP2_po sad(Usad,Jo)de (IV.25)

in which Usa d and Psad are the thermal energy and level density of the saddle
..

point configuration, and

Usad = E* -Esad(Jo)-g (IV.26)

in which Esad(Jo) is the deformation plus rotational energy of the saddle point

- configurationandeistheenergyofthetranslationaldegreeoffreedom,-

To determinetheleveldensities,theFermigasexpressionisused:
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x/a exp(2(aU)!/2)
pCLI,J)= 2(J+1)(_2/2J))(3/2) T2" 'U2 (IV.27)

inwhichJ isthemomentofinertiaoftheresidualnucleus(orthesaddle-point

configuration)anda is the level densityparameter.The level density parameteris

taken as a= A/8.5.

For actualcalculations,the integralin the Hauser-FeshbachandMoretto

formalismsaretreatedas a summation,andEq. IV.20 has the form:

2J1+1 m Jo+J2

F(Z1, Al,Z2, A2)-2xPo j2_=0iJ0_.j2_2P2(U2,J2) (IV.28)

with

_2g(l+l) (IV.29)
U2 = E* - B - Erot(J2)- Ecoul- 21,tR2

and

t2=_f _ (IV.30)

wheret2isthenucleartemperature.

Forheavy fragmentemission(includingsymmetricfission),thedecay

width has the form:

1
F(Z1,AI,Z2,A2)- tsadPsad(Usad,Jo) (IV.3I)

2xPo

with

Usad = E*-Esad(Jo) (IV.32)
_
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and

tsad=_ (IV.33).

Sex_ndary products formed in the binary decay of the initial system are

allowed to continue to decay, using the same formalism as above. The spin of

theresidualsystemischosenbyaMonte-Carlocalculationfromthepartialdecay

widthsl"j2(ZI,A 1,Z2,A2)-Foremissionofcomplexfragments,thespinof

thefragmentwascalculatedinthestickinglimit:

J1- JTJo (IV.34)

in which J1 is the spin of the emitted fragment, Jl is the moment of inertia of the

fragment, and J is the total moment of _nertia of the system. The excitation

energy of the emitted fragment was de_ermined assuming equal temperatures of

the emitted fragment and the residual nucleus.

IV.C REACTION MODEL CALCULATIONS

Performance of the dynamical model calculations requires the use of _veral

variables-thenumberofgaussians(test-particles)pernucleon,theirwidthsin

spaceandmomentum,andthecompressibilityofthenucleus.Use ofthe

Skyrmeinteractionyieldsacompressibilityconstantof200MeV. Widthsin

spaceandmomentum arechosentobe1.444fm and0.346MeV/c,respectively,

which reproduce the binding energy and radii of the target and projectile within

20%. Stability of the system at non-reacting (very large) impact parameters was

achieved by using 40 gaussians/nucleon.

=__
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The calculationswere performed for thesystemsLa + Al, V, andCu over a

range of impactparametersand times up to 210 fm/c. The La targetonly studied

in the case of a cenu'alcollision in whichmultifragmentationmay occur. In some

cases, the dynamics were followed until longer times to attempt to verify certain

features of the calculations. For the V target,theca_tculationneeded to be

performed several times for larger impactparameters(b = 5, 6, and7 fm) due to

variations in the results becauseof the Monte-Carlosampling of thephase-space.

These numerical fluctuationsare not necessarilyrelatedto dynamcalfluctuations

in thereaction being studied.

Once the dynamicalcalculationshavebeenperformed, a clusterization

routine (BON90) is used to determine the propertiesof any fragment(s)present in

the calculatedresults. These properties include theZ, A, E*, angular

momentum, angles, andsource velocity of the fragment(s). It should be noted

that these calculationscan account for fast-fission, deep-inelasticreactions,

participant-spectator-likereactions, and (possibly)multifragmentation, so there

may be several fragmentspresent at some (thoughnot all) impact parameters. In

the clusterizationroutine, two test-particlesareconsidered to be in the same

cluster ff the following criteriaare met:

Iri-rjl<D (IV.35)

and

IPi-<P>cl<_-PF2 + 2mBE (IV.36)

in which i and j are two particles in thesame cluster, ri and rj are theft positions,

D is a parameterthat gives the range of the nuclear force, <p>e.isthe momentum

of the center-of-mass of the cluster, PF is the Fermi momentum and BE is the
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nucleon binding energy (approximately 8 MEV). The clusterization routine also

determines the energies and angles of particles (protons and neutrons) not

included in the cluster.

Inordertocombinethedynamicalandstatisticalmodelsdiscussedin

SectionsIV.AandB,itisnecessarytodeterminethetimeatwhichtoendthe"

dynamicalcalculationsandbeginthestatisticaldecaycalculations.Inother

words,atwhattimedoesthereactingsystemreachequilibrium?Becausethe

dynamicalmodelcalculationsincludelightparticleemissionatallstagesofthe

reaction,thedeterminationofthistimeisveryimportant.Ifitistooearlyinthe

reaction,thenequilibriumhasnotbeenreachedandthestatisticalmodelisnot

applicable.Ifitistoolate,thenthepre-equilibriumstagewillalsoincludesome

statisticalemissionoflightparticles,andthepropertiesofthefragment(s)willnot

becorrectlydeterminedforapplicationofthestatisticaldecaymodel.

Inordertodetermineatwhichtimeto"freeze-out"thepropertiesofthe

clustersandstarttheGEMINI calculations,themean energyofthelightparticles

emittedasafunctionoftimeinthereactionsLa + Al,V,andCu atE/A--45MeV

andb=IfrnisshowninFigureIV.1.The linesareincludedtoguidetheeye.

ForthereactionLa + Al,themean energyofthelightparticlesdecreasesuntil

time= 90fm/c,afterwhichtheenergyisconstant.Thischangeinthemean

energyindicatesthetimeatwhichequilibriumemissionofthelightparticles

starts,andisthuscalledthefreeze-outtime.ForthereactionLa + V, thefreeze-

outtimeisslightlylonger,approximately100to110fm/c.Thisismostlikely

duetotheincreaseintheavailableenergyforthereactionontheV target.Itthen

takesmorenucleon-nucleoncollisions(moretime)tothermalizetheenergy.The

fluctuations inthe mean energy of the light particles atJonger times in,the reaction

La + V are due to oscillations in the density of the fusion residue. The same is
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true for the reaction La + Cu. The density of the composite system formed in the

reactions La + V and Cu at b = 1 fm as a function of time is shown in Figure

IV.2. The composite system undergoes an expansion-compression stage, with

the fluctuations in the density at large times leading to fluctuations in theenergies

of the emitted light particles.

The results of the dynamical calculations are also sensitive to the choice of

the value of the compressibility constant. For the reaction La + Cu at an impact

parameter of 1 fm, the density of the composite system as a function of time for

three values of the compressibility constant is shown in Figure IV.3. While the

lowest compressibility constant yields the familiar compression-expansion

oscillations of density, the stiffer constants do not yield this result. This shows

the calculations are sensitive to the input parameters. For the results presented

below, a constant of 200 MeV is used because of evidence of a soft equation of

state at intermediate energies (COL91).

In the case of reactions in which more than one fragment may be present,

the fragments may not be well separated at the freeze-out time, so it is difficult to

determine their properties for application to GEMINI. In such instances, the

- reactions are followed to larger times and the properties are extrapolated back to

the freeze-out time.

For each system studied, the properties of the fragments were

parameterized over a range of impact parameters ( converted to l-waves) for use

in GEMINI calculati_ns. Additionally, the results of GEMINI were placed

through a detector angle and velocity filter before fragment-fragment correlatioml,

source velocity distributions, and other observables were compared to the

experimental results.
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FigureIV.1: Mean energyof light particlesemitted in thereactionsLa + Al

(diamonds),V (squares),andCu (triangles)as a functionof time. The lines are

to guidethe eye.

160



4O

60 80 100 120 140 160

time (fm/c)

161



FigureIV.2:Density of the compositesystem (infm-3) asa functionof timefor

thereactionsLa + V (squares)andLa + Cu (triangles)atb=l fm. The lines are

to guide theeye.
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FigureIV.3: Densityof the compositesystem (in fm-3) asa functionof timefor

thereactionLa + Cu at b=1fm for differentvaluesof the compressibilityconstant

K. The lines areto guidethe eye.
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IV.C.I The ReactionLa + Al

Contourplotsofthetimeevolutionofthedistributionofnucleonsinspace

for the reactionLa + A1atE/A = 45 MeV for arangeof impactparametersare

shown in FigureIV.4. For the most centralcollisions a hot fused system is

formed. At more peripheralimpact parametersthe reactionis more reminiscentof

deep-inelastic collisions, in which a rotatingdinuclearsystem forms and then the

projectileand targetreseparate.Thepicture is less clearfor the intermediate(b =

3 and 4 frn) impactparameters.While at firstglancethese reactionsseem to be

similar to the morecentral collisions, this may not be the case. The possibilityof

a fast-fissionreactionmechanismat these impactparameterswarrantsa closer

look at the distributionof nucleons in spacefor these reactions. (Calculations

indicate thatthe fission barrierfor a systemformed with a chargeand mass

similar to the system .studieddisappears at incoming l-waves correspondingto

an impactparameterbetween b=2 and 3 fm.)

To furtherstudy the possibility of fast-fissionin the dynamical calculations

in this reaction,contour plots of the density of nucleons in space for various

times at bf3 fm areshown in Figure 1V.5. Two centers of density are clearly

present at a time scale that is not inconsistentwith asymmetricfast-fissionfor

systems at similar masses andenergies IN89). Thisdivision is still presentat

timesofupto300fn_'c.

In orderto determinewhether thiseffect is reflected in the experimentaldata

or not, the propertiesof the systemwere determinedat b= 3 and 4 fm both by

consideringthe productto be a single hot nucleus andby dividing in space

between thetwo centers of density. The propertieswere.thenparameterized,

including the informationfromthe other impactparameters,andGEMINI
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Figure W.4: Contour plots of the distribution of nucleons in space as a function

of time for the reaction La + Al over a range of impact parameters. The time

steps are in units of fm/c.
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Figure IV.5: Contourplots of the distributionof nucleons in spacefor the

reaction La + A1at b=3 fm and times of 120, 140, 160 and 180 fm/c. Z is the

beam direction;Y is the out-of-planeaxis.
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calculations were performed.

The experimental fragment cross sections a(Z), and the cross sections

calculated both with and without the fast fission scenarioare shown in Figure

IV.6. The error bars shown for the experimental cross section are the same as

shown in Figure III.15. It is clear that it is necessary to include fast-fission to

reproduce the cross section for fragments with Z < 20. Although the absolute

magnitude of the distribution is not reproduced except for 20 < Z < 30, the

general shape over the entire range of fragments studied is. For the rest of the

results concerning this reaction, the fast fission scenario will be used.

Figure IV.7 shows the total charge and source velocity distributions for the

experimental data (solid line) and the calculation (dashed line) for n = 2 and 3

events. For the n=2 events, the peak in the Zto t distribution is well reproduced

by the calculation, but the tail at low Zto t is vastly underpredicted. This effect is

most likely due to the underestimation of the number of n=3 events. The low

Ztot tail is due to n=3 events for which only 2 fragments were detected. For n---3

events, the model overpredicts the peak of the distribution and underestimates

both the width and the tail. For the calculation, virtually no n-4 events were

produced. The production of four fragments would tend to widen the total

charge distribution of the n=3 events. The model reproduces the peaks in the Vs

distribution within a few percent, but underestimates the tail of the distribution

for the n=3 events. The double peak in the n=2 Vs distribution is most likely due

to the abrupt change in the reaction mechanism between b=2 and 3. This leads to

a discontinuity in the GEMINI parameters at the 1-wave of the transition.

Experimental and calculated charge-Dalitz plots are shown in Figure IV.8.

Although the general trend in the data is reproduced (yield predominantly at the

vertices), the model underpredicts the more symmetric splits, which show up as
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FigureIV.6: Experimental(diamond)andcalculated(circlesand squares)

fragmentcross sections for thereactionLa . AI. The circlesarefor the scenario

not includingfast-fission; the squaresincludefast-fission. The errorbars arethe

same as presentedin Figure III.15.
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Figure IV.7: Experimental (solid line) and model (dashed line) total charge and

source velocity distributions for n=2 and 3 events for the reaction La + Al. The

arrow is at the complete fusion source velocity.
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FigureIV.8: Experimental(top) and model (bottom)charge-Dalitzplots for the

reaction La + Al.
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yield along the edges andin the center of the Dalitz plot. The contours in the

centerofthecharge-Dalitzplotsareduetoholesinthedistribution.

Anotherway ofexamininghow wellthemodelreproducestheexperimental

dataistodeterminethebranchingratiosforn = 2,3,and4 events,asshownin

TableIV.1.Itisapparentthatthemodelvastlyunderpredictstheamountofn= 3

and4 events.So,althoughglobalreactionfeatures(fragmentcrosssections,

ZtotandVsdistributions)arereproducedbythemodel,thefinerfeaturesarenot

beingcalc_:!atedcorrectlyforthisreaction.

Table IV.1 Experimental and calculated proportions of multiple fragment events

for the reaction La + A1E/A =45 MeV.

multi_i_ dam calculation

2 .909 .938
i

3 .086 .042
i

4 .005 .00025
i

Figure III.26 showed the relative velocities and angles between pairs of

fragments for n=3 events in the reaction La + Al. A comparison between the

experimental and calculated relative velocities andangles for this reaction is

shown in Figure IV.9. It is clear that there are many features in the Vre I and 0re1

distributions that are different betweenthe calculation and the experimental data.

While the experimental andthe calculatedpeaksinthe VreIspectra matchclosely,

the model Vre1distributions extend to lower velocities. The II. relative angle

.... distribution is pc_ed at low and high 0rel for the calculation:while the

experimental distribution if fairly fiat. The most likely cause of these differences
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HgureIV.9:Experimental(solidline)andcalculated(dashedline)relative

velocitiesandanglesbetweenpairsoffragmentsforthereactionLa + Al.Hl

referstotheheavy-mediumfragmentpair,HL totheheavy-lightpair,andILto

themedium-lightpair.
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is that,althoughtheglobal experimentalobservables(a(Z), totalchargeand

sourcevelocity distributions)arereproducedbythe model, thefinerfeatures,

such asthe branchingratiosand thecharge-Dalitzplotsarenot. The Vre1and

Oreldistributionsarevery

sensitive to changes in the chargeand angulardistributionsof the three

fragments. Becausethese arenotbeing correctlycalculatedbythe model, the

Vrel andOreldistributionsdifferwhen comparedto the experimentaldata.

IV.C.2 The ReactionLa +V

Density plots of the time evolutionof thedistributionsof nucleons in space

for thereactionLa+ V atE/A = 45 MeV overa rangeof impactparametersare

shownin FigureIV.10. For this reaction,calculationsshow thatthefission

barrierdisappears(fast-fissionstarts)at impactparametersbetweenb = 1 and 3

fm. The densityplots at larger impactparametersshowthatthe fast-fission

channel is readilyapparent(b=3fm, t=150 fm/c)and atlargerimpactparameters

the reactionseems to become moredeep-inelastic-like.As theimpactparameter

is furtherincreased,the results of the dynamicsvary becauseof theMonte-Carlo

sampling of thephase-spaceaswas pointed out in Section IV.C. This is shown

in FigureIV.11 for reactionsat b= 5 fm and t=180 fm/c andFigure IV.12 at bf 6

fm and times of 180 fm/c. At b= 5 fm, the firstrunthroughthe dynamicsyields

a result thatcould be interpretedas being a participant-spectatorscenario,but

other calculatedresultsaremore deep-inelastic-like. Atb = 6 fm, the dynamics

show the same variation.

One way of examiningthecalculatedreactionmechanismsis to determine

the transferof nucleonsbetween the projectileandtarget. Thepercentof
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FigureIV.10: SameasFiguroIV.4 for rhoreactionLa + V.
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Figure IV. 11: Distribution of nucleons in space for the reaction La + V at b=5 fm

and t=180 fm/c for four runs through the dynamical calculations. Z is the beam

axis; X is the in-plane axis.
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Figure IV.12: Same as Figure IV.11 for b=6 fm.
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FigureIV.13: Percentof projectilenucleonsin eachfragmentas a functionof

impactparameterfor thereactionLa + V. Diamondsrepresentthe projectile-like

fragment(PLF),squaresthe target-likefragmentOT,F)andcircles the participant

zone. The multiplepoints for some impactparametersreflect the variationsin the

results for differentrunsthroughthe dynamics.
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projectilenucleons in theCalculatedfragmentsasa functionof impactparameter

is shownin FigureIV.13. At largerimpactparameters,less andless of the

projectileis beingincorporatedinto the target-likefragment(andvice-versa).

This shows thatthe asymptoticbehaviorof thereactionis beingreproduced.As

the reactionbecomes morecentral,a largerportionof the targetis incorporated

into the projectile,so thatfor bf2 (thebeginningof the fast-fissionbehavior)an

equilibrationis reached.

Moreover,centralcollisions show thatcompletefusion takesplace,with the

productat the same projectile-nucleonpercentageas the initial reactingsystem.

Becauseof the variationin results fordifferentrunsatlarge impact

parameters, the propertiesof the fragmentswere parameterizedfor each run

throughthe dynamicsand then used asthe inputsfor GEMINI. The

parameterizationwas also cloneusingdifferentvalues of the freeze-outtimedue

to the uncertaintyin its determination,as shown in FigureIV.1 The calculated

cross sections were thenaveragedoverseveralruns.This is shownin Figure

IV.14 for the calculationat two differentfreeze-outtimes (100 and 105 fm/c) and

the experimentaldata. At t=100 fm/c, the shapeof thedistributionmatchesthat

- of the data, except atlow fragmentZ values. This is most likely dueto the

discretenatureof the dynamics,in whicha changeof one L-wave resultsin a

changeof the reactionmechanism.

The overpredictionof the crosssectionby the calculationarisesfrom the

choice of the freeze-outtime. By usinga larger freeze-outtime, themagnitudeof

the distributionbecomes more similarto thatof the experimentaldata(betweenZ

- 14 and 25), but the overallshape of the distributionis much different. This

change in magnitude,especially for fragmentsaroundZ = 30, is probablydue to

the lowerexcitation energyandangularmomentumof the fusion product. This
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FigureIV.14: Experimental(diamonds)andcalculated(squaresand stars)

fragmentcross sectionsfor thereactionLa + V. Themodel cross sections were

calculatedusing twodifferentfreeze-outtimes. Theerrorbarsarcthe sameas in

Figure III.1S.
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product can either evaporate light particles or undergo fission. Fission is a

function of both excitation energy and angular momentum of the nucleus.

Because the angular momentum is decreased, this leads to a decrease in the

fission of the fusion product, depleting the cross section near symmetry.

Another problem with the calculation of the fragment cross section arises from

the transformation of the dynamical results into parameterized inputs to GEMINI.

As shown in Figures IV.11 and 12, the resulting fragments from the dynamics

can be highly deformed nuclei. However, GEMINI treats ali fragments as

spherical nuclei. The surface energy of these distorted shapes is much higher

than for the equivalently sized spherical nuclei. At this time, GEMINI has no

way to easily treatthe relaxation of these highly distorted nuclei to spherical

nuclei or the decay directly from these distorted shapes. This relaxation would

involve the conversion of surface energy to excitation energy of the nucleus.

The total chargeandsourcevelocitydistributionsfortheexperimentaldata

andthecalculationsforthereactionLa + V areshowninFigureIV.15.A freeze-

outtimeof100fm/cwas usedbecausethistimereproducedtheshapeofthe

crosssectiondistribution.The peakoftheZtotdistributionforn=2 doesnot

matchthedataascloselyasforthereactionLa+ Al.However,thedifferenceis

about4 Z units,whichcouldeasilybeaccountedforbytheemissionoftwo

alphaparticlesor4 H isotopes.ThemagnitudeofthedifferencesintheZtot

distributionsforn=3 betweenexperimentandmodelissimilarforboththeAland

V targets.Thiscouldindicatethatthereisnotenoughlightparticleemission

fromboththeprimaryandsecondaryfragments.The sourcevelocity

distributionsarewellreproducedbythemodel,differingonlybyafewpercent.

ThisissimilartothemodelingofthereactionLa + Al.

Thecharge-Dalitzplotsforthedataandforthemodelcalculationsare
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FigureIV.15: Experimental(solidline) andcalculated(dashedline) totalcharge

andsource velocity distributionsfor n=2 and 3 events for the reactionLa + V.

The arrowis at the sourcevelocity forcomplete fusion.
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FigureIV.16: Experimental(top)andmodel (bottom)charge-Dalitzplots for the

reactionLa+V.
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shown in Figure IV.16. The match between the data and the model in this

reaction is much better thanfor the A1reaction. In both the experimental data and

the calculation,the bulkof the yield is at the vertices (one large and two small

fragments) but there is appreciableyield along the edges andin the center, which

correspond to more symmetric splits of the system.

As with the modeling of the La + A1reaction, the branching ratios earlbe

examined to see how well thecalculation reproduces the data. The branching

ratios of the multifragment events for the reaction La + V are shown in Table

IV.2. The calculation vastly underprediets the n -3 and 4 multiplicity events, and

predicts an even smaller fraction of n=3 events than the calculation of the La + Al

reaction.

The n= 4 proportion is still much smaller than that of the experimental data, but is

of the same order of magnitude, unlike the Al calculation.

Table IV.2 Same as TableH.1 for the reaction La + V

multiplicit_ data calculation

2 .891 .970
IIIIII I

3 .102 .029
Ill

4 .0076 .0011

IV.C.3 The Reaction La + Cu

The dynamical evolution of the reaction La + Cu is shown in FigureIV.17
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FigureIV.17: Same as FigureIV.4 for the reactionLa + Cu.
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FigureIV.18: Distributionof nucleons in space forthereactionLa + Cu atb=l

fm andtimes of 60, 100, 146, and 300 fm/c. X is the in-planeaxis, Y is the out-

of-plane axis.
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for a seriesof impact parameters+Theevolutionof the mechanismwith

increasingimpactparameteris similarto thatof the other targets. However,for

the mostcentralcollisions (b = 1 fm), a new mechanismmay beoccurringthatis

not seen for the more asymmetricsystems studied.

Thedensitydistributionsof nucleonsin space for this reactionat various

times areshownin Figure IV.18. At t=60 fm/c, the system is a hotand very

compressedsystem. As the systemexpands(t=100 fm/c), fluctuationsin the

density distributionstartto form. Thefluctuationsseem toproduceclusters of

nucleons in space (t=140 fm/c). Thismight be theonset of some typeof

multifragmentation.However, theseclustersneverseparatebutcondenseback

into a highly distortedsystemby t=300 fm/c.

The formationof a diskof nucleonsandthe subsequentmultifragmentation

hasbeen link_ to Rayleigh-Taylor-likesurfaceinstabilities (MOR92). In these

instabilities, multifragmentationoccursbecauseof interactionsbetweenthe two

surfacesof the disk. The disk breaksinto sphericalfragmentswith a lower total

surfaceenergy than thatof the disk. Otherdynamicalmodalcalculationsfor

reactionsof similarsystems andenergiesshow the formationof bubbles,rings,

or even donutsof nucleons in space (BAU92, GRO92). The formation of

fragmentsin this reactioncouldalso be relatedto spinodaldecompositionof the

system. This meansthatthe initialcompression-expansionprocessleads to a

region of negative compressibility,in which the system is then unstable

(SUR89).

It is very difficult to determinethe propertiesof the fragments(Z,A,

velocity, and angles)in the multifragmentationscenario. Therefore,thecentral

+collisions wereconsideredto be a hot, fused system and theGEMINIinputs

wereparameterized.The fragmentcross sectionswere thendeterminedand
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Figure IV.19: Experimental (diamonds) and calculated (squares and stars)

fragment cross sections for the reaction La + Cu. The calculated cross sections

are for two different freeze-out times. The error bars shown are the same as in

Figure III.15.
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FigureIV.20: Experimental(solid line) andcalculated(dashedline) totalcharge

andsourcevelocity distributionsforn=2 and3 eventsfor the reactionLa + Cu.
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compared to the actual experimental cross sections. Shown in Figure IV. 19 are

the experimental and calculated fragment cross sections for two freeze-out times,

100 and 110 fm/c. (Two freeze-out times were used for the same reason as for

the reaction La + V.) As with the calculation of the La + V reaction, there is a dip

in the cross section distribution at low fragment Z values most likely caused by

the discrete nature of the calculation. However, there is a large peak in the

distribution at Z = 16 for this reaction. This shows that the GEMINI calculation

is not treating the breakup of the source correctly. In the calculation the cross

section is fairly flat between Z=20 and 36. Changing the value of the freeze-out

time does not tend to change the overall distribution. On the other hand, the

experimental cross section distribution decreases smoothly until Z = 30, where it

flattens out. Additionally, the magnitude of the distribution is much higher than

that of the experimental data (roughly a factor of 3 between Z=20 and 36). This

is a much different result than for the study of the La + Al system, in which both

the magnitude and shape of the distribution were reproduced. Even the

calculation involving the reaction La + V reproduced the shape of the distribution

over the entire range of fragments and was within a factor of two in magnitude.

This could be an indication that some type of multifragmentation is occurring for

this reaction.

To getabetterunderstandingof wherethecalculationmaybefailingin this

reaction,thetotalchargeandsourcevelocitydistributionsof multiplefragment

events were determined using a freeze-out time of 110 fm/c. The longer freeze-

out time was used because the magnitude of the cross section distribution was

more in line with that determined experimentally (even though only the shape was

reproduced for a limited range of fragments and the magnitude _as still much too

high). The total charge and source velocity distributions for the experimental data
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andthe calculationareshownin FigureIV.20. Surprisingly,the sourcevelocity

distributionsfor the n-2 and 3 events arewell reproducedby thecalculation,

differingby only a few percent. This is verysimilar to the resultsof the

calculationsfor the otherreactionsstudied. Because the sourcevelocity is a

characteristicof the early stagesof the reaction, this shows that use of the

dynamicsdoes anexcellentjob of preparingthe system thatwill furtherdecay.

However,neitherthe peaks northe tailsof the Ztot distributionarereproducedby

the calculation. For the n=2 events, the experimentaldistributionis peaked at a

muchlowervalue thanthe calculation. Recall that the modelingof this reaction

.... did not use apossible multifragmentationthat may be occurringfor central

collisions. The lack of agreementbetweenthe calculationand the experiment

could be evidence that sometype of multifragmentationis occurringfor this

reaction. The mechanismof this multifragmentationis stillan importantquestion

that has not been answeredby these calculations.

IV.C.4 The ReactionLa + La

In orderto furtherclarifythe possiblemultifragmentationthat may be

occurring in the reactionLa + Cu for centralcollisions, theLV calculationswere
...

also performedfor the reactionLa + La atan impactparameterof 1 fm. Contour

plots of thedistributionof nucleonsin space for this reactionatdifferent times are

shown in FigureIV.21. It is clear thatfor thisreactionthe dynamicspredictthe

occurrenceof multifragmentation.Becauseit is difficultto determinethe

properities of the fragmentsforthis reaction,the resultsof the LV calculationare

notcombinedwith statisticaldecaycalculationsfor thisreaction. A bettermethod

of treatingmultifragmentationis needed to study this reaction.
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FigureIV.21: Density of nucleonsin spacefor thereactionLa + La atE/A = 45

MeV and b=1 fm att - 60, 100,and 140 fm/c.
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CHAPTER V SYSTEMATICS AND DISCUSSION

By comparing the results presented in Chapter III and modeled in Chap.terIV

to similar reacting systems at intermediate energies, it may be possible to gain further

insight into the mechanism of complex fragment emission. The bulk of the

experimental work of the Maryland-LBL collaboration over the past several years has

been the systematics of complex fragment emission in La-induced reactions from

E/A= 35 to 55 MeV. In Section V.A these results, including modeling of the reaction

La + A1 at E/A=55 MeV, will be compared andcontrasted to the data in this study.

Section V.B includes a further discussion of the relative velocity and angle

measurements presented in Chapter III. Comparison of the data presented in Chapter

HI and Section V.A to other studies at intermediate energy is made in Section V.C.

Systematics of the fast-fission mechanism, and how this mechanism may be

applicable in this study, are discussed in Section V.D. Finally, a summary of the

discussion is presented in Section V.E.

V.A LA-INDUCED REACTIONS AT E/A= 35-55 MeV

The systematics of complex fragment emission have been studied over a range

of bombarding energies in order to examine how the mechanism(s) responsible for

fragment production evolve as both the mass of the target and bombarding energy are

changed. This produces systems with an overlapping range of excitation energies,

allowing comparison between different systems and energies.

The Z1-Z2 coincidence plots are shown in Figure V.1 for the reactions La +

C, Al, V or TJ, and Cu or Ni at E/A=35, 40, 45, and 55 MeV (ROU92). In this plot,
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the data from the Ti and V targets and Cu and Ni targets are presented in the same

columns because their atomic numbers differ only by one.

For the reactions on the C target at E/A=35 and 40 MeV, the decay of the

system is essentially binary. The Z1-Z2 plane is populated along a ridge line at

constant total Z. However, there seem to be two different mechanisms involved in

these reactions - asymmetric and symmetric fission. As either the target mass or the

bombarding energy increases, the symmetric fission channel decreases, so that for the

reaction La + Ti at E/A=35 MeV only asymmetric fission occurs. The ridge line of

constant total Z is an important feature of the Z1-Z2 plots up to the reaction La+Al at

E/A=45 MeV. The asymmetric binary decay is present in this reaction at E/A=55

MeV and for the reaction La +Ti or V at the lower energies. The increasing

importance of multiple fragment decay (not to be confused with true

multifragmentation) is shown by the increase in the yield below this ridge line, so that

for the heavier systems at the highest energies the reaction cannot be well

characterized by detection of two fragments.

As shown in Figures III. 13 and 14, the angular distribution of a fragment in

the center-of-mass shows an evolution from backward to forward peaking as the

fragment charge is increased. This is true for ali systems and energies studied. Only

for a narrow range of Z values is the isotropic distribution characteristic of statistical

emission processes observed. The binary ridge line in the Z1-Z2 plots shown in

Figure V. 1 for the C and A1 targets is due to both asymmetric and symmetric fission.

The angular distributions and the Z1-Z2 plots indicate that the symmetric fission is

due to normal, equilibrium fission of a compound nucleus. This type of fission is

seen in the system La + C at E/A=50 MeV (BOW87, BOW89a, BOW89b). The

asymmetric events could be caused by a type of fission called fast-fission, in which

the system is formed at entrance/-waves above the fission barrier. Fast-fission
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Figure V.I" Linear contour plots of yield in the Z1-Z2 plane for the reactions La + C,

AI, Ti or V, and Cu or Ni at E/A=35, 40, 45, and 55 MeV (ROU92).
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reactionswill bediscussedin detail in SectionV.D.

Contourplots in theZtot - Vs plane for n=2 eventsfor ali systemsand

energiesstudiedareshowninFigureV.2(ROU92). The linesinFigureV.2

correspondtothecompletefusionsourcevelocity,thearrowsareattheprojectile

charge(57)andthenumbersrefertotheavailableenergyinthecenterofmass

assumingcompletefusion.ForthereactionLa+ C atE/A= 35and40MeV, the

distributioniscenteredatawelldeterminedsourcevelocityandtotalcharge.The

sourcevelocityisbetweenthatoftheprojectileandcompletefusion,showingthat

sometypeofincompletefusionreactionoccurs.ThisisconsistentwiththeZI-Z2

plotspresentedinFigureV.I.As thetargetmassorbombardingenergyincreases,

thedistributionspreadsthroughouttheZtot-Vs plane.Thisshowstheincreasing

importanceofreactionsoverawiderrangeofimpactparametersforthesereactions.

Thisalsoshowstheincreasingneedofexaminingtheresultsathighmultiplicityfor

heaviersystemsandhigherbombardingenergies,becausethedecayingsystemisnot

welldefinedbythedetectionoftwocomplexfragments.

Thecharge-DalitzplotsforthereactionsLa + Al,V orTi,andCu orNiat

E/A=35,40,and55MeV areshowninFigureV.3(ROU92).AtE/A=55 MeV, the

centralcontourisduetoa holeinthedistribution.Forthereaction-La+CatE/A=35

and40MeV, thenumberofn=3eventswastoolowtopreparethecharge-Dalitz

plots.Forthelightersystemsatthelowerbombardingenergies,thecharge-Dalitz

plotsshowyieldonlyatthevertices,meaningthatthepreferreddecaymechanismfor

thesesystemsisonelargefragmentandtwosmallones.As eitherthemassofthe

targetorthebombardingenergyisincreased(whichincreasestheavailableenergyin

thecenter-of-mass),themoresymmetricdecaymodesbecomepossible,fillinginthe

charge-Dalitzspacealongtheedges(2medium-massandonelightfragmen0andthe

center(threeequal-sizedfragments).EvenfortheLa+ Cu systematE/A=55MeV,
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Figure V.2: Linear contour plots in the Ztot - Vs plane for the reactions La + C, Al,

Ti or V, and Cu or Ni at E/A=35, 40, 45, and 55 MeV. The lines indicate the

complete fusion source velocity, the arrows are at the charge of the projectile (57) and

each number is the available energy in the center of mass for each reaction, assuming

complete fusion (ROU92).
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Figure V.3: Charge-Dalitz plots for the reactions La + Al, Ti or V, and Cu or Ni at

F_,/A---35,40, and 55 MeV (ROU92).
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the yield at the vertices is higher than in the center, showing that the preferred decay

channel is still to decay into one heavy and two light fragments.

For the reactions La + C, Al, V or Ti, Cu or Ni, and La at E/A=35, 40, 45,
.. •.. ,

............ and 55 MeV, the decay probabilities for multiple fragment events were determin'ed as ......

a function of source velocity. The source velocity was then converted to excitation

energy using the prescription of equations III.5 and III.6. The decay probabilities as

a function of source velocity are shown in Figure V.4 (ROU92) It should be noted

that the excitation energy scale is the maximum excitation energy available, and could

be 20-30% lower due to pre-equilibrium emission of light particles, recoil of any

targetresidue, and incompletely detected events. That said, there are many

remarkable features in Figure V.4.

"lhe first is that over the entire range of energies and targets studied, the

probability of decay into n fn_gments is independent of the system being studied,

except for the reaction La + C. The probability of multiple fragment decay in the La +

C reactions is systematically lower than for the other targets because the width of the

source velocity distribution is due almost entirely to light particle evaporation

(BLU91, ROU92). Due to this effect, using cuts in the source velocity (excitation

energy) to select an impact parameter may not be applicable for this system. At high

excitation energies, the probability of higher fold events for the Al target is lower than

for other targets. This may be because these excitation energies correspond to the tail

of the source velocity distribution, which could be due to incompletely detected

events.

Another important featu_ arises if the excitation functions for each en_gy are

superimposed. The excitation functions for the different bombarding energies

•correspond very closely. This shows that the decay probability is alsoindepcndent of

the bombarding energy, and dependent only on the excitation energy of the system.
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Figure V.4: Decay probabilities as a function of exci_tion energy pcr nucleon of the

source for the reactions La + C, Al, V or Ti, Cu or Ni, and La at E/A = 35, 40, 45,

and 55 MeV (ROU92).
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In other words, statistics seems to play an important role in multiple fragment

emission from highly excited systems formed in these reactions.

The excitation functions also show a smooth increase in the probability of the

higher mtiltiplicity events a_ the available excitation energy increases. This is at odds

with many multifragmentation models which predict a sharp increase in the "

probability of multifragmentation as the excitation energy increases beyond 5 MeV/A.

Maximum excitation energies of greater than 8 MeV/A have been reached in these

studies, with no discontinuity in the excitation functions, within the caveats of the

incomplete fusion mechanism. Even decreasing the excitation energy by 20-30 %

still leaves greater than 5 MeV/A of excitation energy, beyond the supposed

multifragmentation limit.

Another feature shown in the excitation functions is the limiting excitation

energy for the onset of the higher multiplicity events. This limit is 2-3 MeV/A for

n=4 events at E/A= 35 and 40 MeV and about 4 MeV/A at the higher bombarding

energies. Lower excitation energy corresponds to a higher source velocity. At higher

bombarding energies, this source velocity is at the very limit of the distribution. For

example, an excitation energy of 2 MeV/A corresponds to a source velocity of 0.95

beam velocity at E/A = 45 MeV. Events with this high of a source velocity are not

detected at E/A = 45 MeV (see Figure fILl8). Almost no n=5 events were detected

until the bombarding energy reached E/A= 55 MeV, with an excitation energy for the

onset of production of five fragments of about 7 MeV/A.

The calculations performed in ChapterIV to model the reactions at E/A--45

MeV have also been performed for the reaction La + AI at E/A-55 MeV (COL91).

As with the results at E/A-45 MeV, the results at E/A-55 MeV have been filtered

through the detector geometry and velocity acceptance._Theexperimentaland

calculated fragment cross sections are shown in Figure V.5. This figure is very
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Figure V.5: Experimental (open points) and calculated (filled points) fragment cross

sections for the reaction La + Al at E/A=55 MeV (COL91).
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similar to Figure IV.4. The overprediction of the cross section for heavy fragments is

most likely due to the experimental uncertainties in the determination of the cross

sections for theses fragments. The total charge and source velocity distributions for

the multiple fragment events (n = 2, 3; and 4) are shown in Figure V.6 (COL91)..

The peak of the total charge distributions for the n = 2 events for the model closely

matches that of the data. However, the tail of the distribution is not reproduced. The

discrepancy for the total charge distributions for n=3 between the data and the

calculation are similar to that for the reaction La + Al at F,/A = 45 MeV. The

calculation reproduces the peak of the source velocity distributions, but the widths of

the distributions are not reproduced for either the n = 3 or 4 events. The experimental

and calculated branching ratios for this reaction are shown in Table V. 1 (COL91).

The simulation at E/A = 55 MeV does a much better job of reproducing the

experimental branching ratios than at E/A=45 MeV, but still underestimates the yield

of n=4 events.

Table V. 1 Experimental and calculated proportions of multiple fragment events for the

reaction La + Al E/A = 55 MeV.

li i i

multiplicity data calculation

2 .869 .855
I I .... II I

3 .122 .144
i u

4 .0088 .0017
i i

The experimental and model charge-Dalitz plots for this reaction are shown in

Figure V.7 (COL91). The calculated data is shown both before and after filtering

through the detector acceptance. Although, for the most part, the calculated results
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FigureV.6:Experimental(solidlines)andcalculated(dashedlines)totalchargeand

sourcevelocitydistributionsformultiplefragmenteventsforthereactionLa + Alat

E/A=55MeV (COL91).
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FigureV.7: Experimentalandcalculatedcharge-Dalitzplots forthereactionLa + Al

atE/A=55MeV (COL9I).
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La + Al E/A - 55 MeV
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reproduce the experimental data, there seems to be a lack of population in the center

of the charge-Dalitz space (symmetric splits), similar to the result of the simulation at

E/A=45 MeV.

V.B CO'_'i_IOlq FUNCTION ANALYSIS

In Section III.C, correlation functions were used to determine which features

of the recoil fragment energy and mass spectra actually corresponded to beam on

target. They can also be used to determine whether features in the experimental data

are correlated in time and space or arise from random processes. For the n=3 events

in the reactions La + Al, V, and Cu at E/A=45 MeV, they have been used to

determine whether the features in the Vre I and OreI spectra are real or random. Once

this has been accomplished, the correlation functions can be compared to those

calculated for reactions of similar systems and also for simulations of different

scenarios of the breakup mechanism.

The correlation function has the form:

R-F
RI2-R+ F (V.1)

in which R and F are the yields at constant VreI or 0rel for real and uncorrelated

events, respectively. The uncorrelated events were constructed by taking the

properties of one fragment from each of three different n=3 events. The total yields

are normalized to each other so that the correlation function has the values -1<

R12<l.

Correlation functions of the Vre 1and 0rel were constructed for each pair of

fragments in n=3 events for the Al, V, and Cu targets, and are shown in Figure V.8.
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FigureV.8: Correlationfunctionsfor therelativevelocities andangles betweenpairs

of fragmentsfor the n=3 events forthe reactionsLa + Al, V, and Cu atE/A=45 MeV.

HI refers to the heavy-mediumfragmentpair,HL to the heavy-lightpair,and IL to

the medium-lightpair.
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The labelsHI,HL, andILreferto theheavy-intermediate,heavy-light,and

intermediate-lightfragmentspairs,respectively.Thereareseveralimportantfeatures

inFigureV.8.Thefirstisthattheshapeofthecorrelationfunctionforeachfragment

pairisindependentofthesystemstudied.Thisisanotherindication,alongwiththe

excitationfunctions,thatthedecaymechanism(s)whicharebeingstudiedarenearly

independentofthetargetmass.The Coulomb-likepeakintheVreldistributionat-2-

4 cm/nsisarealeffect.An indicationoftheCoulombicoriginofthispeakisthedip

tonegativevaluesofthecorrelationfunctionatlowVieI.Thisdipislargestforthe

HI pairandsmallestfortheILfragmentpair.Thisisexactlywhatwouldbeexpected

iftheVreIisduetoCoulombrepulsionbetweenthefragments,becausetheHI pairis

theheaviestsystem,andwouldnotbeexpectedtohaveasmallVreI.

ExaminationoftheOreIcorrelationfunctionsforeachpairoffragments,

shows that the peak at 0tel = 140°-150° for the HI fragment pair is also real. This

peak is less pronounced for the HL pair, and the flat distribution for the IL pair

indicates that there is no feature in the 0rel distribution of the IL pair that can be

linked to correlation in time and space. The dip in the correlation function at low 0rel

is also largest for the HI fragment pair. This is another indication of the Coulomb-

like origin of the relative velocities and angles, because Coulomb repulsion will

deflect the I-Hfragment pair to large relative angles.

In Chapter HI, different cuts in the Vs distribution were used to select an

excitation energy (impact parameterrange). In this way, changes in the charge-Dalitz

plots, for example, could be linked to changes in the excitation energy of the system.

The same can be done with the correlation functions. The same gates on the

excitation energy, 3-5 MeV/A and 5-7 MeV/A, were used for the correlation functions

as were used for the charge-Dalitz plots shown in Figures HI.24 and 25. This covers
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the range of excitation energy before and after which multifragmentation has been

predicted to occur.

The correlation functions for the low and high E* bins are shown in Figures

V.9 and V.10. Although the relative angle correlation functions do not seem to

change with excitation energy, there seems to be an increase in the yield at higl_er

relative velocity (>3 cre/ns) and high excitation energy compared to low excitation

energy for the HI fragment pair. This increase in the yield at high relative velocities

can be explained as an increase in the more symmetric decays at higher excitation

energy. If the relative velocity is due to Coulombic repulsion, then the maximum

velocity would occur for a symmetric decay. The charge-Dafitz plots gated on

excitation energy, shown in Figures III.24 and III.25, indicate an increase in the

more symmetric decays (increased yield at the edges and center) at higher excitation.

Correlation functions of this type have also been constructed to study the

reaction Au + Al at E/A = 50 MeV (PEA90) and Ne + Au at E/A = 60 MeV (BOU89).

These correlation functions are shown in Figures V.11 and V.12, respectively.

These correlation ft:nctions are very similar to those in this study, showing a

similarity in the reaction mechanism over a range of systems and energies. The

excitation energies inferred in these reactions are also quite similar to those in the

reaction La + Al at E/A--45 MeV.

The correlation functions in Figure V.12 have been simulated by three

different scenarios (shown in the figure): simultaneous break-up (dotted fine),

sequential break-up with a long time between the emissions (dashed line) and

sequential break-up with a short time between emissions (solid line), lt is clear that

the simultaneous mechanism (multifragmentation) fails to reproduce the experimental

correlation functions. On the other hand, both sequential.mechan/sms reproduce

major features of the experimental correlation functions. The sequential mechanism

with a short time between decay processes allows mutual Coulomb interaction among
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Figure V.9: Same as Figure V.8 at low excitation energy (high source velocity).
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FigureV.10:Same asFigureV.8athighexcitationenergy(lowsourcevelocity).
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45 MeV/u La+X, low Vs
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Figure V. 11: Correlation function of the relativo velocities and angles between pairs

of fragments in hf3 events for the reaction Au + Al at E/A=50 MeV. The subscript

23 refers to the heavy-medium fragment pair, 13 to the heavy-light pair, and 12 to the

medium-light pair (PEA90).
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Figure V.12: Correlationfunctionsof therelativevelocities andangles betweenpairs

of fragmentsin n=3 events for thereactionAr . Au atE/A--60 MeV. The subscripts

referto the same fragmentpairsas FigureV.11. The pointsarcthecxpcrimcntal

data. The dotted line is for a simulationof a promptmultifragmcntation.Thedashed

line is for a puresequentialmechanism,andthe solid line is for ase,qucntial

mechanismwith a shorttime betweendecay steps (BOU89).
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the three fragments, and seems to reproduce the experimental data better than the pure

sequential mechanism.

V.C OTHER REACTIONS AT INTERMEDIATE ENERGIES

As stated in Chapter I, nuclear reactions at intermediateenergies have been

extensively studied over the past decade. A new generation of 4_ detectors has

allowed the study of complex fragment emission in coincidence with charged particle

and neutron multiplicity measurements. This section presents results from these

different detector systems with an eye towards clarifying the systematics discussed

previously in this chapter and in Chapters IH and IV.

Two of the most interesting aspects of nuclear reactions at intermediate energy

have been the persistence of lower energy mechanisms, such as deep-inelastic

reactions and compound nucleus formation, to fairly high bombarding energies

(BOW87, BORgS) and the production of a high multiplicity of complex fragments in

reactions at intermediate energies. The observation of many fragments in the f'mal

state of nuclear reactions in this energy region is now a common occurrence

(BOW91b, HAG92, KIM89, KIM91, TRO89). Less clear is the mechanism for

their emission. The production of many fragments has been called genetically

"multifragmentation", without discerning between prompt and sequential

mechanisms. Deep-inelastic reactions can also produce intermediate mass fragments

(IMF's) leading to a many body final state (BOR88). By examining certai'nfeatures

of the experimental data (and comparing features over a range of systems and

energies), it may be possible to determine which features are consistent with true

multifragmentation.
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V.C.1. Velocity Plots

Plots in the parallel velocity and perpendicular velocity space (VII-V.L)were

used in Section HI.A to determine whether the emission of complex fragments was

due to a statistical mechanism. These plots can also be used to identify different

sources of particles or complex fragments emitted in nuclear reactions.

For the reaction 136Xe + 209Bi at E/A=28.2 MeV, the VII-V.j.dis_bution of

protons detected in coincidence with 6 complex fragments is shown in Figure V. 13

(LOT92). There are clearly two sources of the protons, one centered at the center-of-

mass velocity of the target, the other at that of the projectile. This shows that a high

multiplicity of complex fragments can arise in deep-inelastic-like reactions.

This is at odds with the study of the reaction Xe + Au at E/A=50 MeV.

Velocity plots of alpha particles (top) and C fragments (bottom) are shown in Figure

V.14 (BOW92a). The left (fight) side of each figure are the velocity plots of the

representative fragment in coincidence with low (high) charged particle multiplicity.

This is used to gate on peripheral and central reactions, lt is clear that the velocity

spectrum of the alpha particles for peripheral collisions shows two sources. This is

consistent with Figure V. 13. However, central collisions in this reaction yield a

source with a velocity in between that of the projectile and target, and it is only for the

central collisions that a high multiplicity of complex fragments detected. A similar

results is seen for the C fragments. This figure shows that the reaction mechanism

changes as the multiplicity of charged particles changes. Figures V.13 and V. 14

show the evolution of the reaction mechanism producing IMF's as the bombarding

energy is increased.

Velocity plots can also be constructed for ali IMs detected in a heavy-ion

e_ _eriment. Figure V.15 shows just such a plot for events in which 5 complex
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Figure V.13: Contour plot of the distribution of protons in coincidenco with 6 IMF's

in Vli-V.l. spac_ for tho reaction Xc + Bi at E/A = 28.2 MeV (LOT92).
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Figure V.14: Contour plots of the distributionof alpha particles (top) and C

fragments (bottom) in VH-V.I.space for the reaction Xe + Au atE/A = 50 MeV. The

left half of the figure is for low charged particle multiplicity (peripheralreactions); the

right half of the figure is for high charged particle multiplicity (central collisions)

(BOW92a).
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FigureV.15: Contourplots inVlI-V.kspaceof IMF'sfor n=5 events for the reaction

Kr+ Au at E/A=43 MeV (BOU88).
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FigureV.16: Contourplots in VI]-VLspaceforC fragmentsemittedin the reaction

3He + Ag atE/A=1.2 GeV. The top halfis for fragmentsdetectedin coincidence

with one ]NIF,the bottomhalf for coincidenceswith 3 IMF's. The lettersin the top

half of the figurecorrespondto the arrows(fromleft to right) indicatingthe source

velocity of the contour(YEN91).
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fragmentswere _tecmd forthe reaction Kr + Au atE/A=43 MeV (BOU88). The

angularranges in FigureV.15 aretherangesof angles atwhichcomplexfragments

were detected. Forthe n=5events, 92%of the events hada majorityof the fragments

detectedbetween30° and 150°. Thesefragmentshave acommonorigin, shownas a

single centerfor the contours. On the other hand,eventswith a majorityof fragments

detectedat forwardangles do notshow a common origin.

Velocity plots havealso been constructedfor C fragmentsdetected in the

reaction3He + natAg atE/A=I.2 GeV, shownin Figure V.16 (YEN91). The top

halfof this figureshows contoursforthose fragmentsin coincidencewith only one

otherIMF;the bottomhalfis for a coincidencewith threeotherIMF's. In the tophalf

of the figure, the sourcevelocity (arrowson thevii axis) seems to increasewith an

increasein the velocity of thefragment.The leers for each contour indicatethe

arrow(fromleft to righ0 correspondingto the _nu'oid of the contour(source

velocity). This shows that C fragmentsare beingomittedby manydifferentsources.

Onthe otherhand,the contoursin thebottom halfof the figure show a common

sourcevelocity. This figurehelpsto show thatthereactionmechanismcanalso

changeas the IMFmultiplicitychanges. Additionally,otherfeaturesof thereaction

areconsistentwith the emissionof fragmentsfroman expandedsource (YEN91).

V.C.2 MultipleFragment Emission

TheXe-inducedreactionshowninFigureV.14ispartofasystematicstudy

ofIMF emissionatE/A=30MeV rangingfromthereactionXe + C toXe + Au

(BOW92b).ThemultiplicityofIMFs asafunctionofchargedparticlemultiplicityis

showninFigureV.17.Becausechargedparticlemultiplicityis£_relatedwith

excitationenergy,thefigureshowsthat,inthesereactions,theIMF multiplicityisa
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Figure V.17: Mean multiplicity of IMF's as a function of charged particle multiplicity

for Xe-induced reactions At E/A = 50 MeV (BOW92b).
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FigureV.18: Meanmultiplicityof IMF'sas a functionof chargedparticlemultiplicity

for thereactionXc + Au atFAA= 50 MeV. The solidpointsaretheexperimental

data,the tines, crosses andopenpoints arepredictionsof differentreactionmodels

(BOW91b).
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function of excitation energy and not of the reacting system. This is similar to the

results presented in Figure V.4 for the La-induced reactions from E/A=35-55 MeV.

For the reaction Xe+ Au at E/Al50 MeV, the IMF multiplicity as a function

ofcharged particle multiplicity is shown as the solid points in Figure V.18. The

dashed lines, crosses and circles in Figure V.18 are the predictions of standard

statistical decay models for this reaction which have been tiltered through the detector

acceptance. It is clear thatthese calculations do not reproduce the observed

multiplicities. The diamonds and stars in Figure V. 18 are the predicted multiplicities

for an expanding compound nucleus decay model. The stars have been filtered

through the detector acceptance to show the distortion of the distribution due to the

limitations of the detector system. This model does a much better job at reproducing

the experimental ]MF multiplicities than standardstatistical models.

This is different conclusion than from the study of the reactions 12C, 180,

20Ne, 40At + natAg, 197Au at E/A=30 to 84 MeV (TRO89). The mean multiplicity

of IMF's as a function of excitation energy is shown in Figure V. 19. The dashed line

is a sequential calculation (CHA88a, CHA88b); the solid is the result of a

multifragmentation model (BON85b). It is clear thatthe multifragmentation model

overpredicts the IMF multiplicity for reactions on each target. The sequential

calculation reproduces the IMF multiplicity for the reactions on the Au target..
.,

However, the reactions in this _tudyare of very asymmetric projectile-target

combinations, leading to fairly low excitation energies. It is not surprising, then, that

the sequential model fairly well reproduces the ex_ntal data. It is only when

reactions produce a high multiplicity of IMFs that statistical sequential models fail to

reproduce the experimental data, such as in the reaction Xe + Au at E/A = 50 MeV

previously discussed.

The reaction 40Ca + 40Ca at FJA=45 MeV was studied using a 4_:detector
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Figure V. 19: Mean multiplicity of IMF's as a function of excitation energy in the

reactions 12C, 180, 20No ' and 40At + Ag, Au at E/A ffi30-84 MeV. The solid lines

arc the prediction of a multifragmcntation model, the dashed line is for a sequential

decay calculation (TRO89).

26!



12C, 180, 20Ne, 40Ar + natAg, 197Au
E/A - 30 to 84 MeV

r , I J ' I" ' ,! " ' I ' '
e,s'

20 - ^,., .' -• i. I

t"%_ i'
o"

i

ao"
t

1.5 /' __

. -_

A 1.0 ..... "_- ........................
LI..

_ . i l I I l_i ', I" i
v 2.0 - Au .,.,,.,,.,,.'""

s.,,, 'S-

.o .r

4.o '°

1.o ....."":-"-'_--'" -- ........
, I i I i I ' I ,

0 200 /_00 600 800 1000

<E,> (MEV)

262



Figure V.20: Fragment Z distributions (points) for the reaction 40Ca + 40Ca at E/A

= 35 MeV. The solid line is the prediction of a multifragmentation model. The

dashed and dotted lines are the predictions of sequential decay models (HAG92).
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system (HAG92). In order tO concentrate on central collisions, only events with a

large charged particle multiplicity were analyzed. Experimental and model charge

distributions for this reaction are shown in Figure V.20. The solid line is the result of

a multifragmentation model (SA85), the two dashed lines are sequential decay models

(CHA88a, CHA88b, RIC90). It is clear that standard sequential mechanisms fail to

reproduce the charge distributions. However, use of the expanding emitting source

model (FRIg0) (used in the study of the reaction Xe + Au at E/A=50 MeV) does

reproduce experimental observables.

The expanding compound source model (FRIg0) has been successfully used

to treat the complex fragment emission in which the IMF multiplicity is very high

(BOW9 la, HAG92). Is the consideration of fragment emission from an expanding

source a realistic assumption? In Chapter IV, Figure IV. 16 showed that highly

compressed nuclei can undergo some type of expansion. Fragments can then form,

whether due to Rayleigh-Taylor surface instabilities or by spinodal decomposition or

by some other mechanism (MOR92, GRO92, BAU92). Use of BULl and LV

calculations in the reaction Ca + Ca atE/A=35 MeV show that the initial compression

is followed by an expansion (until rf70 fm/c) (HAG92). Use of the expanding

compound nucleus model has also been successfully applied to other reactions.

(FR190)

There are many different models that have been used to study multiple

fragment emissioninheavy-ionreactions.Thesemodelscanbeclassifiedas

dynamical,statisticalorhybrid(acombinationoftwoormoremodels,eachfora

differentstageofthereaction),andpromptorsequential.TableV.2listssome ofthe

modelsthathavebeenusedtointerpretexperimentalresults.

•While.at fast it may seem that these models axe not compatible, the statistical

and hybrid models assume that at some stage of the reaction, the decay of fragments
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isduetoequilibriumemissionofparticlesorfragments.Additionally,thepurely

statisticalmodelsdonotdescribetheearlystagesofthereaction,whicharcgoverned

bydynamcalconsiderations.However,thefactthatseveralofthemodelscanbe

usedtointerpretthesameexperimentalresultsshowsthedifficultyinattemptingto

definenew reactionprocessesintheintermediateenergyregion.

TableV.2:Theoreticalmodelsusedatintermediateenergies.

ii ill

Model Statistical(S), Sequential(S)or Experiments

dynamical(D),or Prompt(P) Studied

Hybrid(H)ii,

Gross(GRO88) S P 50MeV/u La + C

35 MeV/u Ca + Ca
I I Illl I I II I

GEMINI S S 50MeV/u La + C

(CHAgSa) 25+30 MeV/u Nb

+Be, AIi i

EES (FRI90) H S 50 MeV/u Xe + Au

35 MeV/u Ca+ Ca
i,

RAM (LER90) H P 25-65 MeV/u Ar +

AI
i

QMD(AIC88) D P 1.05 GeV/u Ne +

Au

266



V.D. FAST-FISSION SYSTEMATICS

Fast-fission (or quasi-fission) is a reaction mechanism that occurs in heavy-

ion reactions and can be considered to be the connection along the L-wave coordinate

between compound nucleus (CN) and deep-inelastic (DI) reactions. Originally, the

boundary between the CN and DI reactions was assumed to occur at some l-wave

(called lcrit) which is the maximum angular momentum for fusion. However, there

are cases in which lcrit is at values greater than the L-wave at which the fission

barrier disappears (/Bf). These reactions occurring between lcrit and LBf are called

fast-fission reactions. In other words, fast-fission occurs when the compound

nucleus is formed at such a high angular momentum that the symmetric fission barrier

is zero. The nucleus is trapped behind the barrier at the entrance channel asymmetry,

but once mass equilibration occurs the nucleus can then fission (HIN89). A

schematic diagram of the cross section along the 1-wave coordinate illustrating this

process is shown in Figure V.21 (GRE82). A visual picture of the fast-fission

process is shown in Figure V.22 (TOK85).

One of the main features of fast-fission type reactions is fission-like mass (or

charge) distributions but a lack of isotropy in the angular distributions of the emitted

fragments. (Recall that isotropic angular distributions of fragments is one of the

features of the statistical decay of hot nuclei.) The study of fast-fission reactions has

usually been associated with lower energy reactions, in which a distinction is sought

between fusion-fission and deep-inelastic reactions. For example, study of the

reactions 50Ti, 56Fe + 208Ph at E/A from 5-8 MeV showed fragments with an

anisotropic angular distributions in the center-of-mass (except for symmetric fission

fragments). For fragments with Z less than Zsymmetry, the angular distribution

' showed forward peaking, while heavy fragments showed backward peaking
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Figure V.21: Schematic diagram of the differential cross section da/d_ as a function

of L-wave for reactions in which Lcr is below (a) and above (b) the fission barrier.

Lcr is the critical L-wave for compound nucleus formation and LBf is the L-wave at

which the symmetric fission barrier disappears (GRE82).
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Figure V.22: Schematic diagram illustratingthe differences between compound

nucleus, fast-fission, and deep-inelastic reactions (TOK85).
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Figure V.23: Contour plots in the 0cm-mass plane for fragments emitted in U-

induced rgactions at E/A = 6 MeV (TOK84).
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(LUT86).Itshouldbenotedthatthereactionsinthisstudywereinnormal

kinematics.Useofinversekinematicsreactions,suchasinU-inducedreactionsat

E/A=5.4and6.0MeV, showedheavyfragmentswithaforward-peakeddistribution

andlightfragmentswithabackward-peakedangulardistributionfrOK84).The

angulardistributionsasafunctionoffragmentmassforthesereactionsissho_,nin

FigureV.23.ThereactionsU +O andAlshowisou'opicangulardistributionswitha

yieldatthemassduetosymmetricfission.However,increasingthetargetmass

eliminates the yield at symmetryandincreasesthe driftin the massesof the target

-like and projectile-likefragments.The driftin the mass correlateswith driftin the

center-of-massangles atwhich fragmentsaredetected. This driftin mass and angle

is due to fast-fission typereactions. The angulardistributionsshownin Figure V.23
/"

are similar to those presentedin FiguresIII.13 and 14.

Thereis evidence thatfast fissionreactionzcan occurat bombardingenergies

of upto E/A=100 MeV. The ZI-Z2 plots for thereactionLa+ C atfour bombarding

energiesareshown in Figure V.24 (Bowglb). The ratiosof the forward-focused

cross section to the backward-focusedcross sectionfor thereactionsatE/A=50, _0,

and 100MeV areshown inFigure V.25 (BOW91b). At E/A= 18 and 50 MeV, the

yield is due to symmetricfission andfragmentsare emitted isotropically,indicativeof

a fusion-fissionreaction. Howeverat E/A= 80 and 100 MeV, thereareboth

symmetricand asymmetricfission events. The symmetricfragmentsstill have

isotropic angulardistributions,but the light (heavy)fragmentsareemitted backward

(forward)in the sourceframe. Theyield at higherenergies is substantiallylower than
.,

the dotted line correspondingto ZP+ZTdue to the increasedemission of light

particlesathigherenergies. Otherexperimentsat similarenergies(CAS89) havealso

shown afast-fission component.

The angulardistributionsof the fragmentsenfittedin the reactionLa + C at
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Figure V.24:Z1-Z2 coincidence plots for the reaction La + C at E/A=IS, 50, 80, and

100 MeV. The dashed line is at Ztot=63, the sum of ZP+ZT (BOW89b).
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FigureV.25: Forwardto backwardratioof the cross section for fragmentsemitted in

thereactionLa + C at E/A-50, 80, and 100MeV. The dashedline indicatesisotropic

emission (BOW89b).
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E/A = 80 and 100 MeV have also been interpreted as due to the formation of the

composite system at an energy just below the onset of a participant-spectator

mechanism (BOWglb). This system can then emit fragments before it fully relaxes

from an extended geometry (such as in Figure IV. 11), leading to the anisotropic

angulardistributionsofemittedfragments.

The timescaleassociatedwithfission(bothfast-fissionandequilibrium

fission)hasbeenstudiedbyuseofneutronmultiplicitymeasurements.The mean

lifetimecanbecalculatedfromthedecaywidthVn,withthelifetimeequalto_/rn.

The lifetimeisverysensitivetotheexcitationenergyofthenucleus,decreasingbya

factorof20astheexcitationenergyisincreasedfrom75to150MeV (HIN89).The

time-scalesassociatedwithfusion-fissionandfast-fissionforavarietyofreactions

leadingtotheformationofZ = 77and78nucleiatbombardingenergiesupto

E/A=26 MeV areshowninFigureV.26(HIN89).AsYmmetricfast-fissionisfound

tooccuronatimescaleofseveral10-21s,andthetimedecreasesastheexcitation

energyofthesystemincreases.Thistimescaleforfast-fissionisslightlyslowerthan

thatassociatedwiththedynamicalcalculationsperformedinChapterIV.However,

theexcitationenergiesofthesystemsstudiedinChapterIV werehigherthanthoseof

thesystemspresentedinFigureV.26.Extrapolationofthetimescaletotheexcitation

energyofthecompositesystemformedinthedynamicalstudiesbringsthetimefor

fast-fissiontothesameorderofmagnitude.

V.E SUMMARY

ThereactionsLa + Al,V,Cu,andLa atE/A---45MeV havebeenstudiedas

partofa seriesofexperimentsthathaveexaminedthemechanismofcomplex

fragmentemissionatintermediateenergy.The resultsfromthisstudyarevery
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Figure V.26: Extracted lifetimes of a Z=77 or 78 nucleus befor_ fission as a function

of excitation energy. The points arc for various experiments performed (HIN89).
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similar to those of the same systems at different bombarding energies. The

probability of decay by the emission of multiple fragments has been shown to be

nearly independent of the system and bombarding energy and dependent only on the

excitation energy of the system. Similar results have been obtained in the study of

Xe-induced reactions at E/A=50 MeV (BOW92b).

Correlation functions of the relative velocities and angles between pairs of

fragments in the n=3 events are also quite similar to other systems at comparable

excitation energies. These have been interpreted as being consistent with the

sequential emission of complex fragments from some source, with a short decay time

between emission stages.

Many other reactions have been studied at intermediate energies. Although

many models have been used to describe experimental features, none show any

exclusivity. The same reaction can be explained by several different models,

showing that the differentiation between prompt and sequential mechanisms of IM

emission may not be something easily accomplished, lt is clear, however, that lower

energy mechanisms, such as deep-inelastic scattering and fast-fission, continue to

play a role in nuclear reactions at intermediate energies.
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CHAPTER VI CONCLUSIONS

The reactions La + Al, V, Cu, and La have been extensively studied both

experimentallyandtheoretically.Theresultsofthisstudyhavebeencomparedto

shnilar reactions at intermediate energy in order to discern the mechanism of the

decay of highly excited nuclei formed in these reactions. The conclusions from

the study of the reactions of the Al, V, and Cu targets are contained in separate

sections, along with a section to provide an overview of the entire range of

reactions studied. No definitive conclusions can be based on the study of the

reaction La + La due to the target contamination and the lack of well characterized

events. (Recall that the missing charge is greater than the detected charge for this

reaction.) Finally, a section will be devoted to new research directions for the

study of intermediate energy reactions.

VI.A.THE REACTION La + Al

The studyofthereactionLa + Alprovidesabaselineofa wellunderstood

nuclearreactiontowhichotherreactionscanbecompared.Theexperimentaland

theoreticalstudyofthisreactioncomplementeachother,leadingtosome fairly

strongconclusionsaboutthedecayofhotnucleiformedinthisreaction.

In the reaction La + Al, the majority of the data areconsistent with the

conclusion that hot nuclei are formed by means of an incomplete fusion

mechanism with a source velocity and mass between those of the beam and the

complete fusion product. The hot nuclei then decay by either fast-fission or

equilibrium fission mechanisms. Experimental features, such as anisotropic

angular distributions and a constant ridge line in the ZI-Z2 plane point toward

283



these competing mechanisms.The use of dynamical calculationscoupled to a

statisticaldecay code also show that these competing mechanismsare present for

this reaction. This furtherclarifies the conclusion of Kehoe (KEH89),who could

attributeonly partof the experimentalcross section to statisticaldecayprocesses in

thereactionLa + A1at E/A-47 MeV. The presentstudyhas shownthatdynamical

effects leadingto two andthreebodyfinal states are an importantpartof this

reaction,andare the maincause of the productionof fragmentswith an atomic

numberless than 20. These dynamicaleffectscombinewith statistical decay of

resultantfragmentstoproducea sequentialmechanism forthe multiple fragment

events. Furtherevidence of the sequential natureof the decay is shownby the

analysis of the relative angles and velocitiesbetweenpairs of fragmentsin n=3

events.

VI.B THE REACTION La + V

Most of the results for the reactionon theV targetaresimilarto thosefor

the reactionLa + AI. Even though thereis no ridgeline atconstanttotalZ in the

Z1-Z2 plane,yield can be seen corresponding to asymmetricfission. The spread

of the yield in the Z1-Z2plane shows the increasingpresenceof multibodyfinal

states. The yield in charge-Dalitzspaceshows that the symmetric decays become

more likely as the targetmass increases, probablydue to the increasein the

availableenergy.

Use of the model cvlculationsfor the La + V reactionshows that the many-

body (more than two fragments)events in this reaction can be attributedto a

sequentialdecay mechanism. This resultis in agreementwith the analysisof the

relative velocities and angles between pairsof fragmentsin then=3events. The

modelcalculationsreproducebulk propertiesof the reaction, such as the shape of
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the fragment cross section distribution, the total charge and source velocity

distributions, and the major features of the charge-Dalitz plots. Discrepancies

between the experimental and calculat¢_ total charge distributions can be explained

by the emission of a few more H isotopes. However, the calculations fail to

reproduce the magnitude of the fragment cross sections and freer reaction features,

such as the branching ratios of multiple fragment events and the symmetric decays

shown in the charge-Dalitz plots.

VI.C THE REACTION La + Cu

The results of the study of the reaction La + Cu are less clear than those for

the lighter targets. Certain experimental features are almost identical to'those of

the reactions La + Al and V, such as the relative velocity and angle measurements

and the decay probabilities of the multiple fragment events. However, other

experimental features are strikingly different. There is no yield in the Z1-Z2 plane

for asymmetric fission events, unlike the A1 and V targets. Dynamical and

statistical model calculations reproduce the source velocity of the n=2 and 3

• events, but no other features. The source velocity is a function of what is

happening in the early stages of the reaction, before the fragmentation stage. This

indicates that the decaying system is being reproduced by the model, but not the

mechanism of the decay.

There is an indication that some type of multifragmentation is occun'ing in

this reaction. The dynamical calculations for central collisions show a hot

compressed system which undergoes expansion and then possibly fragments.

The mechanism of the fragmentation has been linked to Rayleigh=Taylor surface

instabilities, spinodal decomposition, or even the formation of rings, bubbles, or

donuts of nucleons.
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It would be interesting to study those more symmetric reactions at intermediate

energies with 4x detector systems, as further discussed in Section VI.E.

VI.D OVERVIEW OF THE REACTIONS STUDIED

The study of reactions of asymmetric systems at intermediate energy using

inversekinematicshasproventobea usefulmethodofpreparingnucleiunder

extremeconditions,atwhichtheyareexpectedtoundergosometypeof

fragmentation.Certainexperimentalfeatures,suchastherelativevelocitiesand

anglesbetweenfragmentsinmultiplefragmentevents,pointtoa sequential

mechanismforthedecayofthesehighlyexcitednuclei.The decayprobabilitiesof

multiplefragmenteventsshowasimilarityoverarangeofsystemsand

bombardingenergies.Theseprobabilitiesarenearlyindependentofthereacting

systemanddependentonlyontheexcitationenergyofthedecayingsource.

Modelingofthesereactionsbythecombinationofdynamicalandstatistical

reactionmodelshasprovenusefulintheunderstandingofthemechanismofthe

decayofhotnucleiformedinthesereactions.Thecalculationsaxesuccessfulin

reproducingcertainglobalfeatures(suchasfragmentcrosssections,source

velocitydistributionsandtotalchargedistributionsformultiplefragmentevents)

oftheexperimentalresultsforthereactionsLa + AlandV,butfailtoreproduce

thefinerfeatures(branchingratios,charge-Dalitzplots)forthesereactions.The

calculationcanonlyreproducethesourcevelocitydistributionsforthereactionLa

+ Cu,showingthatthefailureofthemodelisnotduetothedynamical

calculations(whichareperformedfortheearlystageofthereaction)butduetoa

failure to reproduce the latter stages of the reaction.

VI.D THE FUTURE
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The reactions studied in this experiment have shown that a fairly clear

understanding of nuclear decay mechanisms can be gained by using a reasonably

inexpensive modular detector system. The future, however, is the construction of

full 4_ detector systems that can be used for either normal or inverse kinematics

experiments. The MSU 4_ array consists of 160 elements, each containing a low

pressure proportional counter, a Bragg curve counter, and a plastic scintillator

phoswich detector (WES85). It is in the process of being modified by the addition

of a Si-phoswich array at forward angles (MIG92). This will allow a larger

dynamic range for the detection of fragments at forward angles, while keeping the

low thresholds at large angles (because of gas detectors) for the detection of low

energy intermediate mass fragments, target-like fragments, and light particles.

Other 47rdetector systems have been or are in the process of being built at Indiana

University, Washington University, and GANIL in France, among others.

The experiments presented in this study have been complemented by the

use of dynamical calculations to simulate the early stages of the reactions. Other

models, such as the Expanding Emitting Source by Friedman, have also shown

their usefulness in interpreting experimental data (FRI90). The dynamical

calculations in this study have shown that highly distorted and non-spherical

nuclei can be produced at intermediate energies. Statistical decay models have

proven useful for studying nuclear reactions when dynamical effects are no longer

present. In order to further explore this effect, a model that can follow the decay

of non-spherical nuclei should be developed.

The Bevalac facility at Berkeley has shown the usefulness of studying

reactions induced by heavy beams. Unfortunately, with the closure of the facility

early next year, a very versatile accelerator facility will be lost. Only recently has

the SISI8 accelerator at GSI been able to reproduce the range of particles, both in
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mass and energy, that the Bevalac has provided over the years. Currently, the

MSU superconducting cyclotron can only provide beams as heavy as Xe up to

E/A=60 MeV _ith a reasonable beam current. It also cannot accelerate light ions

to high energies as _he Bevalac can. The GANIL facility in France is comparable

to the MSUNSCL, capable of accelerating ali ion species from E/A=30 to 100

MeV. The SIS accelerator in Germany is comparable to the Bevalac, but does not

have an intermediate energy program. The closure of the Bevalac will leave a gap

in the study of reactions in6|,__'Aby heavy beams at intermediate and high

energies. This work has shown that these reactions can produce phenomena that

are not well vnderstood, and should be further studied.

288

E



APPENDIX A Electronics Diagrams

The electronicsusedinanynuclearchemistryexperimentisanimportant

partoftheentireexperiment.Theyinterfacethedetectorswiththedataacquisition

systcrn,sothatthecorrectparameterscanbedeterminedforeachparticledetected.

Briefly,acoincidencebetweentheen.ergysignalsofaparticleenteringa

300pm Si(AEorDE) anda 5mm detector(E)inthesamedetectortelescopeis

usedtogenerateamastergateaslongastheVME controller(whichcontrolsthe

interfacingoftheelectronicstothecomputer)isnotbusy.Atthesametime,abit

issetinthebitregisterforeachtelescopeinwhichaAE-E coincidenceisdetected.

The VME controllerreadsthebitregister,andonlytelescopesforwhichthebit

hasbeensethavetheirparametersreadbytheVME controller.Fortherecoil

detectors,asignalinanyofthefourteendetectorssetsthebitinthebitregisterand

alsostartstheTAC forthetime-of-flightmeasurement.TheTAC isstoppedbya

delayedplasticsignal,sothatthetime-of-flightclockrunsbackwards.(This

ensuresa coincidencebetweenarecoildetectorandascintillator._The e!_tronics

diagramsforthisexperimentareshown inFiguresA.1,A.2,andA.3.Figure

A.IshowstheelectronicsusedforanindividualtelescopeoftheSi-Si(Li)-plastic

array.FigureA.2showsthelogicforalloftheelementsofthearray(starting

withtheOR, whichisanOR ofalltheseparatetelescopes).Additionally,the

logicdiagramfortherecoilSidetectorsisshowninFigureA.3.TableA.Ishows

thedefinitionsoftheabbreviationsusedintheelectronicsdiagrams.
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TableA.1 Definitionsofabbreviationsusedintheelectronicsdiagrams.

i ii i i

ADC- analogto digitalconverter PA pre-amplifier,

QDC- chargeto digitalconverter Amp- amplifier

TAC- time to amplitudeconverter CFD-constantfractiondiscriminator

DC_- delay andsate senerator FIFO-fan in-fanout .......

Anti- anti-coincidence AND- coincidencei

OR-or MG- master late
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FigureA.1"Electronicsdiagramfor an individualtelescopeof theSi-Si(Li)-plastic

array.
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Figure A.2: Electronicsdiagramfor the entirearray.
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Figure A.3: Electronicsdiagramfortherecoildetectors.
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APPENDIX B DATA ANALYSIS

The dataanalysisprogramLISA was developedin Germanyandmodified

atLawrenceBerkeleyLaboratoryforanalysis of Bevalac experiments. It was

used for ali calibrationsand furtherdata analysis for thisexperiment.The

programLISA is aFORTRANprogramthatreadsdatafrom tape or disk,

performscalibrationsandcalculations,andgeneratesone- and two-dimensional

spectra. Itcan also be used to rewritethe databackontodisk or tapeonce the

calibrationshave beenperformedandthe datahas been presortedby Z, energy,

angle, and detectornumber. A flow chartof the programLISA is shownin

Figure B.1.
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FigureB.I:FlowchartofthedataanalysisprogramLISA.

298



Start LISA

Flags event when LISA
is started Call CHKFLA

Reads events from tape Call GETEVT
or disk

Performs calibrations
and calculations

Call INSERT

CailDOLINS ' I,

optional routine
to linearize data Call CONST

sets conditions
on data

increments
CallCONSPE

spectra

handles interactive
Call DISP

display of data

No
ii

end?
Yes

Stop LISA
,i ii

299



REFERENCES

ADO91 A. Adomo, A. Bonasera, M. Cavinato, M. Colonna, A. Cunsolo,

G.C. DiLeo, M. DiToro, and F. GulmineUi, Nucl. Phys. A$29_

565 (1991)

AIC88 J. Aichelin, G. Peilert, A. Bohnet, A. Rosenhauer, H. Stocker, and

W. Greiner, Phys. Rev C37, 2451 (1988).

BAU92 W. Bauer, G.F. Bertsch, and H. Schulz, preprint MSUCL-840,

1992.

BER83 G. Bertsch and P.J. Siemens, Phys. Left 126B, 9 (1983).

BLU91 Y. Blumenfeld, N. Colonna, P. Roussel-Chomaz, D.N. Delis, K.

Hanold,J.C. Meng, G.F. Peaslee, Q.C. Sui, G.J. Wozniak, L.G.

Moretto, B. Libby, A.C. Mignerey, G. Guarino, N. Santoruvo, and

I. Iori, Phys. Rev. Lett. 66, 576 (1991).

BON85 J.P. Bondoff, R. Donangelo, I.N. Mishutin, and H. Schulz, Nucl.

Phys. A444, 460 (1985).

BON89 A. Bonasera, G.F. Burgio, and M. DiToro, Phys.Lett. 221B, 233

(1989).

BON90 A. Bonasera, M. Colonna, M. DiToro, F. Gulminelli, and H.H. "

Wolter, Phys. Lptr. 244B, 169 (1990).

BOR88 B. Borderie, M. Montoya, M.F. Rivet, D. Jouan, C. Cabot, H.

Fuchs, D. Gardes, H. Gauvin, D. Jacquet, and F. Monnet, Phys.

Lett 205B, 26 (1988).

BOU88 R. Bougault, F. Delaunay, A. Genoux-Lubain, C. LeBrun, J.F.

Lecolley, F. Lefebvres, M. Louvel, J.C. Steckmeyer, J.C. Adloff,

300



B.Bilwes,R.Bilwes,M. (}laser,(3.Rudolf,F.Scheibling,L.

Stuttge,andJ.L.Ferrcro,Nucl.Phys.A488, 255c,(1988).

BOU89 R.Bougault,J.Colin,F.Delaunay,A.Genoux-Lubain,A.Hafjani,

C.LcBrun,J.F.Lccolley,M. Louvel,andJ.C.Steckmeyer,Phys.

Lett.232B, 291 (1989).

BOW87 D.R.Bowman, W.L. Kehoc,R.J.Charity,M.A. Mcmahan, A.

Moroni,A. Bracco,S.Bradley,I.Iori,R.J.McDonald,A.C.

Mignercy,U(3.Morctto,M.N. Namboodiri,and(3.J.Wozniak,

Phys.Lett.189B, 282 (1987).

BOW89 D.R.Bowman, Ph.D.thesis,LawrenceBerkeleyLaboratoryReport

LBL-27691(1989).

BOW91a D.R.Bowman, (3.F.Peaslee,R.T.DcSouza,N.Carlin,C.K.

Gelbkc,W.(3.Gong,Y.D.Kim, M.A. Lisa,W.(3.Lynch,L.

Phair,M.B. Tsang,C.Williams,N.Colonna,K.Hanold,M.A.

McMahan, (3.J.Wozniak,L.G.Morctto,andW.A. Friedman,

Phys.Rev.Lett.67,1527 (1991).

BOW91b D.R.Bowman, G.F.Peaslee,N. Colonna,R.J.Charity,M.A.

McMahan, D.Delis,H.Han,K.Jing,G.J.Wozniak,L.G.Morctto,

W.L. Kehoc,B.Libby,A.C.Mignerey,A.Moroni,S.Angius,I.

Iori, A. Pantaleo, and G. Guarino, Nucl. Phys. A523, 386 (1991).

BOW92a D.R. Bowman, private communication (1992).

BOW92b D.R. Bowman, C.M. Mader, G.F. Peaslee, W. Bauer, N. Carlin,

R.T. DeSouza, C.K. Gelbke, W.G. Gong, Y.D. Kim, M.A. Lisa,

W.G. Lynch, L. Phair, M.B. Tsang, C. Williams, N. Colonna, K.

Hanold, M.A. McMahan, G.J. Wozniak, L.G. Moretto, and W.A.

Friedman, preprint MSUCL-850 (1992).

301



CAR58 A.A.Caretto,J.Hudis,and G.Friedlander,Phys.Rev.II0,1130

(1958)

CAS89 C.Casey,W. Loveland,Z.Zhu,L.Sihver,K. Aleklett,andG.T.

Seaborg,Phys.Rev.C40, 1244(1989).

CEB90 D.A.Cebra,S.Howden,J.Karn,A.Nadasen,C.A.Ogilvie,A.

VanderMolen,G.D.Westfall,W.K. Wilson,J.S.Winfield,andE.

Norbeck,Phys.Rev.Lett.64,2246(1990).

CHASP_ R.J.Charity,D.R.Bowman, Z.H.Liu,R.J.McDonald,M.A.

McMahan, G.J.Wozniak,L.G.Moretto,S.Bradley,W'L. Kehoe,

andA.C.Mignerey,Nucl.Phys.A476, 516 (1988).

CHA88b R.J.Charity,M.A. McMahan, G.J.Wozniak,R.J.McDonald,L.G.

Moretto,D.G.Sarantides,L._.Sobotka,G. Guarino,A. Pantaleo,

L.Fiore,A. Gobbi,and K.D.Hildebrand,Nucl.Phys.A483, 371

(1988).

COL89 N. Colonna, R.J. Charity, D.R. Bowman, M.A. McMahan, G.J.

Wozniak, G. Guarino, A. Pantaleo, L. Fiorc, A. Gobbi, and K.D.

Hildebrand, Phys. Lett. 62B, 1833 (1989).

COL90 : N. Colonna, private communication (1990).

COL91 M. Colonna, P. Roussel-Chomaz, N. Colonna, M. DiToro, L.G.

Moretto, and G.J. Wozniak, Lawrence Berkeley Laboratory preprint

LBL-30810 (1991).

: CUM64 J.B.Cumming, S.Katcoff,N.T.Porile,S.Tanaka,and A.

Wyttenbach,Phys.Rev.134,B1262 (1964).

DES87 J.Desbois,R.Boisgard,C.Ngo, and J.Nemeth,Z.Phys.A328,

101(1987).

FRI90 W.A. Friedman,Phys.Rev.C42, 667 (1990).

302



GEL87 C.K. Gelbke and D.H. Boal, Prog. Part. and Nucl. Phys. 19, 33

(1987).

GRE82 C. Gregoire, C. Ngo, and B. Remaud, Nucl. Phys. A383, 392

(1982).

GRE85a C. Gregoire, Invited talk given at the Topical Meeting on the Phase

Space Approach to Nuclear Dynamics, Trieste, Italy (1985).

GRE85b C. Gregoire, B. Remaud, F. Sebille, L. Vinet, and Y. Ra/fray,

Nucl. Phys. A436,365 (1985).

GRE87 C. Gregoire, B. Remaud, F. Sebille, L. Vinet, and Y. Ra/fray,

Nucl. Phys. A465, 317 (1987).

GRO88 D.H.E. Gross, Phys. Lett. 203B, 26 (1988).

GRO92 D.H.E. Gross, B.A. Li, and A.R. DeAngelis, Hahn-Meitner

Institute preprint (1992).

HAG92 K. Hagel, M. Gonin, R. Wada, J.B. Natowitz, B.H. Sa, Y. Lou,

M. Gui, D. Utley, G. Nebbia, D. Fabris, G. Prete, J. Ruiz, D.

Drain, B. Chambon, B. Cheynis, D. Guinet, X.C. Hu, A. Demeyer,

C. Pastor, A. Giorni, A. Lleres, R. Stassi, J.B. Viano, and P.

Gonthier, Phys. Rev. l,ett. 68' 2141 (1992).

HAR88 C. Hartnack, H. Stocker, and W. Greiner, Phys. 1._tt. 215B, 33

(1988)

HIN89 D.J. Hinde, D. Hilscher, and H. Rossner, Nucl. Phys. A502, 497e

(1989).

HYD71 E.K. Hyde, G.W. Buffer, and A.M. Poskanzer, Phys. Rev. C4,

1759 (1971).

JAC83 B.V. Jacak, G.D. Westfall, C.K. Gelbke, L.H. Harwood, W.G.

Lynch, D.K. Scott, H. Stoker, M.B. Tsang, and T.J.M. Symons,

Phys. Rev. Lett. 51, 1846 (1983).

303



JAC85 B.V. Jacak, D. Fox, and G.D. Westfall, Phys. Rev. C31,704

(1985).

KAUT0 S.B. Kaufman, B.D. Wikins, M.J. Fluss, and E.B. Steinberg,

Nucl. Instt. and Meth. 82, 117 (1970).

KAU74 S.B. Kaufman, E.B. Steinberg, B.D. Wikins, J. Unik, A.J. _

Gorski, and M.J. Fluss, Nucl. Instr. and Meth. 115, 47 (1974).

KEH89 W.L. Kehoe, University of Maryland Ph.D. thesis (1989).

KEH92 W.L. Kehoe, A.C. Mignerey, A. Moroni, I. Iori, G.F. Peaslee, N.

Colonna, K. Hanold, D.R. Bowman, L.G. Moretto, M.A.

MeMahan, J.T. Walton, and G.J. Wozniak, Nucl. Instr. and Meth.

A311, 258 (1992).

KIM89 Y.D. Kim, M.B. Tsang, C.K. Gelbke, W.G. Lynch, N. Carlin, Z.

Chen, R. Fox, W.G. Gong, T. Murakami, T.K. Nayak, R.M.

Ronningen, H.M. Zhu, W. Bauer, L.G. Sobotka, D. Straeener,

D.G. Sarantides, Z. Majka, V. Abenante, and H.Griffin, Phys. Rev.

Len. 63, 494 (1989).

KIM91 Y.D. Kim, R.T. DeSouza, D.R. Bowman, N. Carlin, C.K. Gelbke,

W.G. Gong, W.G. Lynch, L. Phair, M. B. Tsang, F. Zhu, S. Pratt,

Phys. Rev. Lett. 67, 14 (1991).

LER90 S. Leray, C. Ngo, M.E. Spina, B. Remaud, and F. Sebille, Nucl ....

Phys. ASI1, 414 (1990).

LEV85 S. Levit and P. Bonehe, Nucl. Phys. A437, 426 (1985).

LOP84 J.A. Lopez and P.J. Siemens, Nucl. Phys. A431, 728 (1984).

LOT92 B. Lott, S.P. Baldwin, B.M. Szabo, B.M. Quednau, W.U.

Sehroder, J. Toke, L.G. Sobotka, J. Barreto, R.J. Charity, L.

Gallamore, D.G. Sarantides, D.W. Stracener, and R.T. DeSouza,

Phys. Rev. Lett. 68, 3141 (1992).

304



LUT86 K. Lutzenkirchen, J.V. Kratz, G. Wirth, W. Bruehle, K. Summere,

R. Lucas, J. Poitou, and C. Gregoire, Nucl. Phys. A452, 351

(1986).

MIG92 A.C. Mignerey, Annual Progress Report, (1992).

MOR75 L.G. Moretto, Nucl. Phys. A247, 211 (1975).

MOR88 L.G. Moretto and G.J. Wozniak, Prog. Part. and Nucl. Phys. 21,

401 (1988).

MOR92 L.G. Moretto, K. Tso, N. Colonna, and G.J. Wozniak, Lawrence

Berkeley Laboratory preprintLBL-31812 (1992).

NEU84 H. Neunzert, Lecture Notes in Mathematics 1984, cd. by A. Dold

and B. Eckman; Springer-Verlag: Berlin, 1984; p. 60.

PAN84 A.D. Panagioutou, M.W. Curtin, H. Toki, D.K. Scott, and P.J.

Siemens, Phys. Rev. Len. 52, 496 (1984).

PEA90 G.F. Peaslee, L.G. Moretto, and G.J. Wozniak, Lawrence Berkeley

Laboratory preprint LBL-29014 (1990).

PI91 M. Pi, E. Suraud, and P. Schuek, Nucl. Phys. A524, 537 (1991).

POS71 A.M. Poskanzer, G.W. Butler, and E.K. Hyde, Phys. Rev. C3,

882 (1971).

REM85a B. Remaud, F. Sebille, C. Gregoire, and L. Vinet, J. de Physique

C2, 195 (1985).

REM85b B. Remaud, F. Sebille, C. Gregoire, L.Vinet, and Y. Raffray, Nucl.

Phys. A447, 555c (1985).

REM88 B. Remaud, C. Gregoire, F. Sebille, and P. Sehuek, Nucl. Phys.

A488, 423e (1985).

ROU92 P. Roussel-Chomaz, N. Colonna, Y. Blumenfeld, B. Libby, G.F.

Peaslee, D.N. Delis, K. Hanold, M.A. McMahan, J.C. Meng, Q.C.

Sui, G.J. Wozniak, L.G. Moretto, H. Madani, A.A. Masrchetti,

305



A.C. Mignerey, G. Guarino, N. Santoruvo, I. Iori, S. Bradley,

Lawrence Berkeley Laboratory preprint LBL-32433

SEB89 F. Sebille, G. Royer, C. Gregoire, B. Remaud, and P. Sehuck,

Nucl. Phys. AS01, 137 (1989).

SUG54 N. Sugarrnan, R.B. Duffield, G. Friedlander, and J.M. Miller,

Phys. Rev. 95, 1704 (1954).

SUR89 E. Suraud, M. Pi, P. Schuck, B. Remaud, F. SebiUe, C. Gregoire,

and F. Saint-Laurent, Phys. Lett. 229B, 359 (1989).

TOK85 J. Toke, R. Book, G.X. Dai, A. Gobbi, S. GraUa, K.D.

Hildebrand, J. Kuzminski, W.F.J. Muller, A. Olmi, H. Stelzer,

B.B. Back, and S. Bjomholm, Nucl. Phys. A440, 327 (1985).

TRO89 R. Trockel, K.D. Hildebrand, U. Lynen, W.F.J. Muller, H.J.

Rabe, H. Sann, H. Stelzer, W. Trautmann, R. Wada, E. Eekert, P.

Kreutz, A. Kuhmichel, J. Pochadzalla, and D. Pelte, Phys. Rev.

C39, 729 (1989).

WAL90 J.T. Walton, H.A. Sommer, G.J. Wozniak, G.F. Peaslee, D.R.

Bowman, W.L. Kehoe, and A. Moroni, IEEE Trans. Nucl. Sci.

NS-37. 1578 (1990)

WES76 G.D. Westfall, J. Gosset, P.J. Johansen, A.M. Poskanzer, W.G.

Meyer, H.H. Gutbrod, A. Sandoval, and R. Stock, Phys. Rev. l, ett.

37, 1202 (1976).

WES85 G.D. Westfall, J.E. Yurkon, J. van der Plicht, Z.M. Koenig, B.V.

Jacak, R. Fox, G.M. Crowley, M.R. Maier, B.E. Hasselquist, R.S.

Tickle, and D. Horn, Nucl. Instr. and Meth. A238, 347 (1985).

WOL56 R. Wolfgang, E.W. Baker, A.A. Caretto, J.B. Cumming, G.

Friedlander, and J. Hudis, Phys. Rev. 103, 394 (1956).

306



YEN91 S.J.Yenello,E.C.Pollacco,K.Kwiatkowski,C.Volant,R.

Dayras,Y.Cassagnou,R.Legrain,E.Norbcck,V.E.Viola,J.L.

Wile,andN.R.Yoder,Phys.Rev.Lett.67,671(1991).

307






