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Chapter 1
Introdution
Nulei are observed to deay via statistial emission of partiles in a proess analo-gous to evaporation in marosopi liquids [1, 2℄. Nulear ollisions, used to prepareexited nulear matter, may, however, lead to deformed nulear shapes that are sub-jet to dynamial (time-dependent) instabilities [3℄. Dynamial e�ets in nulearreations have been reognized in the pre-equilibrium emission of nuleons and frag-ments [4℄ and in the multifragmentation of the mid-rapidity zone in near-symmetriheavy-ion ollisions [5℄. All of these proesses proeed on a rather fast time-sale(.10−21 s). The manifestation of dynamis on fragment emission on a longer time-sale, e.g. the �ssion time-sale (∼10−17�10−20 s), has only reently been reported[6℄. The purpose of this thesis is to further explore dynamial (non-statistial) frag-ment deay whih ours on the �ssion time-sale.To study systems where the dynamial evolution of the shape of the nulearsystem is important, yet keep the statistially thermalized energy modest, we havefoused on ternary �ssion in the reation 12C + 232Th at Elab = 16 and 22 MeV/A.In this energy domain, inomplete fusion of the projetile and target nuleus ours,followed by the �ssion of the heavy, exited omposite system into two similar-sized �ssion fragments [7℄. As the heavy omposite nuleus undergoes the largesale deformation neessary for �ssion, it an deay via emission of neutrons, lightharged partiles (LCP: 1 ≤ Z ≤ 2) and/or intermediate mass fragments (IMF:1



Chapter 1: Introdution 2
3 ≤ Z ≤ 20). Suh deay has been desribed with reasonable suess within theframework of statistial emission theories [8, 9℄. Reently, it has also been foundthat IMFs are emitted from the region between the two �ssion fragments near themoment of sission (near sission emission), with harateristi energy and angulardistributions [10, 11℄. The mehanism responsible for the prodution of these near-sission partiles is presently unlear. Proposed mehanisms for similarly emittedalpha partiles range from barrier modi�ations due to the proximity of the two�ssion fragments [12℄ to dynamial, double-nek rupture senarios [13, 14℄. Whilethe former senario is still statistial - driven by phase spae onsiderations - thelatter senario is largely, if not ompletely, dynamial.Several terms that will be used throughout this work are shematially depitedin Fig. 1.1. For the ase of partile-indued �ssion, the energy of the parent nuleusmay initially be well above the �ssion barrier. The saddle point is de�ned as the topof the �ssion barrier, and the sission point is the point at whih the extended heavysystem separates into two (or more) distint fragments. The separated fragmentsare then aelerated by their mutual Coulomb repulsion. Within model desriptionsthe sission point is de�ned as the point at whih the nek radius goes to zero or,within the desription of random nek rupture (disussed below), the point at whihthe rupture atually ours.The purpose of the present work is to study the dynamis of �ssion, utilizing theexperimentally measured properties of IMFs observed in oinidene with two orre-lated �ssion fragments. In partiular, the yields of ternary fragments emitted nearthe moment of sission (near sission emission) are ompared to those for emissionprior to signi�ant deformation of the parent omposite nuleus. Additionally, trendsin the near sission emission yields are investigated by omparing results from theurrent work with those from spontaneous and low energy indued ternary �ssion.
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Figure 1.1: Simple shemati of a one dimensional �ssion barrier as a funtion of anarbitrary deformation parameter ζ along the �ssion oordinate. The three labeledstages in the �ssion proess are de�ned in the text. The height of the barrier relativeto the ground state of the parent nuleus is labeled Esad, and the saddle to sissionenergy is labeled Essc. Three ommonly referened times in disussions of �ssion arethe pre-saddle time, τsad, the saddle-to-sission time, τssc and the pre-sission time,
τpre = τsad + τssc.
1.1 Statistial vs. Dynamial Deay of Exited NuleiSine its disovery, radioativity has been viewed as a statistial proess. The spon-taneous deay of unstable nulei is well desribed within the language of statistialmehanis. However, with the advent of indued nulear deays, using aeleratedpartiles or high energy photons for example, the situation has beome less lear.Under these irumstanes it is neessary to onsider the dynamis of the initialinteration (entrane hannel dynamis), and possibly the subsequent deay as well(exit hannel or deay dynamis). Of partiular interest in this regard is nulear �s-sion, as the large sale olletive motion inherent even in spontaneous �ssion implies



Chapter 1: Introdution 4the need for a dynamial desription of the deay proess.Purely statistial models start with a fully equilibrated parent nuleus with aertain amount of internal exitation energy, whih is then allowed to deay. Theprobability of deaying to a partiular �nal state is dominated by the available ex-itation energy and its partitioning among the various single-partile and olletivedegrees of freedom. Suh models provide no information onerning the time evolu-tion of the system, i.e. how the equilibrated system was formed, inluding possiblepartile emission prior to ahieving full equilibrium. One the equilibrated soureis formed its subsequent deay is onsidered to be primarily a funtion of the totalavailable exitation energy, independent of the details of its formation. This deou-pling of the entrane and exit hannels is onsidered indiative of a mehanism thatis onsistent with statistial deay. Dynamial models attempt to desribe the timeevolution of the initial interation and the subsequent deay. For example, duringthe pre-equilibrium stage of the interation one or more loally thermalized regionsmay be formed with su�ient energy to lead to evaporation of a neutron or possiblya proton.The piture beomes more ompliated for the ase of nulear �ssion. Althoughit is true that inreasing exitation failitates surmounting the �ssion barrier, i.e.the �ssion ross-setion is an inreasing funtion of the exitation energy, this isonly a small piee of the total piture. Nulear �ssion is known to be a stronglyover-damped proess, with energy �owing from the olletive to the intrinsi modes(nulear dissipation) right up to the point of sission. Additionally, as energy a-umulates in the intrinsi degrees of freedom, i.e. as the system heats up, there isan inreasing probability that some of the energy will be released through partileemission. Thus the system may never reah full thermal equilibrium prior to sission.With these features in mind it seems unlikely that a model requiring a fully equili-brated soure would be able to adequately desribe all of the important features ofthe proess.



Chapter 1: Introdution 51.2 Probes of Nulear Fission DynamisAside from its intrinsi interest as a spei� deay mode, nulear �ssion is an idealmeans to study the dynamis of large-sale olletive motion of nulear matter overa wide range of exitation. There are three ommonly employed probes of the dy-namial nature of nulear �ssion:
· The kineti energies of the �ssion fragments
· The multipliity of neutrons emitted prior to sission
· The probability and harateristis of ternary �ssion.While the �rst two will be disussed brie�y to provide perspetive, the third probeof �ssion dynamis, ternary �ssion, is the primary fous of this work.1.2.1 Total Kineti Energy of the Fission FragmentsImmediately after sission, the two primary �ssion fragments are aelerated underthe in�uene of their mutual Coulomb repulsion. A large fration of the �nal kinetienergies of the two fragments is a result of this initial Coulomb repulsion. Onlyabout 5�10 MeV an be attributed to kineti energy along the sission oordinate(the motion of the two nasent fragments just prior to sission). Immediately aftersission, the Coulomb potential, Vc, between the two �ssion fragments is related totheir atomi numbers, Z1 and Z2, and the distane between their harge enters, R,by Coulomb's law

Vc ∝
Z1Z2

R
. (1.1)An empirial orrelation, similar in form to Eq. 1.1, between the total kineti energyof the two �ssion fragments and the liquid-drop-model Coulomb parameter Z2/A1/3of the parent nuleus has been developed and re�ned over the years [15, 16, 17, 18℄.Figure 1.2 is a plot of the most probable kineti energy release, 〈EK〉, in the enter-of-mass of the �ssion nuleus vs. the Coulomb parameter for a large number of�ssioning systems over a range of exitation energies. The energies are averaged
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Figure 1.2: Dependene of the mean �ssion fragment kineti energy release, 〈EK〉as a funtion of the liquid-drop-model Coulomb parameter, (Z2/A1/3
)

CN
, of the�ssioning nuleus. The solid line represents the most reent �t to the experimentaldata. [15℄.

over all mass asymmetries of the �ssion fragments. The solid line is the result of aleast squares �t to the data, whih leads to the relation:
〈EK〉 = 0.1189

Z2

A1/3
+ 7.3 MeVwhere Z and A refer to the �ssioning nuleus. This seemingly simple expression,ommonly referred to as the Viola systematis, an be used to dedue the separa-tion of the two heavy fragments at sission by performing a transformation of thedependent variable giving:

〈EK〉 = 0.755
ZAZB

A
1/3
A + A

1/3
B

+ 7.3 MeV.



Chapter 1: Introdution 7where the quantities A
1/3
A and A

1/3
B an be related to the spherial radii of the twofragments by the relation Ri ∝ A

1/3
i . Comparison of the extrated values of Riwith measured nulear radii an then provide information on the shape at sission.The observed variane of the fragment kineti energies, as indiated by the errorbars in Fig. 1.2, re�ets the variation in both the mass asymmetry, ZAZB, and thenulear elongation, RA + RB ∝ A

1/3
A + A

1/3
B , at the sission point. Thus, it is pos-sible to extrat at least qualitative information about the sission on�guration, i.e.how strethed the system is at sission, and from this gain some insight onerningthe nature of the nulear dissipation [13℄, diretly from the �ssion fragment energyspetra.1.2.2 Pre-Sission Neutron EmissionPrior to sission, an exited heavy nuleus an deay by statistial emission of neu-trons. Pre-sission neutrons an be distinguished from neutrons emitted post-sissionby examination of their angular distribution relative to the diretion of motion ofthe aelerated �ssion fragments. The multipliity of pre-sission neutrons, Mpre

n ,depends on the lifetime of the system prior to sission, τpre. The mean evaporationtime for one neutron, de�ned as τn = ~/Γn where Γn is the neutron deay width, isan exponentially dereasing funtion of the instantaneous exitation energy of theemitting system as shown in Fig. 1.3. The neutrons are assumed to be emitted se-quentially from the exited nuleus, with an inreasing mean time between emissionsas the available exitation energy dereases. In theory, the pre-sission lifetime anthen be determined by summing the emission times of the pre-sission neutrons inthe event
τpre =

Mpre
n
∑

i=1

τn,i =

Mpre
n
∑

i=1

~

Γn,i
.In pratie this requires �tting the measured neutron energy spetra, usually usingstatistial evaporation model alulations. In the early development of this �neu-tron lok� tehnique the model alulations used a stati approah in whih thepartial deay widths, Γn,i(E

∗), were alulated assuming an evaporation asade be-
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Figure 1.3: Dependene of the neutron evaporation time on exitation energy of theemitting system. The time interval of the neutron lok is the mean evaporationtime for one neutron, τn = ~/Γn, whih is an exponentially dereasing funtion ofthe exitation energy, E∗, of the emitting system.
ginning with a fully thermalized system [19, 20℄. More reent work in this area hasshown that the dedued time sales depend strongly on the assumed initial ondi-tions used in the evaporation alulations. E�orts have been made to aount forentrane hannel dynamis by inorporating dynami models to desribe the non-instantaneous transfer of energy to the intrinsi modes [21, 8℄. This approah allowsfor the possibility of statistial deay during the formation time of the ompositesystem, i.e. the system may never ahieve the maximum possible exitation energy.These e�orts have lead to �ssion time-sales that an di�er by as muh as an orderof magnitude from those obtained assuming stritly statistial evaporation from afully thermalized soure [22℄.The pre-sission time determined from Mpre

n is atually the time from the momentwhen the system has ahieved su�ient exitation to make neutron evaporation



Chapter 1: Introdution 9energetially possible until shortly after the moment of sission. At least in theorythe pre-sission time an be further broken down to a pre-saddle time, τsad, and asaddle-to-sission time, τssc (see Fig. 1.1), the latter of whih depends sensitively onthe nature (one-body vs. two-body) and magnitude of the nulear dissipation. Todate there is no reliable experimental method to di�erentiate pre-saddle neutronsfrom those emitted during the deent from saddle to sission.Experimentally measured pre-sission neutron multipliities as high as 6�8 per�ssion event have been observed. In light of the results presented in Fig. 1.3 thisobservation would indiate that �ssion lifetimes are long ompared to that for atypial single partile transition. This is not surprising when one onsiders thesubstantial nuleon rearrangement neessary to ahieve the deformations realized in�ssion. The �ssion lifetime is also in�uened by dissipative fores that impede theolletive motion toward sission. More reent dynamial model alulations havebeen used to extrat visosity oe�ients by reproduing experimental pre-sissionneutron multipliities. The values for the visosity oe�ient determined from thesealulations over the range of 0.03�0.06 Tp (terapoise) for systems of mass 150�200[23℄. For omparison, the visosity of water is 1.002 p (entipoise) at 20◦ C, whihis less than the alulated nulear visosity by a fator of ∼(3�6) × 1012.1.2.3 Ternary FissionTernary �ssion presents a good hoie for studying the interplay of dynamial andstatistial e�ets in nulear deay. The low exitation energies usually involvedin ternary �ssion studies limit the number of available exit hannels, whih ansimplify interpretation of the data. At low exitation energies the observed relativeprobability for ternary �ssion ompared to binary �ssion is of the order 10−2�10−3.At higher exitation, as more deay hannels beome available, the ternary �ssionhannel beomes buried beneath the higher probability for binary and fast non-�ssionproesses, making it inreasingly more di�ult to isolate true ternary �ssion events.A artoon of partile-indued ternary �ssion is presented in Fig. 1.4. In this piture
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Figure 1.4: Cartoon depiting the ternary �ssion proess. Partial anellation of theomponents of the Coulomb fores, FA and FB, parallel to the sission axis resultsin a redued net fore ating on the nek emitted IMF. Parallel and perpendiularomponents of FA and F are indiated by the light gray arrows. The partial an-ellation of the Coulomb fores also gives rise to the observed angular fousing withrespet to the sission axis.



Chapter 1: Introdution 11the �nal energies and angular distributions of fragments emitted near sission fromthe nek region are expeted to be sensitive to the initial separation and veloitiesof the two heavy �ssion fragments at the moment of sission.1.3 Experimental Signatures of Ternary FissionFigure 1.5 shows the laboratory kineti energy spetra for 10Be fragments observedin oinidene with two heavy �ssion fragments in the reation 3He + 232Th at270 MeV [10℄. Eah panel represents the energy spetrum obtained at a di�erentlaboratory angle with respet to the beam axis, as labeled in the upper right ofeah panel. The numbers in parenthesis in eah panel are the approximate angleswith respet to the sission axis of the oinident �ssion fragments as de�ned bytwo position-sensitive �ssion fragment detetors entered at laboratory angles of+96◦ and -64◦ with respet to the beam axis. The spetrum in panel (a) is for
10Be fragments observed approximately orthogonal (∼ 90◦) to the sission axis. Atthis angle the energy spetrum appears to be bimodal, with a signi�ant yield oflow energy fragments (〈EIMF〉 ≈ 18 MeV indiated by the arrow marked Low) inaddition to a higher energy omponent (〈EIMF〉 ≈ 35 MeV indiated by the arrowmarked High). In ontrast, for the energy spetra in panels (b) � (d), observed atangles non-orthogonal to the sission axis, the low energy omponent is stronglysuppressed, while the high energy omponent is almost idential in terms of boththe total number of ounts and the loation of the peak. The loation of the peaksin the latter spetra, and the high energy peak in panel (a) is onsistent with theCoulomb barrier for emission from a ompat soure similar in atomi number to thetarget nuleus. The low energy peak in panel (a) is more onsistent with emissionfrom an extended soure, similar to the artoon for ternary �ssion in Fig. 1.4.Panel (a) of Fig. 1.6 shows the laboratory angular distribution of 10Be fragmentsobserved in oinidene with two heavy �ssion fragments [10℄. In this plot, the highenergy 10Be fragments (open irles) appear to be emitted more or less isotropially,independent of the orientation of the sission axis, while the distribution for the low
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Figure 1.5: Laboratory kineti energy spetra of 10Be fragments observed in oini-dene with two heavy �ssion fragments in the reation 3He + 232Th at Elab = 270MeV [10℄. Fragments were observed at bakward angles, listed in eah panel, withrespet to the beam diretion. The spetrum in panel (a) orresponds to anglesorthogonal to the sission axis, whih was de�ned by two position sensitive �ssionfragment detetors entered at +96◦ and -64◦.



Chapter 1: Introdution 13energy fragments (losed irles) is peaked near an angle of 97◦ relative to the sissionaxis, whih orresponds to an angle of ∼ 90◦ in the enter-of-mass of the �ssioningsystem. To further larify the angular peaking we onstruted a plot of the ratio ofthe laboratory angular distribution data of the low energy 10Be fragments to that forthe high energy fragments, using the data plotted in panel (a). The result is presentedin panel (b) of Fig. 1.6. The ratio more learly demonstrates the enhanement ofthe yield of low energy fragments near angles orthogonal to the sission axis.The peaking in the angular distribution of the low energy fragments an be un-derstood by assuming that emission ours very lose to the moment of sission,when the ombined Coulomb �eld of the two heavy �ssion fragments would have astrong fousing e�et on the trajetory of the ternary fragment. Furthermore, thatthe angular distribution of the low energy fragments is peaked orthogonal to thesission axis indiates that these fragments must originate from the nek region, be-tween the two nasent heavy fragments, and are not evaporated from the aeleratedheavy fragments.1.4 Models of Nulear FissionNumerous attempts have been made to model the nulear �ssion proess, both binaryand ternary, with varying degrees of suess (see [24℄ and referenes therein for a moreomplete overview). The degree of suess for any model is determined by the abilityof the model to reprodue the important experimentally measured quantities for theproess under investigation. For the ase of nulear �ssion we an immediately listseveral experimentally measured quantities that should be reprodued by a model.Among these quantities are the kineti energies, mass yields and angular distributionsof the �ssion fragments and, for the ase of ternary �ssion, the kineti energies, massyields and angular distributions of the ternary fragments. The remainder of thissetion provides a brief introdution to several of the more important models thatattempt to desribe ternary �ssion.
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Figure 1.6: Panel (a): laboratory angular distribution relative to the sission axisfor 10Be fragments observed in oinidene with two heavy �ssion fragments in thereation 3He + 232Th at Elab = 270 MeV [10℄. Closed irles represent data for lowenergy fragments and open irles represent data high energy fragments. Panel (b):ratio of the angular distribution data of the low energy 10Be fragments to that forthe high energy fragments.



Chapter 1: Introdution 151.4.1 Explaining Ternary Fission Yields with Energetis Consider-ationsA ommon theme in physial proesses is that the probability for moving from aninitial state to a partiular �nal state is inversely proportional to the energy requiredto make the transition. This base probability an be modi�ed by inreasing theenergy available to the system, thus inreasing the probability for the transition. Inthe �Halpern model� of ternary �ssion the energy ost Ec for emission of the thirdpartile is determined by starting with a binary sission on�guration as shown inthe top of Fig. 1.7 [25℄. The energy ost is then alulated as the energy needed toremove a partiular third partile from one of the two �ssion fragments and plaeit midway between the two heavy fragments. The expression used to alulate theenergy ost is,
Ec = B + ∆V + K (1.2)where B is the average binding energy of the third partile to its mother fragment,

∆V is the average di�erene in Coulomb potential energy between the orrespondingbinary and ternary on�gurations and K is the average kineti energy with whih thethird partile is released. The binding energy B is omputed from mass tables. Thelast two terms on the right side of Eq. 1.2 an be varied to reprodue experimentalresults. In partiular, the hange in Coulomb potential depends on the separationparameter d as de�ned in Fig. 1.7 - an inrease in the separation parameter willresult in a derease in the energy ost. The dependene of the Coulomb potentialon the separation d leads to an important, although perhaps only qualitative insightinto the ternary �ssion proess: heavier ternary fragments will preferentially resultfrom more strethed sission on�gurations, where the energy ost is lower and,additionally, more of the available energy is stored in the deformation of the system.Typial values for the alulated energy ost are ∼ 21 MeV for 4He and ∼ 43 MeVfor 10Be [25℄, whih is a signi�ant fration of the total available energy.The energy ost desribed by Eq. 1.2 is an inreasing funtion of the mass of theternary partile. This would indiate that the yields for the various ternary partiles
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Figure 1.7: Geometry used in the Halpern model of ternary �ssion. The third partile(Z3) is removed from one of the binary fragments (Z2) and plaed at a point midwaybetween Z1 and Z2 while the residual fragment (Z2−Z3) is displaed slightly in orderto keep the same enter of mass in both on�gurations.
should be a dereasing funtion of the energy ost, i.e.

Y ∝ exp(−onst · Ec).In order for the energy required for the release of the ternary partile to be readilyavailable, it must be stored in a very few degrees of freedom. The initial storageis generally onsidered to be in the deformation of the system. This idea impliestwo important relations between the ternary partile yields and the shape of theparent nuleus at sission. First, if we assume that the deision to breakup intothree instead of two fragments, not ounting neutrons, is based primarily on theenergetis at sission, then events in whih more energy is stored in deformation,i.e. more strethed sission shapes, should in general have a higher probability forternary breakup than events with a more ompat sission shape. Seond, sine



Chapter 1: Introdution 17the energy ost is an inreasing funtion of the size of the ternary fragment, wewould again expet that larger ternary partiles should be preferentially assoiatedwith more strethed sission shapes ompared to those for smaller ternary partiles.Furthermore, the transfer of energy from deformation to reate the ternary partilemost probably ours on a very short time sale. A slow transfer of energy wouldtend to heat the system as a whole as energy is lost to internal degrees of freedom.Requiring that the energy transfer our on a very short time sale implies thatternary �ssion is a non-adiabati proess. Results of alulated yields based onthe Halpern model are ompared to experimental results in Fig. 1.8. The Halpernmodel results were alulated using a sission on�guration with a tip distane D =

d − R1 − R2 = 8.7 fm, where d is the enter-to-enter distane as de�ned in Fig.1.7 and R1 and R2 are the e�etive radii of adjaent fragments 1 and 2. As an beseen the Halpern model is suessful in reproduing the gross features of the relativeyields of ternary partiles.1.4.2 Nulear Dynamis: Surfae Instabilities and Random NekRuptureSine its disovery, nulear �ssion has been desribed in terms of hydrodynamis, i.e.the division of a uniformly harged drop of nulear `�uid' into two smaller droplets[28, 29℄. In this piture an initially spherial parent nuleus beomes deformedinto a series of rotationally invariant shapes. As the parent nuleus beomes moredeformed, there is an inreasing probability that a nek will develop somewherealong the length of the extended shape. One formed, the diameter of the nekrapidly dereases until the nulear drop breaks into two smaller droplets. Theoriesdeveloped from this rather simple piture generally vary in the parameterizationused to desribe the non spherial nulear shapes, but the hydrodynami desriptionremains a powerful, and popular tool in attempts to model various aspets of nulear�ssion.In his seminal paper in 1878 Lord Rayleigh onsolidated and expanded on the
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Figure 1.8: Comparison of Halpern-model preditions with experimental yields fromthermal-neutron-indued ternary �ssion. The yields are plotted relative to the yieldof ternary α-partiles, whih was arbitrarily normalized to 104. Arrows indiateupper limits. From Ref. [27℄.
earlier work of Joseph Plateau. Rayleigh demonstrated that long, homogeneous,unharged liquid jets on�ned by surfae tension are unstable with respet to breakupinto droplets [30℄ (see Fig. 1.9). The driving fore behind this apillarity instabilityis a net gain in surfae energy, that is the separate droplets have less total surfaearea than the original ylindrial jet. A neessary pre-ondition for this proess isthe existene of small random �utuations of the surfae shape, whih Rayleigh andothers modeled as small, azimuthally symmetri sinusoidal distortions of the surfae(assuming the z-axis to be de�ned by the symmetry axis of the ylindrial jet). Thesmall �utuations are preursors of the eventual breakup, their loation at the timeof onset of the instability determining the breakup geometry. The ondition foronset of the apillary instability was determined by Rayleigh to be that in whih an
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Figure 1.9: Plateau-Rayleigh instability of a long liquid jet.
inrease in the amplitude of the small surfae distortions results in a redution inthe total surfae area per unit length of the jet. This ondition is satis�ed by theexpression

λ ≥ λ◦ = 2πr◦. (1.3)Thus, long liquid jets beome unstable with respet to breakup into several dropletsif the wavelength of the initial surfae distortion, λ, exeeds the mean irumfereneof the jet, 2πr◦.The apillarity, or Rayleigh instability, should be equally appliable to shortliquid jets, suh as an extended heavy nuleus. As with any marosopi liquid,the nulear �uid an be asribed a surfae tension, resulting from the nulear mean�eld, whih prevents individual nuleons from easily esaping the boundaries of thenuleus. In marosopi systems an extended body of liquid, �nite or in�nite, issubjet to Rayleigh type instabilities that will lead to breakup into two or moresmaller fragments. In this ase, however, the ondition for onset, Eq. 1.3, needs tobe modi�ed to aount for the �nite size of the system, as well as the fat that thenuleus has a non-zero harge. Taking these fators into aount, the ondition foronset beomes [31℄
2πr

l
&

3x2

2
(1.4)
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Figure 1.10: In�uene of the �ssility parameter of the �ssioning system, Z2/A, onthe relative probability of ternary �ssion. Triangles represent experimental data forspontaneous �ssion, open irles are for partile-indued �ssion and losed irles aretheoretial values. From Ref. [14℄.
where r is the minimum radius of the nek, l is the total length of the system and
x ≈ 0.02Z2/A is the �ssility of the parent nuleus. The relation expressed in Eq. 1.4provides only the most general desription of the shape of the extended nuleus forwhih the apillarity instability omes into play. The �random nek rupture� modelutilizes the riterion expressed in Eq. 1.4, together with a seond, shift instability, anddesribes the mehanism of nulear �ssion as the dynamial development of Rayleighsurfae instabilities on a roughly ylindrial nuleus [32, 33, 13℄. The addition ofthe shift instability in the random nek rupture model provides a mathematialdesription of the variation in the loation along the extended nuleus at whih theapillarity instability ours.For the ase of ternary �ssion the random nek rupture model has been extended
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Figure 1.11: Yields of ternary partiles in the double-nek-rupture model for thermalneutron indued ternary �ssion of 236U. A3 is the mass and Y3 the yield of theternary fragments. Solid lines indiate experimental data while dashed lines indiatealulated yields [14℄.
to the so-alled �double-nek-rupture� model [14℄. In this view, ternary �ssion is theresult of two statistially independent random nek ruptures, ourring during a timeinterval on the order of one single-partile period, ∆t ≃ τsci ≃ single partile period.A omparison of the experimentally measured relative probability for ternary �s-sion, Pt, with values alulated within this physial piture is shown in Fig. 1.10as a funtion of the �ssility parameter of the �ssioning system, Z2/A. The modellearly reprodues the observed overall inrease in the ternary �ssion probabilitywith inreasing �ssility. The double-nek-rupture model has also proven suessfulat reproduing the experimental isotopi yields of ternary partiles, as shown in Fig.1.11, where A3 is the mass and Y3 the yield of the ternary fragment.1.4.3 Nulear Dynamis: DissipationAn important question that has reeived muh attention over the years is the natureand magnitude of nulear dissipation. There is also a question as to the temperature



Chapter 1: Introdution 22dependene of the nulear dissipation. The details of the temperature dependenemay provide a means to determine the nature (one-body vs. two-body) of the nuleardissipation. Reent dynamial models, many based on lassial Hamiltonian equa-tions of motion and fousing on a limited number of olletive oordinates, have beenused to investigate these questions. One suh model, the Marosopi DynamialModel [34, 35℄, will be overed in some detail in Ch. 5.1.5 New InsightsTo date the vast majority of the experimental work has been limited to the study oflow energy (spontaneous, thermal neutron and light-ion indued) ternary �ssion. Inthe urrent work we investigate the important features, ternary fragment energies,angular distributions, and yields, for heavy-ion-indued ternary �ssion. The higherexitation energies and angular momenta obtainable in heavy-ion indued reationsmay provide further insight into the importane of both entrane hannel dynamis(inident orbital angular momentum) and the temperature dependene of nuleardissipation.
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Chapter 2
Detetors
Aurate reonstrution of the reation kinematis on an event-by-event basis re-quired oinident detetion of the two orrelated �ssion fragments along with anylow energy intermediate mass fragments (IMFs: 3 ≤ Z ≤ 20) emitted at bakwardangles with respet to the beam axis. In this experiment several quantities weremeasured simultaneously for both the �ssion fragments and the IMFs. For the two�ssion fragments it was important to measure the emission angle and veloity of eahfragment. For the IMFs the quantities of interest were the atomi number, emissionangle, veloity and kineti energy. Sine the IMFs of interest were to be detetedat bakward angles, it was also neessary to use a detetor with a very low energythreshold to aount for the enter-of-mass motion of the system. These require-ments were satis�ed by two types of detetors: a large area, hybrid parallel-plateavalanhe ounter - multi-wire proportional ounter (PPAC-MWPC) for the dete-tion of the �ssion fragments and a low threshold ionization-hamber/Si(IP)/CsI(Tl)telesope (IC telesope) for the detetion of IMFs.2.1 Introdution to Gas-Ionization DetetorsBoth the PPAC-MWPC and IC telesopes used in the urrent work are gas detetorsin whih inident radiation ionizes the gas thus providing detetion apability. The25
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Figure 2.1: Shemati of a simple, pulse mode gas ionization hamber.
simplest form of suh a detetor is essentially a parallel-plate apaitor in whih theregion between the plates is oupied by the gas able to be ionized. A shematidiagram for a simple, pulse-mode gas-ionization hamber is shown in Fig. 2.1, whereeah ionizing event results in an independent signal. As ionizing radiation passesthrough the gas volume, it dissipates some or all of its energy in ollisions with thegas moleules, reating eletron-ion pairs. In the absene of an eletri �eld betweenthe parallel plates, the motion of the eletrons and positive ions would be random,and the eletrons and ions would eventually reombine to form neutral moleules. Inthis senario there would be no net �ow of harge arriers (eletrons or positive ions)and thus no signal ould be extrated from the detetor. However, when a voltage isapplied between the plates the eletrons are aelerated and aquire a net veloity v,in the diretion of the anode plate. Likewise, the positive ions aquire a net veloityin the diretion of the athode plate. The spae-harge resulting from the reationof the eletron-ion pairs, as well as their subsequent motion within the eletri �eld,auses an indued urrent at the eletrode plates. This indued urrent ontinues to�ow until all of the harge has been olleted. Measurement of the indued urrentprovides the detetor signal.The eletron drift veloity varies as a funtion of the redued eletri �eldstrength, X/p, where X is the eletri �eld strength between the two plates in V/mand p is the gas pressure [1℄. It an be approximately alulated by the lassial
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v =

eλX

mup
, (2.1)where, in addition to the eletri �eld strength and pressure desribed above, e isthe eletron harge, λ is the mean free path of the eletrons in the gas, m is theeletron mass, and u is their RMS agitation veloity. Thus, it is lear that one animprove the time resolution of a gas detetor by either dereasing the gas pressureand/or inreasing the potential di�erene aross the gap between the plates. Indeed,it has been demonstrated that low pressure gas-ionization detetors o�er superiortime resolution ompared to the same detetor type operated at higher pressures [2℄.Time resolution as good as 175 ps has been reported for very low pressures (2 Torrisobutane) [3℄.The drift veloity of the positive ions an be desribed by an expression similarto that used to desribe the motion of the eletrons:

v+ = µ+

(

X

p

) , (2.2)where µ+ is the mobility of the ion in the gas. With X in units of V/m and p inatm, the ion mobility generally has a value near unity. This means that the olletiontime for the more massive positive ions is about 1000 times greater than that forthe eletrons. Beause of this, gas detetor designs that require fast timing use theeletron olletion to provide the time signal.2.2 General Priniples of Gas Ampli�ationThe behavior of a gas-ionization detetor varies as a funtion of the magnitude ofthe applied eletri �eld. With all other parameters being �xed (detetor geometry,gas pressure and type, et.), it is possible to identify several distint regions ofampli�ation whih depend on the applied voltage as shown in Fig. 2.2.Region I. At very low voltage the eletrons and ions produed by the ionizingradiation move with relatively slow speeds, and the rate of reombination is high. Asthe voltage inreases, the eletri �eld strength inreases, the harge arriers move
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Figure 2.2: Relationship between olleted harge and applied voltage in a gas-ionization detetor. The di�erent regions are de�ned in the text.
faster, and the rate of reombination dereases toward zero. This region is referredto as the reombination region. The voltage VI is the point at whih the rate ofreombination is zero, and all of the harge reated by the ionizing radiation is beingolleted at the eletrodes.Region II. As the applied voltage is inreased, the rate of reombination de-reases to zero, and the olleted harge inreases to and saturates. All eletronsolleted at the anode are the result of primary ionizing events, those that resulteddiretly from interations between the radiation and the gas moleules. This regionis referred to as the ionization region, where the amount of harge olleted is di-retly proportional to the amount of energy deposited in the gas, with no internalampli�ation.Region III. In this region, the rate of harge olletion, as well as the totalamount of harge olleted, begins to inrease. The eletri �eld has beome sostrong that, in a ertain region of the gas volume, eletrons formed through primaryionization aquire su�ient kineti energy between ollisions to produe additional



Chapter 2: Detetors 29ionization of the gas. The ratio of the total ionization produed to the primaryionization, the gas multipliation fator, is, for a �xed voltage, independent of theamount of primary ionization. Thus the total amount of harge olleted remainsproportional to the amount of primary ionization, and therefore the amount of energydeposited in the gas. This region is alled the proportional region.Region IV. The eletri �eld in this region is so strong that the reation of asingle eletron-ion pair will initiate an avalanhe e�et, resulting in a strong signalthat is independent of the amount of primary ionization. Beause the �nal signalis not proportional to the amount of primary ionization, partile identi�ation andenergy measurement are no longer possible. A detetor operating in this region,referred to as the Geiger-Müller (GM) region, is only useful for ounting the numberof events, while providing no information as to the nature of the ionizing radiation.Region V. If the applied voltage is inreased beyond VIV in Fig. 2.2, a singleionizing event will initiate a ontinuous disharge in the gas. At this point the devieis no longer useful as a radiation detetor without the addition of a means to quenhthe disharge between detetion events.Of the two detetor designs used in the present work, the PPAC-MWPC operatesin the proportional region, where the signal is ampli�ed through seondary ionization,but is still proportional to the energy deposited in the gas by the �ssion fragments.The ion hamber portion of the IC telesope operates in the ionization region, wherethe signal is proportional to the deposited energy, but there is no internal signalampli�ation.2.3 Constrution and Operating Charateristis of theParallel-Plate Avalanhe Counter - Multi-wire Pro-portional CounterThe parallel-plate avalanhe ounter - multi-wire proportional ounter (PPAC-MWPC)is a low pressure, transmission-mode gas ionization ounter. The good timing and



Chapter 2: Detetors 30position resolution obtainable with this detetor type makes it ideal for kinematistudies involving detetion of �ssion fragments and other heavy ions [2, 3, 4, 5℄. Inthe urrent work these detetors were used to measure the veloity and position of�ssion fragments resulting from intermediate energy heavy ion reations. The de-tetors were designed, built and tested by the Nulear Chemistry group at IndianaUniversity [6℄. An exploded transverse view of a PPAC-MWPC is shown in Fig.2.3. These detetors were designed to be low mass, to allow the possibility of o-inident neutron detetion, and easy to disassemble for leaning and repair. EahPPAC-MWPC is omposed of two distint regions. The �rst region operates as amulti-wire proportional ounter, and the seond region operates as a parallel-plateavalanhe ounter with additional sense wires for position measurement. The ativearea for this detetor design is approximately 9m×17m, and the normal operatingonditions are a pressure of 4�5 Torr of isobutane and a athode voltage of −650 Vto −700 V.The multi-wire proportional ounter region (MWPC) onsists of a plane gridof 68 equally spaed opper-beryllium wires loated between, and parallel to, twoaluminized mylar athode foils (see Fig. 2.4). Eah wire has a diameter of 50 µmwith a spaing of 0.1 inhes (2.54 mm) between adjaent wires. This wire plane isreferened as the x-wire plane in Fig. 2.3. The wires are strethed taut and soldereddiretly onto the printed iruit board (PCB) ontaining the disrete omponents ofthe read-out eletronis. Eah wire is onneted at one end to a tap on a delay lineomposed of a series of passive LC delay hips (Rhombus Industries model TZB12-5)providing a tap-to-tap delay of 2.0 ± 0.5 ns. The opposite end of eah wire is left�oating. Both ends of the delay line are onneted to ground through a 3kΩ resistorto dissipate the olleted harge slowly. The signals are extrated at either end ofthe delay line through a 10�20 nF apaitor onneted in parallel to the groundingresistor (see Fig. 2.3).The mylar athode foils (nominal thikness≈0.176mg/m2) are manually strethedand glued aross preision mahined G10 frames. The framed athode foil losest
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Figure 2.3: Exploded shemati of a PPAC-MWPC used in the ternary �ssion stud-ies. The delay lines for the wires are shown, as well as the signal readout loationsfor, yU, yD, xL, and xR, used to determine position.
to the x-wires in Fig. 2.4 is aluminized only on the side faing the x-wires andis mounted on the same PCB as the x-wires. The seond framed athode foil ismounted on an adjaent PCB, desribed later. This athode foil also serves as theathode for the PPAC region, and therefore is aluminized on both sides. In additionto ontat by ompression, where neessary silver paint was used to ensure goodeletrial ontat between the aluminized surfaes of the mylar foils and the highvoltage trae on the PCB.As desribed in Se. 2.1, ionizing radiation passing through the gas volume reateseletron-ion pairs. Due to the strength of the eletri �eld in the viinity of the wires(as shown in Fig. 2.5) the majority of the harge is olleted by the wire nearestto the trajetory of the ionizing partile. Close to the anode wires the potential
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Figure 2.4: Cross-setional diagram detailing the MWPC region of a PPAC-MWPCused in the ternary �ssion studies.
gradient inreases rapidly, allowing the eletrons to ahieve su�ient kineti energyto ause seondary ionization of the gas moleules. This �internal ampli�ation� isharateristi of a gas detetor operating in the proportional region. Sine the totalsignal resulting from the passage of an ionizing partile will be dominated by theontribution from the wire losest to the ionization trak, the position resolution isdiretly related to the wire spaing. It has further been shown that the absoluteposition resolution obtainable with a MWPC of this type is on the order of one halfthe distane between adjaent wires [3, 7℄. This position resolution orresponds toan angular resolution of ≈ 0.5◦ and exeeds the experimental requirements (θ . 2◦)of the present work.One the signal reahes the LC delay line, it is split, with part of the signaltraveling through the delay line in either diretion. The di�erene between the timeof arrival of the signal at the two ends of the delay line is diretly related to theposition of the wire where the signal originated. There is, however, a limit on theoverage that an be obtained with a single detetor of this type. The relativeamplitudes of the signals extrated at either end of the delay line depends on theimpedane as viewed in either diretion from the initiating anode wire. For a signaloriginating from the enter wire, the impedane would be roughly equal in eitherdiretion. In this ase the two extrated signals would be roughly equal in amplitude.



Chapter 2: Detetors 33Cathode foil
Cathode foil

−650 V

−650 V

0 V

x-wire plane
Figure 2.5: Diagram of the eletri �eld lines in the MWPC region. Charged partilesmove along the eletri �eld lines (lines running from the foils to the wires) to beolleted at either the anode wires (eletrons) or the athode foils (positive ions).Close to the anode wires the potential gradient inreases rapidly, resulting in aorresponding inrease in the aeleration of the eletrons (see Eq. 2.1 in Se. 2.1).
For a signal originating from one of the peripheral wires, the ratio of amplitudes isfound to be about 2:1 for this detetor design. Thus, for a �xed wire spaing, thedelay line will eventually grow to a point where, for a signal originating from aperipheral wire, no signal is seen at the opposite end of the delay line beause ofthe inreasing impedane. One possible way to overome this limitation would beto divide the delay line into multiple setions, with eah setion overing a limitednumber of position-sensing wires. However, suh a solution would require additionalsignal proessing eletronis.After being read out from either end of the delay line, the signals are passedthrough a harge-sensitive fast ampli�er before being proessed through the data-aquisition eletronis. The two signals are reorded separately with a time-to-digitalonverter (TDC), using the anode foil signal from the parallel-plate region (disussedbelow) or a logi signal as the TDC start. The two times reorded with the TDCare referred to as xLeft and xRight to indiate the side of the detetor from whih



Chapter 2: Detetors 34IonizingradiationCathode foilAnode foil y-wire plane 3.25mm
1.50mmFigure 2.6: Cross-setional diagram detailing the PPAC region of a PPAC-MWPCused in the ternary �ssion studies.

the signal originated. These two times are used to onstrut the time di�erene
dx = xLeft −xRight. Panel (a) of Fig. 2.7 is a plot of the time di�erene spetrum forthe MWPC, demonstrating the single-wire resolution that an be obtained with thismethod. The time di�erene dx is used to determine the horizontal position of theinident partile within the ative volume of the detetor. The urrent design allowsfor position measurements in the x oordinate of the detetor with a resolution of
∼1.5 mm (< 0.5◦ when the detetor is positioned 30 m from the target).The parallel-plate avalanhe ounter region (PPAC) is similar to the MWPCregion, onsisting of a plane grid of 37 equally spaed opper-beryllium wires, referredto as the y-wire plane in Fig. 2.3, oriented orthogonal to the wires in the MWPCregion. Eah wire has a diameter of 50 µm with a spaing of 0.1 inhes (2.54 mm)between adjaent wires. The y-wires are soldered onto a seond PCB, separatedfrom the �rst PCB by an 8.0 m preision mahined lexan spaer. The seond PCBalso ontains the disrete omponents, inluding the LC delay hips and deouplingapaitors, of the read-out eletronis for the PPAC region. As in the MWPC region,eah wire is onneted at one end to a tap on a delay line and the other end is left�oating. Components of the delay line and position signal readout are the same asfor the x-wire plane. As mentioned previously, the athode foil separating the twodetetor regions also ats as the athode for the PPAC region. A seond, singly
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PSfrag replaements dx = xL − xR dy = yU − yDFigure 2.7: Spatial resolution of the PPAC-MWPC detetors. The data used arefrom the reation 12C +232Th at 193 MeV/A. Panel a) is a plot of the onstrutedquantity dx = xLeft − xRight as desribed in the text. Panel b) is an analogous plotfor the quantity dy = yUp − yDown.
aluminized mylar foil, opposite the y-wire plane, ats as the anode (see Fig. 2.6).The general operating priniples of the PPAC are also similar to the operatingpriniples of the MWPC. Eletrons reated in the gas volume by ionizing radiationare aelerated in the eletri �eld toward the anode foil where they are olleted.As the eletrons pass by the y-wires, they indue a urrent in the wires losest tothe partile trajetory [8℄. This indued urrent results in a positive pulse that istransmitted through the delay line, and is read out at either end. Very few of theeletri �eld lines emanating from the athode foil terminate at the position-sensingwires; most pass by the wires and terminate at the anode foil. Sine, in this ase,the eletri �eld does not fous the moving loud of eletrons reated by the ionizingpartile, it tends to experiene a greater degree of dispersion ompared to the eletron



Chapter 2: Detetors 36loud formed in the MWPC region.Other than the proess of inverting the signals with 100 MHz pulse transformers,the position wire signals for the PPAC region are treated identially to the x-wiresignals of the MWPC region. The proessed timing signals, yUp and yDown, are usedto onstrut the time di�erene dy = yUp − yDown. As an be seen in panel (b)of Fig. 2.7, the y-wires do not provide the same level of resolution as the x-wires.We hypothesis that this redued position resolution a�orded by the y-wires is aonsequene of the signal arising from an indued urrent on the wires as opposedto the diret olletion of eletrons, as is the ase for the x-wire signals. Beauseof the azimuthal symmetry inherent in the reations of interest, the resolution inthe x diretion is more imortant than the resolution in the y diretion. Thus theinferior resolution of the y-wires did not have a signi�ant impat on the quality ofthe physially extrated quantities.The signal resulting from the eletrons olleted at the anode foil is read outthrough a deoupling apaitor. The signal is then ampli�ed using a timing �lterampli�er (TFA) with both a fast and a linear output. The fast signal from theTFA is passed through a onstant fration disriminator with four fast outputs. Oneoutput signal is used as a start (MSU experiment) or stop (ANL experiment) for atime-to-digital onverter to be used in the time-of-�ight analysis, while a seond isused to inrement the event salers. The remaining two output signals are used togenerate the event type seletion trigger. The linear signal from the TFA is digitizedwith an analog-to-digital onverter (ADC) for anode pulse-height analysis.Figure 2.8 shows an example anode pulse-height spetrum. The large peak above
∆E ≃ 250 hannels is the result of �ssion fragments passing through the PPACregion of the detetor. The narrower peak at low hannel numbers is from α-partiles.Sine these experiments involved the use of targets omposed of elements that arespontaneous α emitters, the detetors are subjet to a steady �ux of isotropially-emitted α partiles in addition to those resulting from indued α radioativity. Thelean separation of the α's from the �ssion fragments in the anode pulse-height
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Figure 2.8: Example anode signal pulse-height distribution from the PPAC dete-tors. Data were obtained from the reation 12C +232Th at 264 MeV/A. The arrowlabeled �Cut� marks the ADC hannel above whih partiles are identi�ed as �ssionfragments (FFs). This allowed for rejetion of events involving reation and targetdeay α's deteted in the PPACs.
distribution provides a simple means to rejet non-�ssion events.As mentioned earlier, the TDC information from the anode signal is used for �s-sion fragment time-of-�ight (TOF) analysis. This information, oupled with the kine-matial relations developed in Se. B.2 allowing a measure of the fragment masses.Panel (a) of Fig. 2.9 shows an example TOF spetrum for �ssion fragments detetedin triple oinidene (ternary) events. The measured TOF was used to dedue themass of the �ssion fragment as shown in panel (b) of Fig. 2.9.
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Figure 2.9: Example �ssion fragment time-of-�ight (TOF) distribution: (a) TOFspetra for �ssion fragments deteted in triple oinidene (ternary) events, (b) re-lation between fragment mass and the measured TOF from (a). Data are for thereation 12C + 232Th at 16 MeV/A.
2.4 Ion Chamber TelesopesA number of low threshold, large dynami range ionization-hamber/Si(IP)/CsI(Tl)detetor telesopes were used for IMF detetion in the urrent work. These detetortelesopes were designed, built and tested by the Nulear Chemistry group at Indi-ana University [9℄. The detetor elements were housed inside trapezoidal steel answith a front �ange to attah the thin mylar entrane window (nominal thikness
≈0.176mg/m2) and a rear �ange that ontained vauum feed-throughs for detetorbias, extrated signals and gas inlet and outlet.The �rst ative element of this telesope design is an axial-�eld, pulse-type gas-ionization hamber with an ative path length of ∼ 6m [10℄. The eletri �eld isshaped at the edges by seven 2 mm thik opper rings spaed 4 mm apart by nylonspaers. The anode is omposed of a doubly aluminized mylar foil strethed aross
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154 mmFigure 2.10: Shemati diagram of an ionization-hamber/Si(IP)/CsI(Tl) detetortelesope.
the entral �eld-shaping ring. This plaement of the anode foil has the e�et ofminimizing the eletron olletion time by reduing the eletron drift path length.Charged partiles passing through the gas volume lose all or part of their energy inollisions with the gas moleules. A ertain fration of the energy lost to ollisionsresults in ionization of the gas moleules into eletron-ion pairs. The resulting freeeletrons are then aelerated under the in�uene of the applied eletri �eld towardthe anode foil where they are olleted. Both sides of the anode foil are eletriallyshorted to the entral ring, allowing olletion of harge from the entire gas volume.Brass ollimators were added at the front of the telesopes to suppress partiles thatmight pass too lose to the �eld-shaping rings, where fringe e�ets of the eletri�eld were disovered to lead to non-linearities in the harge olletion. The additionof the ollimator resulted in an ative area of 3.7m× 3.7m at the front fae of thetelesope. The normal operating onditions for this detetor is 18�20 Torr of CF4
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V◦Figure 2.11: Shemati ross-setional diagram of the ion-hamber region of an ICtelesope. A shemati representation of the �eld-shaping eletronis and signal readout is also shown at the bottom of the diagram.
and an anode voltage of ∼450 V.A positive bias voltage is applied to the entral �eld-shaping ring as shown inFig. 2.11. A series of resistors that onnet the rings is used reate the potentialgradient within the ative volume of the detetor. Charge olleted at the anode foilauses a voltage drop at point A in Fig. 2.11. The signal produed by this voltagedrop is proessed by an external preampli�er loated near the detetor.The seond element of the telesope is an ion-implanted passivated Si detetor(Miron Semiondutor model MSQ25-300) plaed diretly behind the ion hamberregion. Eah Si rystal measured 5m×5m and was segmented into four quadrants.The nominal thikness of the rystals is 300 µm. Eah quadrant is read out sepa-rately by a harge-oupled preampli�er. Due to our partiular interest in low energy
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Figure 2.12: Example α-partile energy spetrum from one of the Si(IP) detetorsused in the IC telesopes. The spetrum was aquired using a ollimated 232Thsoure positioned ∼ 5m from the front window of the telesope. The orrespondingenergies of the various α peaks are also shown.
partiles, the front dead layer was arefully measured for eah rystal to inrease theauray of partile energy reonstrution. Fig. 2.12 shows a typial energy spe-trum obtained during our alibrations using a 232Th α soure. The energy spetrumwas aquired with no gas in the telesope, so the only additional fators to in�uenethe energy resolution was introdued by the front window and the anode foil. In thisexample, the energy resolution was found to be ∼1.4% or 95 keV for the 6.778 MeV
α peak.The �nal element of the telesope is a set of four thallium-doped esium iodidesintillator rystals, CsI(Tl), one behind eah quadrant of the silion rystal. Eahrystal measures 2.5m×2.5m×3.0m. Eah CsI(Tl) rystal is wrapped around thesides with Te�on tape to improve di�use re�etivity and to optially isolate adjaent



Chapter 2: Detetors 42rystals to prevent ross-talk. The front fae of eah rystal is overed with 1.5 µmaluminized Mylar to re�et light bak into the rystal. The rear fae of eah rystalis optially oupled to a 0.50 inh thik Plexiglas light guide whih is in turn optiallyoupled to a 2m × 2m photodiode (Hamamatsu Photonis model S3204-03). Thesignal from eah photodiode is proessed by a harge-sensitive preampli�er, loatedin the rear of the steel an that houses the detetor elements. As the preampli�er iswithin the gas volume, it is potted in silion elastomer (Dow Corning Sylgard 184)in order to redue the sensitivity of the �eld-e�et-transistor to eletrial dishargeswithin the gas volume.Two independent gas-handling systems were used to maintain a stable operatingpressure for both the PPAC-MWPCs and the ionization hamber portion of the ICtelesopes. The gas-handling systems were also designed to provide a steady �owof the �lling gas through the detetors. This is neessary to prevent a build up ofthe slow moving positive ions, whih would eventual begin to redue the detetore�ieny by reombining with the ionization eletrons used to generate the detetorsignals.
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Chapter 3
Experimental Setup and DetetorCalibrations
The reation 12C + 232Th was studied at inident energies of E/A = 16 and 22MeV in order to probe the e�ets of exitation energy and angular momentum onthe ternary �ssion proess. Sine the inident energy requirements ould not bothbe ahieved at a single aelerator laboratory, it was neessary to use both theMihigan State University Superonduting Cylotron Faility (MSU: E/A = 22MeV) and the ATLAS Aelerator Faility at Argonne National Laboratory (ANL:
E/A = 16 MeV). Table 3.1 lists the maximum and observed exitation energies forthe two experiments, along with data from an earlier ternary �ssion study [1℄.3.1 Experimental SetupThe �rst experiment was onduted at the Mihigan State University National Su-peronduting Cylotron Faility (MSU-NSCL) using the 92" sattering hamber.The K1200 ylotron was used to deliver a 12C beam with an energy of E/A = 22MeV (Elab = 264 MeV) and an average intensity of ∼1010 partiles per seond. Thebeam was direted at a self-supporting 232Th target foil with an areal density of700 µg/m2. The target foil was mounted on a metal frame with a 7/8" diameter44



Chapter 3: Experimental Setup and Detetor Calibrations 45Reation 12C + 232Th 4He + 232ThInident energy 22 MeV/A 16 MeV/A 50 MeV/A
E∗

max MeV/A (MeV) 0.91 (222.0) 0.64 (156.2) 0.77 (181.7)
FLMTobs 83% 100% 100%

E∗
obs MeV/A (MeV) 0.70 (169.4) 0.64 (156.2) 0.77 (181.7)Table 3.1: E∗

max indiates the maximum initial exitation energy that ould beahieved assuming omplete fusion of projetile and target, alulated using themassive transfer model (see Appendix B for details of alulating the initial exita-tion energy). E∗
obs indiates the maximum exitation energy the ould be obtainedbased on the maximum experimentally observed linear momentum transfer from theprojetile to the omposite nuleus, FLMTobs, for ternary events in whih ZIMF = 2.For referene, the last olumn ontains information about an earlier study of ternary�ssion whih foused on the reation 4He + 232Th at an inident energy of E/A = 50MeV [1℄.

hole, that was rotated 45◦ with respet to the beam axis. A set of six large area,position-sensitive, hybrid parallel-plate avalanhe ounter/multi-wire proportionalounters (PPACs) was used for detetion of orrelated �ssion fragments, three oneither side of the beam axis (details of the operation of the PPACs are providedin Se. 2.3). Light harged partiles (LCP: 1 ≤ ZLCP ≤ 2) and intermediate massfragments (IMF: 3 ≤ ZIMF ≤ 13), observed in oinidene with two orrelated �ssionfragments, were measured at mid and bakward angles relative to the beam axis by�ve low threshold ion hamber/Si(IP)/CsI(Tl) telesopes (details of the operationof the IC telesopes are provided in Se. 2.4). A shemati diagram of the generallayout for both experiments is given in Fig. 3.1.The seond experiment was performed at the ATLAS Aelerator Faility atArgonne National Laboratory. A 12C beam was aelerated to an energy E/A = 16
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Figure 3.1: Shemati view of detetor plaement relative to the inident beam.Details of the detetor designs an be found in Ch. 2. The out-of-plane PPACs havebeen left out for larity.
MeV (Elab = 193 MeV) by the ATLAS Tandem Lina Aelerator and direted on toa self-supporting 232Th target foil with an areal density of 700 µg/m2. The targetfoil was mounted in a metal frame with the same harateristis as in the MSU-NSCLexperiment. The average beam urrent was ∼ 4 × 1010 partiles per seond. Thetarget in this experiment was also rotated 45◦ with respet to the beam axis. Thesame detetors were used for identifying �ssion fragments, LCPs and IMFs. ThePPACs were again grouped in pairs, one on either side of the beam axis with onepair entered in the (y, z)-plane, and a seond pair rotated out of the (y, z)-plane by
27.5◦ (spae limitations in the sattering hamber prevented using all three pairs).



Chapter 3: Experimental Setup and Detetor Calibrations 47At periodi intervals during both experiments the 232Th target foil was replaed byan idential, empty target frame to assess the extent of beam sattering o� the targetframe. Negligible sattering from the target frame was observed.As stated above, the target was rotated to 45◦ with respet to the beam axis inboth experiments. This orientation was hosen for two reasons. First, to minimizethe e�ets of target shadowing of the PPACs, illustrated as the gray wedge in Fig.3.1. Seond, to minimize the target foil thikness, as viewed in the diretion of theIC telesopes, to limit the amount of energy lost by the IMFs while esaping fromthe target foil. This orientation of the target foil resulted in a loss of ∼ 25% of theative area for the left side in-plane PPAC (LC in Fig. 3.1), and ∼30% for the twoleft side out-of-plane PPACs due to target shadow.3.1.1 Detetion of Fission Fragments: PPACsThe PPACs were grouped in pairs, one on either side of the beam axis, as shown inFig. 3.2, with one pair entered in the (y, z)-plane and one or two additional pairsrotated out of the (y, z)-plane by an angle ϕ = ±27.5◦ diretly above or below theenter PPAC. The front window of eah PPAC was positioned 30 m from the target.The two in-plane PPACs, labeled LC and RC in Figs. 3.1 and 3.2, were enteredat angles (ϑ,ϕ), as desribed in Table 3.2, to aount for the reation kinematis(see Appendix A for the details of onverting the detetor position angles (ϑ,ϕ) topolar spherial oordinate angles (θ,φ) in the laboratory system). Eah PPAC hadan ative area of 8m × 14m, whih provided an angular overage of ∼ 32◦ in θwhen positioned 30 m from the target. The PPAC plaement desribed in Table3.2 allowed measurement of laboratory �ssion fragment folding angles, taking intoaount target shadow, over the range of 128◦ ≤ θAB ≤ 178◦ in the MSU experimentand 128◦ ≤ θAB ≤ 180◦ in the ANL experiment. The PPACs were operated intransmission mode, with a di�erential gas pressure of ∼ 4 Torr of isobutane, asdesribed in Se. 2.3.
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LDFigure 3.2: Shemati of the PPAC positions as viewed along the beam axis.
PPAC # LC RC LU RD LD RU

ϑ +51.3◦ −95.2◦ +51.3◦ −95.2◦ +51.2◦ −95.2◦

22 MeV/A
ϕ 0.0◦ 0.0◦ +27.5◦ −27.5◦ −27.5◦ +27.5◦

ϑ +55.0◦ −95.0◦ +55.0◦ −95.0◦ n/a n/a
16 MeV/A

ϕ 0.0◦ 0.0◦ +27.5◦ −27.5◦ n/a n/aTable 3.2: Angular positions (ϑ,ϕ) of the PPACs during the two experiments. SeeFig. 3.2 for de�nitions of the PPAC labels.



Chapter 3: Experimental Setup and Detetor Calibrations 49Telesope # 1 2 3 4 5
ϑ +167.6◦ +167.6◦ +149.9◦ +149.9◦ +100.6◦

22 MeV/A
ϕ +8.8◦ −8.8◦ −8.8◦ +8.8◦ 0.0◦

ϑ +160.8◦ +160.8◦ +143.2◦ +143.2◦ +100.0◦

16 MeV/A
ϕ −8.8◦ +8.8◦ +8.8◦ −8.8◦ 0.0◦Table 3.3: Angular positions (ϑ,ϕ) of the IC telesopes during the two experiments.See Fig. 3.3 for de�nitions of the telesope labels.

3.1.2 Detetion of Intermediate Mass Fragments: IC TelesopesFour of the low threshold ion-hamber/Si(IP)/CsI(Tl) telesopes, referred to as the4-pak in Figs. 3.1 and 3.3, were plaed at bakward angles in the laboratory and
∼90◦ with respet to the sission axis, as de�ned by the PPAC positions. Loatingthese detetors at bakward angles e�etively suppressed the detetion of partilesresulting from pre-equilibrium emission, as well as elasti and inelasti sattering ofthe projetiles. This suppression aided the detetion of the low energy nek IMFswhih were the prinipal interest in these experiments. These four telesopes werearranged in a box shape as depited in Fig. 3.3. The �fth IC telesope was positionedat a smaller angle with respet to the sission axis (∼ 50◦) to provide a measure ofisotropially emitted harged partiles. The angular positions of the IC telesopesin both experiments are listed in Table 3.3.3.2 Detetor CalibrationsThe detetors were alibrated by utilizing both radioative soures and preisionpulse generators. Eletroni pulsers were used to test linearity of the analog and dig-ital eletronis (pre-ampli�er, shaper, digitizers, et.) while the radioative soureswere used to provide an absolute referene. Calibrations were performed at the
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Figure 3.3: Shemati of the IC telesope positions as viewed from the target posi-tion. ϑ is the angle with respet to the beam axis in the forward diretion. ϕ is arotation out of the horizontal plane ontaining the beam axis (see Appendix A for amore detailed desription). The individual telesopes are indiated by the numbers1�5, and the quadrants within a telesope are indiated by the letters A�D. Theblok of four telesopes on the left side is olletively referred to as the 4-pak (seeFig. 3.1). The telesope number order and angular values given in the �gure are forthe MSU experiment.
end of eah experiment, using the same detetor and eletroni on�gurations usedduring the experiments.3.2.1 IC Telesope Energy CalibrationsThe energy alibration of the IC telesopes was performed using a 228Th α-soureplaed at the target position (see Fig. 3.1). The energies of the soure α's wereinsu�ient to pass through to the CsI(Tl) rystals, but sine the CsI(Tl) signal wasonly used to rejet high energy LCPs and not to determine partile energies, therewas no need for a alibration. The target ladder was rotated to illuminate eahtelesope in turn, and three spetra were reorded for eah telesope: one with no�lling gas in the telesopes, a seond with the �lling gas at the same pressure as was



Chapter 3: Experimental Setup and Detetor Calibrations 51used during the experiment, and a third with twie the gas pressure used during theexperiment. The �rst set of spetra, aquired with no �lling gas in the telesopes,was used as an absolute alibration for the energy deposited in the Si(IP) detetorelement. A typial spetrum for one quadrant of a Si(IP) detetor is shown in panel(a) of Fig. 3.4. Although an independent energy alibration based on the soure α'swas performed for the ionization-hamber data, its only purpose was to be able tosum spetra over several telesopes (spei�ally the ∆E-E spetra disussed in Se.3.2.3).Eah quadrant of a segmented silion detetor was alibrated separately by �ttingeah peak in the α spetra with a Gaussian and extrating the entroid. The resultingentroids, in ADC hannel number, were then plotted against the orresponding, wellknown α-partile energies for the 228Th deay hain (displayed in Fig. 3.5), afterorreting for all �dead layers�. The �dead layers� inluded all intervening material,between the soure of the radiation and the ative detetor element, that degrades theenergy of inident radiation but does not ontribute to the detetor signal extratedfrom that element. For determination of the energies of the α-partiles entering thesignal generating region of the Si(IP) detetor elements, the dead layers onsideredwere the mylar window and anode foils, the gas of the ionization hamber (if present)and the aluminum layer on the surfae of the Si rystal. The α alibration of theSi(IP) detetor element was performed using the energy spetrum aquired with no�lling gas. This hoie was made to avoid unertainties assoiated with the deadlayer orretion for the �lling gas (variation of gas pressure with temperature andvariation of path length through the gas introdued by bowing of the mylar window).The soure α-partile data were �t with a linear funtion as shown in panel (b) ofFig. 3.4. This linear �t was used as an initial alibration urve to relate ADC hannelnumber to energy, in MeV, deposited in the Si(IP) detetor, ESi.The linearity of the Si(IP) detetors and the assoiated eletronis was hekedover the full dynami range of the ADCs by injeting preise amounts of hargefrom a researh pulser oupled to a harge terminator into the input of the harge-
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Figure 3.4: Si(IP) detetor energy alibration for one Si quadrant. Panel (a) showsthe unalibrated energy spetrum, in ADC hannels, obtained from a 228Th α-soure.The spetrum was aquired with no �lling gas in the IC telesope. Panel (b) showsthe relationship between ADC hannel number and energy deposited in the Si(IP)detetor (after aounting for intervening dead layers: window foil, anode foil, et.)for the α-soure alibration. The solid line is the result of a linear �t to the αalibration points. The dashed line is the alibration urve from the pulser data.Panel () shows the unalibrated spetrum obtained by injeting preise amounts ofharge from an Orte model 448 researh pulser through a harge terminator andinto the preampli�er input. The piket-fene spetrum was generated by varyingthe attenuation setting for the pulser signal output. Panel (d) shows the energyalibration based on the data from the preision pulser. The solid line is the pulserenergy alibration urve. The dashed line is the α energy alibration urve.
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β− deayα deay 5.423 MeV5.685 MeV6.288 MeV6.778 MeV6.062 MeV8.785 MeV

228Th
224Ra

220Rn
216Po

212Pb212Po
208Pb 212Bi

208TlFigure 3.5: 228Th deay hain used in the IC telesope energy alibrations. Theaverage energy for eah deay α is listed next to the α deay arrows.
sensitive pre-ampli�er of eah Si(IP) quadrant. While performing this alibration,the Si(IP) detetors, onneted to the pre-ampli�ers, were biased to their operatingvoltage to maintain the same detetor apaitane as during the experiment. Forthe 193 MeV 12C + 232Th reation, an Orte model 448 researh pulser was used,and for the 264 MeV 12C + 232Th reation, a BNC model PB-4 pulser was used.The pulser was initially set, with no attenuation, so as to simulate the largest pulsesobservable within the dynami range ADCs. The amount of injeted harge wasthen redued by known amounts, using the preision attenuation swithes on thepulser. A �piket-fene� spetrum, shown in panel () of Fig. 3.4, was generated inthis manner for eah Si(IP) quadrant.In the pulser spetrum the ith peak is assoiated with a spei� pulser atten-uation setting, fi, with the �rst peak (lowest hannel number) having the highestattenuation fator. However, it is more onvenient to assoiate eah peak with therelative attenuation, f1/fi, where f1 is the attenuation fator for the �rst peak. Thusthe extrated entroids, xi, were assoiated with the orresponding relative atten-uation, and the resulting data were �t with a linear funtion. The �t provided a
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f1

fi
= mxi + b (3.1)where m is the slope and b the interept. At this point, the pulser alibrationexpresses a relation between ADC hannel number and relative attenuation fator.To onvert this expression to a alibration for the energy deposited in the Si(IP)detetor, ESi, we introdue the quantity E0/f1, where E0 is the equivalent Si(IP)energy in MeV for no attenuation of the pulser signal, and f1 is the maximumattenuation fator used in the alibrations. The quantity E0/f1 is thus the energyper unit of attenuation over the full range of the pulser alibration. Multiplying bothsides of Eq. 3.1 by E0/f1 gives

E0

f1
· f1

fi
=

E0

f1
· mxi +

E0

f1
· b,whih redues to

E0

fi
= Ei =

(

mE0

f1

)

xi +

(

bE0

f1

) , (3.2)where Ei is the energy of the ith pulser alibration point in MeV. Equation 3.2 pro-vides the desired linear relation between ADC hannel number and energy depositedin the Si(IP) detetor element, in whih the slope, m′, and interept, b′, are given by
m′ =

mE0

f1
and b′ =

bE0

f1
,where m and b are the slope and interept from Eq. 3.1.The unknown quantity E0 was determined by inserting the entroid hannelnumber and deposited energy for one of the α alibration points, xα and Eα, into Eq.3.2 and solving for E0. This alulation was performed for eah of the α alibrationpoints, but the best agreement between the α alibration urve and the resultingpulser alibration urve was obtained when using the values for the 8.785 MeV α.Inserting the degraded energy and entroid hannel for this α point, and the relativeattenuation �t parameters extrated from the pulser spetrum in panel () of Fig.3.4, we get

E0 = Eα

(

m

f1
xα +

b

f1

)−1
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= (8.660 MeV)

(

0.02325

84
(382.3) +

0.20350

84

)−1

= 80.009 MeV.The slope and interept for the pulser energy alibration urve are then alulatedto be
m′ =

(0.02325) (80.009 MeV)

84
= 0.0222 MeV/ADC hannel

b′ =
(0.20350) (80.009 MeV)

84
= 0.194 MeVas shown in panel (d) of Fig. 3.4.The quality of the two energy alibration urves was examined by plotting theperent di�erene between eah alibration urve and the orresponding alibrationpoints. Panel (a) of Fig. 3.6 shows the perent di�erene for the α energy alibration.The maximum deviation, of only 0.2%, ours for the lowest energy point. Panel (b)of Fig. 3.6 is a plot of the perent di�erene for the pulser energy alibration. Thedeviation is onsistently small at high Si(IP) energies, < 1%, indiating negligiblenon-linearities over this portion of the dynami range. However, fousing on thelow energy region in panel () shows that, although the pulser alibration urvedeviates little from the pulser alibration points even over the range overed by the

α alibration, it diverges rapidly below a Si(IP) energy of ∼ 2�3 MeV. This rangein ESi orresponds to a range in the total IMF energy of ∼ 4�5 MeV for Z = 3and ∼ 9�10 MeV for Z = 6. The observed deviations indiate that the detetorresponse beomes non-linear at low energies. This was not a onern, however,sine this energy range is at or below the detetion threshold for all light fragmentsinvestigated (detetion threshold is ∼ 0.8 MeV/A). Finally, panel (d) shows theperent di�erene between the pulser and α alibration urves.3.2.2 Determination of IMF EnergiesFrom the measured energy, ESi, deposited in the Si(IP) detetor element, the totalenergy of a partile an be dedued by alulating the energy loss inurred by itspassage through the gas in the ionization hamber and the intervening dead layers.
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Figure 3.6: Comparison of α and pulser energy alibrations for one Si quadrant.Panel (a) shows the variation between the α alibration points and the energyalulated from the linear alibration urve. The variation is plotted as the per-ent di�erene ∆Efit
α = (Eα − Efit

α )/Eα as a funtion of Eα, where Eα is thesoure α energy and Efit
α is the orresponding energy alulated from the α al-ibration urve. Panel (b) shows the same for the pulser alibration points, i.e.

∆Efit
pulser = (Epulser−Efit

pulser)/Epulser as a funtion of Epulser. Panel () is an expandedview of the low energy portion of the variation of the pulser alibration in panel (b).The energy range orresponds to that used in panel (a). Panel (d) shows the varia-tion between the α and pulser alibration urves, ∆Efit
α−pulser = (Efit

α − Efit
pulser)/E

fit
αas a funtion of Efit

α .
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ZIMF 2 3 4 5 6 7 8 9 10 11 12 13
AIMF 4 7 10 11 14 16 18 20 22 24 26 29Table 3.4: IMF mass, AIMF, as a funtion of the atomi number, ZIMF, used todedue total partile energies.

The energy loss, dE, inurred by a partile of inident energy Ei, atomi number Zand mass number A, in traversing an in�nitesimal amount of matter, dx, is given bythe Bethe-Bloh formula [2, 3, 4℄:dEdx
=

(
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4πǫ0
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i N0Zρ
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[
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2mc2β2

I

)

− ln
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1 − β2
)

− β2

] (3.3)where v = βc is the veloity of the inident partile, Zi is its atomi number, Z, A,and ρ are the atomi number, atomi weight, and density of the material throughwhih the partile is moving. Total partile energies were obtained from lookuptables generated using the FORTRAN energy loss ode published by Ziegler et.al.[5℄, whih utilizes Eq. 3.3. These lookup tables expressed the total partile energy,
Etotal, as a funtion of the mass number, A, and atomi number, Z, of the partile,and the energy deposited in the Si(IP), ESi. Sine the IC telesopes did not providemass resolution, a most probable mass had to be assumed for eah element. Table3.4 lists the mass numbers used in the energy loss alulations as a funtion of theatomi number of the inident partile. These values were hosen based on resultsfrom earlier investigations of spontaneous, thermal-neutron indued, and light-ionindued ternary �ssion [6, 1℄.The energy-loss alulations took into aount all known ative and dead layersin the telesopes, inluding the mylar window and anode foils, pressure of the �llinggas, and the silion oxide dead layer. To minimize digitization e�ets, a granularityof 100 keV in Si(IP) energy was used in onstruting the lookup tables. As men-tioned previously, the alulated energy loss in the ionization hamber was subjetto unertainties assoiated with the variation of gas pressure with temperature as



Chapter 3: Experimental Setup and Detetor Calibrations 58well as variations in path length through the gas aused by bowing of the entranewindow. The unertainties in the energy deposited in the gas lead to an unertaintyof ∼1�3% in the dedued partile energy, depending on the mass of the inidentpartile.3.2.3 Partile Identi�ationPartile identi�ation was performed using the ∆E-E tehnique. This tehniquerelies upon the stopping power of ionizing radiation in matter. The Bethe equation,Eq. 3.3, may be approximated for non-relativisti partiles by the expression
∆E =

kZ2A

E
= f(Z,A,E) (3.4)where Z is the harge of the inident partile, A is its mass number, and k is aonstant that depends on the stopping material. One an utilize this energy-lossrelation to identify partiles by allowing them to penetrate a stak omposed of atleast two detetor elements. The �rst element operates in transmission mode, thatis, the inident partile with initial energy E is not stopped within the detetormedium but passes ompletely through it. Sine the inident partile is not stopped,it deposits only a portion of its initial energy, ∆E, within the detetor, and exits thebak of the detetor with a redued energy E′ = E − ∆E. The remaining energyof the inident partile, E′, is then deposited in the seond detetor element, whihmust be thik enough to stop the partile. Thus, for partiles that are stopped inthe seond detetor element, Eq. 3.4 indiates that a plot of ∆E vs. E would resultin a set of hyperbole, eah orresponding to a di�erent value of Z2A. If ∆E is smallompared to E, it is also possible to ahieve the same result by plotting ∆E vs. E′,sine now E′ is approximately equal to E.Two dimensional (2D) histograms of ion-hamber energy, ∆EIC (∆E), vs. Si(IP)energy, ESi (E′), were generated for eah IC telesope. Panel (a) of Fig. 3.7 is anexample of the 2-D spetrum for Si singles events (only one Si quadrant reorded apartile with nothing in any of the PPACs). In this spetrum partile identi�ation
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Figure 3.7: ∆EIC�ESi map used for partile identi�ation in the IC telesopes. Pan-els (a) and (b) show the same 2D spetrum, panel (b) inludes the partile identi�-ation gates used in the analysis.



Chapter 3: Experimental Setup and Detetor Calibrations 60was possible by visual inspetion for 2 ≤ Z ≤ 6. Partile Z identi�ation wasahieved over this range by hand-drawn seletion gates as shown in panel (b) ofFig. 3.7. For Z ≥ 7 the experimental statistis were insu�ient to allow for reliablehand-drawn gates. Partile-identi�ation gates for higher values of Z were alulatedusing the Ziegler energy loss ode [5℄ desribed previously. Partile-identi�ationgates were also alulated for 2 ≤ Z ≤ 6, for omparison with the hand drawn gates.The di�erenes between the hand-drawn and alulated partile-identi�ation gatesfor 2 ≤ Z ≤ 6 were found to be negligible exept for the low edge of the Z = 2 gate(the line separating Z = 1 and Z = 2 in panel (b)). This agreement provided a highlevel of on�dene in the auray of the alulated partile-identi�ation gates forhigher Z.3.2.4 PPAC Position CalibrationsThe position signal provided by the PPAC detetors was alibrated by exposing themto a 252Cf �ssion soure mounted at the target position. The soure was rotated toilluminate eah set of PPACs on either side of the beam axis. The PPACs wereexposed to the soure for a su�iently long time so that all of the position sensingwires were visible, as an be seen in Fig. 3.8. In this plot, eah peak orrespondsto one of the position sensing wires. While the disrete wire resolution provides anexellent relative referene frame, it is neessary to ensure the absolute position ofeah PPAC by determining the absolute position of at least one wire. To providesuh absolute position information, a seond alibration run was performed with the
252Cf soure, this time with an aluminum mask plaed over the PPAC fae. Themask was su�iently thik to stop all �ssion fragments as well as the 252Cf deay
α's. Eah mask was piered in the enter with a ross pattern that left the enterwires in both the x and y planes exposed. Examples of the mask spetra are shownin panels () and (d) of Fig. 3.8, along with a shemati of the masks used to reatethem. Transiting of the detetor positions at the end of the experiment provided theabsolute position of the two enter wires.
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Figure 3.8: TDC time di�erene spetra, dx and dy, used for position alibrations ofone in-plane PPAC. A 252Cf �ssion soure was used to illuminate eah of the PPACdetetors. Panel (a) is the position spetrum of the x oordinate, dx = xLeft−xRight.Panel (b) is the position spetrum of the y oordinate, dy = yUp − yDown. Panel ()is the position spetrum of the x oordinate when the mask has been plaed overthe front fae of the PPAC. Panel (d) is the position spetrum of the y oordinatewith the mask. A shemati of the mask is inluded in panels () and (d).
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Figure 3.9: Relation between the absolute wire positions in the detetor oordinatesystem, in m, and the peaks of the time di�erene spetra. Panel (a) shows therelation for the x-wire plane, and panel (b) shows the same for the y-wire plane.
One the absolute position of the enter wires was established, a relation wasmade between the peaks in the time di�erene spetra, panels (a) and (b) of Fig.3.8, and the position in m of eah wire relative to the enter wires, based on theknown wire spaing of the detetors. The entroids of the peaks in the time-di�erenespetra were extrated and plotted against the position of the orresponding wires.The enter wire was always assigned the position value of 0.0 m in the detetoroordinate system. Figure 3.9 is a plot of the position, in m, in the detetor oor-dinate system vs. the entroids extrated from the time di�erene spetra for onePPAC. Panel (a) is for the PPAC x oordinate, and panel (b) is for the PPAC yoordinate. Calibration urves for both planes in eah PPAC were generated byapplying a linear �t to these points. Finally, an Euler transformation was used, onan event-by-event basis, to onvert the absolute position in the detetor oordinatesystem to an absolute position in the laboratory oordinate system.



Chapter 3: Experimental Setup and Detetor Calibrations 633.2.5 PPAC Time CalibrationsThe TDCs used with the PPACs were alibrated in time by using a Orte 462 TimeCalibrator. The Time Calibrator was set to generate signals that di�ered in timeby 8 ns. The resulting spetra were a �piket fene� in TDC hannels for whih thepeak-to-peak time was 8 ns. Panels (a) and (b) of Fig. 3.10 are plots of the piketfene spetra for the anode (time-of-�ight) and aelerator RF TDCs respetivelyfor one PPAC. A linear �t was then applied to a plot of TDC time in ns vs. theextrated entroids from the piket fene spetra for eah TDC signal. Panels ()and (d) of Fig. 3.10 show the plots and �ts used to generate the alibration urvesfor the spetra shown in panels (a) and (b) respetively.
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Figure 3.10: TDC time alibrations for anode (time-of-�ight) and aelerator RF forone of the in-plane PPACs. Panels (a) and (b) are the reorded spetra from the TimeCalibrator for the anode and RF TDCs respetively for one PPAC. The distanebetween adjaent peaks is 8 ns. Panels () and (d) are the points (time,hannel) andorresponding �ts for the spetra in panels (a) and (b) respetively.
Referenes[1℄ S. Chen et al., Phys. Rev. C 54, 2114 (1996).[2℄ H. Bethe, Ann. Physik 5, 325 (1930).[3℄ F. Bloh, Ann. Physik 16, 285 (1933).[4℄ H. B. J. Ashkin, (1953).[5℄ J. Ziegler, J. Biersak, and U. Littmark, The Stopping and Range of Ions inSolids (Pergamon Press, New York, 1985).
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Chapter 4
Experimental Results
In order to examine the general harateristis of ternary �ssion in omparison tobinary �ssion, as well as the harateristis spei� to ternary �ssion, we presentthe in-plane and out-of-plane angular orrelations between oinident �ssion frag-ments. For ternary �ssion the dependene of the in-plane angular orrelation, andthus the dedued linear momentum transfer, on ZIMF of the ternary fragment anprovide information on possible entrane hannel e�ets (entral vs. peripheral ol-lisions). Examination of the ZIMF dependene of the frational linear momentumtransfer (FLMT ) will then be used to investigate the possible in�uene of angularmomentum on the three body breakup of the omposite system. Next, the energyspetra for ternary fragments will be disussed, inluding the energy uts used toseparate fragments emitted isotropially and near-sission. The Z dependene ofthe enter-of-mass energy of ternary fragments will also be onsidered. The yieldsof ternary fragments emitted isotropially and near-sission are then examined andompared to previous data for both statistial (isotropi) and near-sission emis-sion. Partiular insight is provided by examining the dependene of relative yieldsof ternary fragments (both isotropi and near-sission) on the dedued exitationof the omposite system. Finally, the absolute ross-setions for ternary fragmentsemitted near-sission will be presented.To failitate understanding of the sattering proess, the azimuthal symmetry of66



Chapter 4: Experimental Results 67the sattering with respet to the beam diretion was utilized. Detetor plaementwas de�ned in terms of a Cartesian oordinate system in whih the z-axis was ori-ented along the beam diretion, and the horizontal or (y, z)-plane was de�ned by thebeam and the enters of the two �in-plane� PPACs as shown in Fig. 3.1 in Chapter 3.The origin was de�ned by the intersetion of the beam and the target foil. Angularquantities were alulated in terms of a spherial oordinate system orrespondingto the hosen Cartesian oordinate system. Unless spei�ally stated otherwise, alldata have been orreted for geometri e�ieny of the detetors. Details of thegeometri e�ieny orretions are desribed in Appendix C.4.1 Fission Fragment Angular CorrelationsThe azimuthal (out-of-plane) angular orrelation distributions for oinident �ssionfragments is shown in Fig. 4.1. The data plotted in panel (a) are for the ase of binary�ssion at the two inident energies, while the data in panel (b) are for the ase ofternary �ssion inluding both the isotropi and near-sission omponents. The datafor ternary �ssion are summed over 3 ≤ ZIMF ≤ 13 of the ternary fragment forthe 22 MeV/A data and 3 ≤ ZIMF ≤ 12 for the 16 MeV/A data. The ternaryases inlude both isotropi and near-sission emission. In both ases, the azimuthalorrelation angle is de�ned as the di�erene between the azimuthal oordinates of thetwo oinident �ssion fragments, i.e. φAB = |φA − φB|. For the ase of binary �ssion,onservation of linear momentum requires that the angle φAB be 180◦ in the enter-of-mass of the �ssioning nuleus. Beause this angle is measured perpendiular to thediretion of motion of the omposite system, it is invariant under a transformation tothe laboratory referene frame. Therefore, it is expeted that the average azimuthalorrelation angle, as measured in the laboratory, be 180◦ for binary events. Table4.1 lists the mean values, 〈φAB〉, and seond moments, µ2 = σ2, obtained by �ttinga Gaussian to eah of the distributions in Fig. 4.1. Seond moments were orreted
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Figure 4.1: Azimuthal orrelation angle distributions for oinident �ssion fragmentsin the reation 12C + 232Th at 16 and 22 MeV/A. Measured values for the ase of(a) binary and (b) ternary �ssion. The ternary ases inlude both isotropi andnear-sission emission.
for �nite detetor resolution using a value of σresolution = 0.8◦ for eah PPAC, i.e.

µ2 = σ2 = (σmeasured)2 − 2 (σresolution)
2 .The fator 2 in the last term arises from the fat that we must onsider the �niteresolution of both PPACs used in the measurement.The mean values for binary events are e�etively equal to 180◦ for both inidentenergies, indiating that the events in question were indeed omposed of orrelated�ssion fragments. Detetion of orrelated �ssion fragments was a requirement forthe kinemati reonstrution used later to dedue other quantities of interest. Themean values for ternary events are also near to 180◦, with widths omparable tothose observed for binary events. Two fators ontribute to the width of the out-of-plane angular distributions. The dominant fator is emission of neutrons or hargedpartiles following sission (post-sission), whih an perturb the angular orrelation



Chapter 4: Experimental Results 69Inident Energy 〈φAB〉Binary 〈φAB〉Ternary22 MeV/A 180.1◦ (µ2 = 16.0◦) 180.3◦ (µ2 = 17.9◦)16 MeV/A 180.6◦ (µ2 = 14.0◦) 180.7◦ (µ2 = 15.8◦)Table 4.1: First and seond moments, 〈φAB〉 and µ2 = σ2, of the azimuthal orrela-tion angle distributions for oinident �ssion fragments. Seond moments have beenorreted for �nite detetor resolution as desribed in the text.
between the two �ssion fragments. These post-sission partiles are emitted isotropi-ally in the rest frames of the two aelerated �ssion fragments, ausing the emitting�ssion fragment to reoil. The random orientation of the reoil momentum leadsto a broadening the angular orrelation distribution. The width of the out-of-planeangular orrelation an be used as an indiator of the exitation energy of the �ssionfragments following sission [1℄ (i.e. higher exitation would allow emission of morepartiles whih would lead to a broader distribution of the angular orrelation). Thesmaller values of the seond moments observed for ternary events may be an india-tion that the �ssion fragments emerge with less exitation energy in ternary �ssionthan in binary �ssion. This view is onsistent with the large energy ost expetedfor emission of a third fragment from the nek region (see Se. 1.4.1). However,in the urrent work the azimuthal orrelation angle was used simply to verify theorrelation of oinident �ssion fragments. The seond fator that an in�uene theazimuthal angular orrelation is sattering of the �ssion fragments in the target foil.Although of relatively minor importane ompared to post-sission partile emission,sattering of the �ssion fragments an be a measurable a�et the �nal width of thedistribution.The �ssion-fragment folding angle, θAB = θA + θB for two orrelated �ssionfragments A and B, (see Fig. 4.2) an be related to the longitudinal omponentof the linear momentum transferred from the inident projetile to the omposite
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In the laboratory frame:

θAB = θA + θB < 180◦In the m frame of theFissioning Nuleus:
θ′AB = θ′A + θ′B = 180◦Fragment B
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v′A

v′B

vcm
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Figure 4.2: Vetor diagram de�ning the �ssion fragment folding angle, θAB, for parti-le indued binary �ssion. In the enter-of-mass of the �ssioning nuleus the relativeangle of emission between the two �ssion fragments is onstrained by onservation oflinear momentum. The forward motion of the omposite nuleus leads to a smallerangle (< 180◦) between the two �ssion fragments as measured in the laboratorysystem.system [2℄. Knowledge of the linear momentum transfer (LMT) for a given eventprovides a means to extrat information about the ollision, suh as its entralityor the initial exitation of the omposite system [2, 3, 4℄. At low to intermediateinident energies, where omplete and inomplete fusion are the dominant interationmehanisms [5℄, a entral, or head-on ollision will transfer an appreiable portionof the momentum of the inident partile to the omposite nuleus. Conversely,a more peripheral interation will result in the transfer of onsiderably less linearmomentum, but will lead to omposite states of higher angular momentum.The relationship between the �ssion-fragment folding angle and LMT has been
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Figure 4.3: E�et of inident energy on the binary folding-angle distributions foroinident �ssion fragments in the reations (a) 14N + 238U, and (b) 12C + 232That the listed inident energies. The dedued frational linear momentum transfer(FLMT) sale, p||/pbeam, is shown above eah distribution. Data for 14N + 238U arefrom Ref. [5℄.



Chapter 4: Experimental Results 72well doumented for numerous ases of light and heavy-ion-indued binary �ssion[1, 2, 5, 6, 7, 8, 9℄. Figure 4.3 provides a omparison of the measured binary folding-angle distributions from the present work with those for the system 14N + 238Uat a number of inident energies [5℄. Looking �rst at the data for the 238U(14N,f)reations in panel (a), there are several important features to note: (1) At lowinident energies, near the Coulomb barrier, the distribution of folding angles showsa high probability for events involving full LMT (p||/pbeam = 1.0). Events resultingfrom peripheral interations are strongly suppressed, even for the highly �ssile 238Unuleus. (2) As the inident energy inreases, the probability for �ssion arising frommore peripheral interations (p||/pbeam << 1.0, inomplete fusion) inreases. At thehighest inident energies indiated in the �gure, the probability for �ssion arisingfrom less than full LMT is omparable or greater than for omplete fusion. (3) Asthe inident energy inreases the entire distribution beomes broader.Looking now at the 232Th(12C,f) binary �ssion data (panel (b) in Fig. 4.3), thefollowing observations an be made: (1) The peripheral omponent of the folding-angle distribution is more prominent for the higher inident energy, in agreement withthe trends observed in the 238U(14N,f) data. The probability for �ssion followinginomplete fusion inreases with inreasing inident energy. (2) For both inidentenergies, the peripheral omponent is less pronouned than for 238U(14N,f) at similarenergies. This di�erene an be understood by onsidering the lower �ssility of 232Thompared to 238U. (3) The most probable folding angle, θmp
AB (denoted by arrows inFig. 4.4), is higher for the 22 MeV/A data than for the 16 MeV/A data, indiating adereased probability for omplete fusion at the higher inident energy. This trend isalso onsistent with the results from [5℄. At higher energies inomplete fusion beginsto dominate the total reation ross setion, either through projetile breakup andsubsequent apture or the onset of pre-equilibrium emission.Figure 4.4 presents the measured �ssion fragment folding angle distributions forboth binary and ternary events in the 12C + 232Th reation at (a) 22 MeV/A and (b)16 MeV/A. Again, the results for ternary events are integrated over 3 ≤ ZIMF ≤ 13
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Figure 4.4: Folding angle distributions for oinident �ssion fragments in the reation
12C + 232Th at (a) 22 MeV/A and (b) 16 MeV/A. Measured values for the aseof binary �ssion (open irles), ternary �ssion without orreting for reoil of the�ssioning nuleus (up triangles) and ternary �ssion after orreting for reoil (downtriangles). The ternary ases inlude both isotropi and near-sission emission.
for the 22 MeV/A data and 3 ≤ ZIMF ≤ 12 for the 16 MeV/A data. To omparewith the results for binary �ssion the data for ternary �ssion are presented before(up triangles) and after (down triangles) orreting for the reoil of the �ssioningnuleus due to emission of the ternary partile at bakward angles (neessary fordeduing the FLMT, see App. B). At both inident energies the unorreted ternaryfolding angle distribution is peaked near 145◦ (indiated by the arrows in the �gure),
≈ 10◦ less that the most probable values for binary �ssion. Most of this di�ereneis the result of the reoil, as an be seen by omparing the binary and orretedternary distributions. For the 22 MeV/A data the di�erene between the binary andorreted ternary values is now only 3.9◦, and there is no di�erene in the 16 MeV/A



Chapter 4: Experimental Results 74data. Based on the observations from Fig. 4.3 we an onlude that ternary �ssionis preferentially assoiated with larger LMT. At both inident energies the orreteddistributions are peaked near 100% LMT and seem to lak the low LMT shoulderobserved for binary �ssion.4.2 IMF EnergiesCenter-of-mass kineti energy distributions for beryllium and arbon fragments de-teted in oinidene with two orrelated �ssion fragments are displayed in Fig.4.5. Panels (a) and (b) show the enter-of-mass energy spetra, for berylliumand arbon fragments respetively, as measured ∼ 50◦ with respet to the sissionaxis. Gaussian �ts to the energy spetra yielded mean enter-of-mass energies of
〈Ecm〉 = 43.8 (σ = 10.5) MeV for beryllium and 〈Ecm〉 = 54.5 (σ = 8.0) MeV forarbon. The horizontal bars in Fig. 4.5 indiate the ranges used for the �ts. Theenergy spetra and the extrated mean energies are onsistent with the Coulombbarrier for emission from a nearly spherial soure the size of the emitting ompositesystem.Panels () and (d) of Fig. 4.5 depit the enter-of-mass energy spetra for beryl-lium and arbon fragments, respetively, measured ∼90◦ with respet to the sissionaxis. Both spetra exhibit a bimodal distribution, in agreement with earlier in-vestigations of ternary �ssion [10℄. Vertial dotted lines indiate the energy utsused to separate the low energy omponent, assoiated with near-sission emission,from the high energy, isotropi omponent. Gaussian �ts to the low energy om-ponents yielded mean enter-of-mass energies of 〈Ecm〉 = 21.9 (σ = 10.6) MeV forberyllium and 〈Ecm〉 = 26.1 (σ = 12.0) MeV for arbon. These values are wellbelow the Coulomb barrier for emission from a ompat soure. Fits to the highenergy omponents yielded values of 〈Ecm〉 = 42.5 (σ = 7.0) MeV for beryllium and
〈Ecm〉 = 53.3 (σ = 10.9) MeV for arbon. These values are in good agreement withthose determined over a similar energy range in panels (a) and (b). Also, the over-all yield of the high energy omponent, after aounting for variations in detetor
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Figure 4.5: Center-of-mass energy spetra for Be and C fragments measured inoinidene with two orrelated �ssion fragments. Panels (a) and (b) show energyspetra for Be and C respetively, measured ∼50◦ with respet to the sission axis.Panels () and (d) show energy spetra for Be and C respetively, measured ∼ 90◦with respet to the sission axis. The dotted lines indiate the energy ut used toseparate the low energy, near-sission omponent from the high energy, isotropiomponent. The urves represent Gaussian �ts to the high energy (solid blue) andlow energy (dashed red) omponents. Mean energies and standard deviations fromthe �ts are listed. The apped horizontal lines indiate the ranges used for theorresponding �ts.
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Figure 4.6: Mean enter-of-mass kineti energy of ternary fragments as a funtionof ZIMF for near-sission (open and losed irles and open triangles) and isotropi(open squares) emission.
solid angle, is omparable between the two angular regions, indiative of an isotropiemission mehanism, for whih there is no orrelation with the orientation of thesission axis.The dependene of the average enter-of-mass kineti energy on Z of the emittedfragment is depited in Fig. 4.6. Both the isotropi and near-sission omponentsexhibit a roughly linear dependene of the average energy on ZIMF. The solid lineindiates the Coulomb barrier for a touhing-spheres senario given by,

Ec =
1.44ZIMF (Zsource − ZIMF)

1.4
[

A
1/3
IMF + (Asource − AIMF)1/3

]

+ 2
MeV (4.1)where Zsource and Asource have been approximated by 90 and 232, respetively, toaount for inomplete fusion and pre-sission emission of nuleons. The kineti



Chapter 4: Experimental Results 77energies for isotropially emitted fragments are roughly onsistent with this simpleformula, indiating that these fragments are emitted while the exited ompositesystem is still relatively ompat. Fragments emitted near sission have averagekineti energies signi�antly lower than those assoiated with statistial emissionfrom a spherial soure. This result is onsistent with emission of the near sissionIMFs from an extended soure as depited by the artoon in the lower right orner ofthe �gure. Data are also inluded for near-sission emission observed in the reation
4He + 232Th at 50 MeV/A (open triangles) [11℄. The agreement between the datafor near-sission emission in the three reations would indiate that the extent of theemitting system is not greatly a�eted by the initial exitation energy.4.3 Kinemati Correlations Between Fission Fragmentsand IMFsIn order to understand the onditions under whih fragments are emitted, we haveexamined the orrelations between the �ssion-fragment folding angle and IMF emis-sion. The folding-angle tehnique has been well established as a means of deduingthe linear momentum imparted to the �ssile target nuleus [5℄, from whih the result-ing exitation of the omposite system an be inferred. For referene, binary �ssionfollowing omplete fusion (full linear momentum transfer) should yield an averagefolding angle of 〈θAB〉 = 152◦ for the 22 MeV/A ase. In ontrast, the most prob-able folding angle observed for binary �ssion events assoiated with non-peripheralollisions is θAB = 156.9◦ (as indiated in panel (a) of Fig. 4.4), whih is onsistentwith the inomplete fusion of projetile and target nuleus in the formation of theomposite system.In Fig. 4.7 the dependene of the average folding angle on ZIMF in ternary �ssionevents is presented. In panel (a) we ompare the results for isotropi and near-sission emission in the 22 MeV/A reation, and in panel (b) the results for near-sission emission at the two inident energies are ompared. For the isotropially



Chapter 4: Experimental Results 78emitted fragments (open squares) the mean folding angle dereases monotoniallywith inreasing ZIMF due to the reoil imparted to the �ssioning system by the bak-ward emitted IMF. Sine the angle, kineti energy, and Z of the IMF are measured,the magnitude of this reoil an be alulated by assuming a Z/A ratio for the IMFthat is onsistent with previous measurements [10, 11℄. The solid line in panel (a)represents the mean folding angle predited by the assumption of 87% linear mo-mentum transfer from the projetile to the omposite system (inomplete fusion),inluding orretions for reoil of the �ssioning system due to the IMF emissionprior to signi�ant deformation and subsequent �ssion of the residual nuleus. Thefolding angle assoiated with isotropially emitted ternary fragments an be under-stood reasonably well within suh a senario. In ontrast, IMFs emitted near-sission(open and losed irles) exhibit a more omplex behavior. While the mean foldingangle for near-sission IMFs with Z ≤ 7 also dereases monotonially, for Z ≥ 8 thetrend is reversed, and the mean folding angle begins to inrease (dereasing LMT)with inreasing Z. This trend would indiate that the latter fragments are emittedin events in whih less linear momentum was initially transferred to the ompositesystem, i.e. near-sission emission of IMFs with Z ≥ 8 are assoiated with moreperipheral ollisions.The dashed line in both panels of Fig. 4.7 represents the mean folding angleassoiated with the assumption of 83% linear momentum transfer from the projetileto the omposite system, inluding orretions for reoil of the �ssioning system dueto the IMF emission and subsequent �ssion. However, as with the solid line inpanel (a), it is assumed that IMF emission ours prior to signi�ant deformationof the omposite system. Sine this is not the ase for near-sission emission (thenet Coulomb repulsion immediately after IMF emission is signi�antly lower fornear-sission emission), it is expeted that the linear momentum transfer is atuallygreater than 83% for the near-sission events. This expetation is on�rmed in theevent-by-event analysis, where the reoil is determined by onservation of linearmomentum using the assumed mass of the IMF and its energy as measured in the



Chapter 4: Experimental Results 79

Figure 4.7: Dependene of the mean �ssion-fragment folding angle on ZIMF for near-sission (open and losed irles) and isotropi (open squares) emission. The pointsfor NSE are o�set ±0.1 units in ZIMF for larity.
IC telesopes. In omparing the results for near-sission emission at the two inidentenergies, panel (b) of Fig. 4.7, we �nd that there are no signi�ant di�erenes asidefrom the points for ZIMF = 10. Sine there is good agreement for all other valuesof ZIMF, the disagreement for ZIMF = 10 is most likely due to a systemati error inthe analysis that has so far eluded identi�ation.We have determined the average fration of the linear momentum transferred(〈FLMT 〉) by the projetile to the omposite system by iteratively orreting onan event-by-event basis for the reoil of the bakward emitted IMF (for details seeAppendix B). The dependene of 〈FLMT 〉 on ZIMF is shown in Fig. 4.8. The�isotropially emitted� fragments are assoiated with a nearly onstant 〈FLMT 〉 of90% within the measurement unertainties. The 〈FLMT 〉 assoiated with NSE IMFsdereases monotonially from 83% to 25% with inreasing ZIMF. Dereasing linearmomentum transfer is presumably assoiated with dereasing energy deposition intothe omposite system. Hene, the observed derease in 〈FLMT 〉 with the Z of the
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Figure 4.8: Dependene of the mean frational linear momentum transfer (FLMT)on ZIMF for near-sission (open and losed irles) and isotropi (losed squares)emission. The points for NSE are o�set ±0.1 units in ZIMF for larity.
near-sission IMFs qualitatively suggests that NSE of heavy fragments is not drivensolely by exitation energy onsiderations.4.4 IMF YieldsThe yield distributions of the isotropi and the near-sission omponents are shown inFig. 4.9 for the 22 MeV/A reation. Both omponents are reasonably well desribedby a power-law type behavior σ(Z) ∝ Z−τ . For the isotropi omponent the power-law parameter is τ = 2.94 ± 0.14. Near-sission emission has a muh �atter Zdistribution (τ = 1.17 ± 0.10), onsistent with previous measurements [10, 11℄, andfor heavy IMFs (Z ≥ 8) the yield distribution is essentially onstant. The powerlaw parameter, τ , is believed to be indiative of the details of the fragmentationproess [12℄. For multifragmentation reations indued by light and heavy ions, τ isobserved to be a monotonially dereasing funtion of the projetile energy, down to
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Figure 4.9: Yield distributions of ternary fragments for near-sission (irles) andisotropi (squares) emission. Curves represent power-law �ts to the data.
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Figure 4.10: Comparison of the experimental τ parameters for NSE from the urrentwork with values dedued from experimental statistial emission data and statistialmodel alulations. The dashed line is a power-law �t to the data for statistialemission.
a minimum of τ ≃ 2.0, whih ours at Elab ≃ 2 GeV [13℄. The systemati behaviorof the power law parameter for multifragmentation reations has been frequentlyited as evidene that these reations proeed by a ommon deay mehanism. In astatistial emission framework, a �atter yield distribution (smaller τ) is assoiatedwith higher exitation of the emitting system. Due to prior neutron emission fromthe omposite system, as well as transfer of energy into deformation, one wouldexpet near-sission emission to be assoiated with lower exitation energy than theisotropi omponent. Consequently, the �atter yield distribution for near-sissionemission suggests a deay mode not solely dependent on exitation energy. Thisview is supported by the apparent dependene of the NSE fragment mass on theangular momentum of the entrane hannel disussed in Se. 4.3.



Chapter 4: Experimental Results 83The τ parameters extrated from the IMF yield distributions in the present workare ompared to values obtained from experimental and theoretial statistial emis-sion data in Fig. 4.10. The data are plotted as a funtion of the initial exitationenergy per nuleon of the omposite system. Open irles are the result of power-law�ts to the elemental yields for 3 ≤ ZIMF ≤ 11, observed in the reation 3He + natAgat inident energies of 45�130 MeV [14℄. Open squares are from power-law �ts to theyield of fragments with 3 ≤ ZIMF ≤ 6 obtained using the statistial deay ode SI-MON [15℄. The model alulations were for the reation 12C + 232Th at 264 MeV as-suming frational linear momentum transfer values of FLMT = 1.00, 0.83, and 0.75.For these data the power-law parameter τ dereases monotonially with inreasingexitation, in agreement with the systematis desribed in Ref. [13℄. This trend ex-presses the inreasing probability for the emission of larger fragments as the neessaryenergy beomes available [16℄. The dashed line is a power-law �t to the statistialemission data made primarily to guide the eye.The losed points in Fig. 4.10 represent the results for NSE in the two 12C-indued reations of the urrent work. The initial exitation energy was alulatedon an event-by-event basis within the framework of the massive transfer model asdesribed in Se. B.4. The mean value was integrated over 3 ≤ ZIMF ≤ 12 in the16 MeV/A reation and 3 ≤ ZIMF ≤ 13 in the 22 MeV/A reation and plottedagainst the orresponding power-law parameter. It should be further noted that thededued exitation energy for the NSE ase orresponds to an upper limit based onthe dedued FLMT in the entrane hannel. At sission muh of the initial exitationwill have been onverted into deformation energy or lost to pre-equilibrium partileemission. This fat is indiated in the �gure by the arrows on the two NSE points.However, even if we onsider just the initial exitation energy, we see a markeddi�erene for NSE when ompared to the points for statistial evaporation. Thevalue of the τ parameter is signi�antly lower, by a fator of three or more, for thease of NSE at similar initial exitation. This di�erene further supports the ideaof a substantially di�erent emission mehanism than that believed to be responsible



Chapter 4: Experimental Results 84for stritly statistial emission.Figure 4.11 shows a omparison of NSE yields for heavy-ion-indued ternary �s-sion from the urrent work with yields for spontaneous and thermal-neutron-indued(nth-indued) ternary �ssion. The spontaneous and nth-indued data show a strongodd-even e�et indiating that the near-sission IMFs are being emitted from a sys-tem at low temperature, where shell e�ets are still important. As the interationbeomes more violent, the features in the yield urve arising from shell struturebegin to disappear, indiating emission from a hotter soure, i.e. there is moreexitation energy available at sission whih washes out the shell struture seen atlower energies. Also, in heavy-ion-indued ternary �ssion the yields extend to heavier
ZIMF. This extension to heavier nek fragments ould be another indiation that theangular momentum of the �ssioning system plays an important role in the dynamisof the three-body breakup.4.5 Relative IMF YieldsTo explore the role of exitation energy on fragment emission further, we have on-struted the yield ratios between di�erent IMFs as a funtion of exitation energy.For statistially emitted fragments these ratios should be sensitive to the IMF emis-sion barriers. The average initial exitation of the omposite system, 〈E∗〉, wasalulated in the framework of an inomplete fusion model using the dedued FLMT,

〈E∗〉 = Ep ρ
At

At + ρAp

√

1 −
(vp

c

)2
+ 〈Q〉 (4.2)where Ep is the projetile energy, ρ is the frational linear momentum transfer fromthe projetile to the omposite system (FLMT ), At and Ap are the mass numbers ofthe target and projetile, respetively, vp is the veloity of the projetile and 〈Q〉 isthe average Q value of reation hannels onsistent with the given ρ (see Se. B.4 fora detailed desription of how the initial exitation energy was determined). Deduedvalues for the linear momentum transfer overed a range of 0.25 . ρ . 1.0 as shownin Fig. 4.8.
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Figure 4.11: Relative IMF yields for near sission emission. Comparison of resultsfrom the urrent work with data from spontaneous ternary �ssion of 252Cf [17℄, nth-indued ternary �ssion of 242Am [18℄ and 229Th [19℄ and α-partile indued ternary�ssion [11℄. Yields are plotted relative to the near-sission α yield for eah system.Lines are to guide the eye with the dashed line representing the average for thespontaneous and nth-indued data.
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Figure 4.12: Relative yields of various IMFs as a funtion of the initial exitationof the omposite system. Data are for (a) isotropially emitted IMFs, and (b) IMFsemitted from the nek region (NSE). Renormalized preditions of the statistialmodel SIMON are shown as solid lines in (a). Yields are plotted relative to the Liyield.



Chapter 4: Experimental Results 87The dependene of the isotropi IMF yield relative to lithium on exitation en-ergy is shown in panel (a) of Fig. 4.12. The experimental data exhibit an exponentialinrease with inreasing exitation energy. This behavior an be qualitatively under-stood in terms of the Z dependene of the IMF emission barriers. Sine the emissionbarrier inreases with inreasing ZIMF, for a given exitation energy one observesa redued emission probability for IMFs with larger Z. With inreasing exitationenergy this suppression in emission probability dereases.We also ompared the experimental data with the preditions of the statistialmodel SIMON [15℄. The solid lines in panel (a) of Fig. 4.12 depit the predited yieldsof Be, B and C relative to Li fragments as a funtion of E∗/A. As SIMON tends toseriously under-predit fragment yields it was neessary to renormalize the resultsof the alulations for omparison with the data. The model semi-quantitativelyreprodues the main trend observed in the experimental data, showing a 3-4 foldinrease in the relative yield over the measured exitation energy window. Thus, thebehavior of isotropially emitted IMFs is onsistent with statistial emission from aompat soure.The dependene of the relative yields of NSE on the initial exitation of thesystem is shown in panel (b) of Fig. 4.12. The yields of near-sission fragments with
Z = 4 − 7, Z = 8 − 9, and Z = 10 − 13 have been normalized by the yield of near-sission Z = 3 fragments. In marked ontrast to the trends observed in panel (a)of Fig. 4.12, the relative yields in panel (b) do not show an exponentially inreasingbehavior with inreasing exitation energy. For nek-emitted Z = 4 − 7 fragmentsthe relative yield is approximately onstant with inreasing exitation energy. Suhbehavior ould be understood if the emission barriers were essentially the same orif no emission barriers existed � onsistent with emission of nek fragments fromextended on�gurations. For Z = 8 − 9, however, the relative yield dereases withinreasing exitation energy. A fator of 5 derease is observed between the asesinvolving the lowest exitation (peripheral ollisions) and ases involving the highestexitation (more entral ollisions). In the ase of Z = 10 − 13, a suppression by a
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Figure 4.13: Relative yields of various IMFs emitted from the nek region (NSE) asa funtion of the initial exitation of the omposite system. Data are for the 12C +
232Th reation at (a) 22 MeV/A and (b) 16 MeV/A. Yields are plotted relative tothe Li yield.
fator of approximately 20 is observed between E∗/A = 0.2 and E∗/A = 0.6. Thisbehavior is inonsistent even with a zero emission barrier senario and, we believe, isa strong indiation of a non-statistial, dynamial origin of NSE of heavy fragments.In understanding the assoiation of signi�ant heavy fragment nek yield withlow linear momentum transfer, two points are noteworthy. First, for heavy fragments(Z ≥ 10) the mass of the fragment approahes the mass of the nek. Thus, statistialemission from the nek would require evaporation of almost the entire �soure� andis suppressed on the basis of soure size e�ets. Suppression of statistial emissionis important if one is to isolate a o-existing/ompeting deay mehanism learly.Seond, for ollisions involving modest linear momentum transfer (25%), the de-formation (strething) introdued into the target nuleus may be signi�ant. In
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Figure 4.14: Relative yields of isotropi (left panel) and nek (right panel) emittedIMFs as a funtion of√a/E∗ for the reation 12C + 232Th at 22 MeV/A. Extratedvalues for the relative emission barrier, ∆B, are given for eah �t. The level densityparameter was alulated as a = A/9 where A is the mass of the omposite system.
ontrast, entral ollisions should yield less deformation and greater heating of thesystem. Qualitative expetations ditate that survival of any initial strething ofthe exited omposite system into the �ssion hannel results in a more elongatedsission on�guration and onsequently a larger middle fragment. The survival ofsuh an initial strething should depend sensitively on the nature of nulear dissipa-tion. Preliminary alulations with a dynamial model of �ssion [20℄ bear out thesequalitative expetations [21℄.It has reently been suggested by Moretto et.al. that the results obtained inthis work ARE onsistent with statistial emission [22℄. We present their argument



Chapter 4: Experimental Results 90(based on our data) and our ounter-argument. In terms of statistial theory, theemission probability for a fragment with a Z dependent emission barrier BZ an bewritten as
PZ ∝ AZ e−BZ/Twhere PZ is the probability for emission, T is the temperature of the emitting systemand AZ is a proportionality onstant that depends on Z. The emission probability fora fragment with atomi number Z relative to that for Z = 3 an then be onstruted:

PZ/P3 = KZ e−(BZ−B3)/T = KZ e−∆B/Twhere KZ = AZ/A3 and ∆B = (BZ − B3) represents the relative emission barrier.Taking the natural logarithm of both sides of this expression gives
ln(PZ/P3) = ln(KZ) − ∆B/T = ln(KZ) −

√

a/E∗ ∆B. (4.3)Here we have made the substitution 1/T =
√

a/E∗ where a is the level densityparameter, alulated as a = A/9 MeV−1, where A is the average dedued mass ofthe omposite system. A transformation of the data in Fig. 4.12 results in a plotthat is onsistent with Eq. 4.3 as is shown in Fig. 4.14. Linear �ts to the data allowthe extration of the relative emission barrier, ∆B, with respet to the emissionbarrier for Li fragments (f. Eq. 4.3). For the ase of isotropi emission the slopesare positive, indiating an inreasing barrier whih is qualitatively onsistent withthe results from liquid drop model alulations [22℄. For nek emission however, therelative emission barriers are nearly zero for Z = 4�7 and derease for Z = 8�9 and
Z = 10�13. The interpretation for these trends is onsistent with that of the presentwork but based stritly on statistial model arguments [22℄. These trends suggestthat the nek is thik for Z = 3�7, the barrier being the energy neessary to reatethe extra surfae in the two uts required to break the fragment loose, while for
Z = 8�13 the nek is long and thin and the two uts are less expensive in terms ofthe required energy. However, an attempt to explain the results of the urrent workin terms of purely statistial deay ignores several important points [23℄.



Chapter 4: Experimental Results 91The entire question of statistial emission depends ritially upon whih modesonstitute the �bath�. The substantial exitation of olletive modes in spontaneous�ssion suggests that the evolution from saddle to sission is non-adiabati. Forexample, the exitation of angular momentum bearing modes is somewhat morethan would be expeted if the saddle to sission energy were distributed amongst alldegrees of freedom [24, 25℄. Within this ontext one ould ask, �Should the energy fornek fragment formation (i.e. pinhing o� of the nek) be taken from the olletiveor the intrinsi bath?� While a non-adiabati evolution is thus very possible, let usassume for the sake of argument that the evolution is adiabati.The proess of ternary �ssion an then be onsidered as a slow evolution ofthe shape, during whih statistial deay ould produe nek fragments. Here torephrase Moretto et al.'s argument, the events whih survive to make the longer,thinner neks are more likely to generate the larger middle fragments (Z≥7) whilethose whih are less long lived and have shorter thiker neks, are more likely toprodue the smaller middle fragments (Z≤6). The simple energy onsiderationsproposed by Moretto make this senario plausible and in fat it is supported by theresults of more omplete dynamial alulations [26℄. However, one must questionif the onditions whih led to the formation of the on�gurations with short, thikneks and long, thin neks are the same. In this regard, it is important to reall thatin spontaneous ternary �ssion large (Z≥7) nek fragments are not observed with anysigni�ant probability. Why is the present ase di�erent? Is it just a hotter heatbath?It is ritial to remember that the exitation energy dedued from the measuredlinear momentum transfer is at best the initial exitation of the omposite system.For the isotropially emitted fragments, whih are emitted when the system is rela-tively spherial and before any signi�ant deformation ours, this initial exitationenergy should orrespond losely to the exitation at the time of emission of theIMF. In fat, the observed exitation funtions are onsistent with the frationallinear momentum transfer being losely related to exitation at the time of emission



Chapter 4: Experimental Results 92and shows a learly Z dependent emission barrier, as seen in Fig. 4.12, by the agree-ment between the results of the SIMON statistial simulation ode (Z dependentemission barriers) and the data for isotropi emission. For these emissions, it seemsthe hotter bath explains the inreased yield as ompared to SF.On the other hand, for fragments emitted later, near sission, the emission prob-ability is more weakly related to the initial exitation. However, the frational linearmomentum transfer is also related to the impat parameter, b, or the angular mo-mentum, ℓ, of the ollision. A smaller linear momentum transfer (lower deduedinitial exitation) is assoiated with a more peripheral ollision, and a larger linearmomentum transfer (higher dedued initial exitation) is assoiated with a moreentral ollision. The results of the urrent work suggest that the larger nek emit-ted fragments (Z ≥ 7) are preferentially assoiated with more peripheral ollisions.Thus, larger nek fragments arise from di�erent initial angular momentum statesthan do the smaller nek fragments, and the parent distributions for the two typesare di�erent. This frationation of angular momentum into di�erent parent distribu-tions whih subsequently deay statistially is analogous to the situation in stronglydamped/deep inelasti heavy-ion ollisions. As in that ase, the question of interestonerns the dynamial formation of the parent distributions.Nulear dissipation of ourse ouples the olletive modes to intrinsi ones lead-ing to exitation of the system at sission. Thus, the interplay of dynamis andstatistis depends sensitively on the nature of nulear dissipation. Detailed studiesof nek/ternary �ssion may provide new insight into the dynamial and statistialfators in�uening fragment formation and ultimately lead to a better understandingof nulear dissipation.4.6 Ternary Fission Cross-setionIn order to determine the ternary �ssion ross-setion, it was �rst neessary to al-ulate the binary �ssion ross-setion from the measured binary �ssion data. Table4.2 summarizes the measured binary �ssion rates for the reation 12C + 232Th at 193



Chapter 4: Experimental Results 93MeV for four runs. Cross-setions for the 264 MeV experiment were not determinedbeause these data were not available. In Table 4.2, t is the duration of eah runin seonds, N indiates the unorreted total number of binary events measured ineah run, N ′ takes into aount orretions due to the geometri e�ieny of thedetetor overage as well as down-saling in the data aquisition eletronis anddetetor/data aquisition dead-time, and R′ is the orreted binary �ssion rate inevents per seond. The dead-time re�ets the time neessary for the data aquisitionsystem to proess an event. While an event is being proessed, any additional eventsmust be disarded. Sine the ternary �ssion ross-setion was expeted to be sev-eral orders of magnitude less than the ross-setion for binary �ssion, a down-salerunit was used to limit the possibility that the data aquisition system would be ina busy state due to a binary event and be unavailable to reord a ternary event.Binary events were down-saled by a fator of 32 in both experiments; that is, onlyevery 32nd binary event was proessed by the data aquisition system and written totape. The time-to-live fator, ft = tlive/treal, is a ratio of the time during whih thedata aquisition system was able to aept new events to the atual time of the run.This fator quanti�es the dead-time allowing the data to be orreted to aountfor events that ourred during the time the data aquisition system was busy. Thebinary �ssion rate was alulated as
R′ =

N ′

t
=

N s

ǫftt
(4.4)where s is the down-saling fator, ǫ is the geometri e�ieny orretion (see Ap-pendix C), and the remaining variables are as desribed above.In order to extrat the �ssion ross-setion it is neessary to know the inidentbeam urrent, Ibeam. To determine the beam urrent an Orte 439 Digital CurrentIntegrator was onneted to the data aquisition system during the last four dataruns (46,47,51 and 52). The module was set to provide one logi pulse for every 10−9Coulombs of harge olleted at the beam dump Faraday up (F.C.). This amountof harge is equal to 6.242 × 109 units of elementary harge, e, or 1.040 × 109 (e/6)

12C6− nulei. To ensure its auray, this F.C. was alibrated by omparison with



Chapter 4: Experimental Results 94Run # t (s) N ft N ′ R′ (s−1)46 12420 7961400 0.719909 635436708 5.116 × 10447 13020 8573100 0.667081 738533588 5.672 × 10451 4920 3094845 0.643116 276336275 5.617 × 10452 780 389820 0.617089 36262630 4.649 × 104Table 4.2: Experimental rates for binary �ssion in the reation 12C + 232Th at 193MeV. See text for a desription of the headings.Run # R′ (s−1) 〈Ibeam〉 (proj/s) σf (b)46 5.116× 104 8.560 × 109 2.32647 5.672× 104 8.857 × 109 2.49351 5.617× 104 8.340 × 109 2.62152 4.649× 104 6.938 × 109 2.608Table 4.3: Dedued experimental ross-setions for binary �ssion for the reation
12C + 232Th at 16 MeV/A.
an eletron suppressed F.C. (inident eletrons are de�eted away from the F.C. andthus the integrated harge is due only to 12C6− nulei) loated upstream from thesattering hamber. The omparison was made for two beam urrents di�ering by afator of 10, and it was found that a fator of 0.502 was needed to onvert the beamurrent measured at the beam dump to the true beam urrent as measured at theeletron suppressed F.C.The output from the urrent integrator was reorded as a salar for eah runrepresenting the total harge olleted at the beam dump. The alibrated beamurrent obtained from the urrent integrator was then used to determine the binary�ssion ross setion for these four runs by the standard expression

σ =
R′

Ibeamnx



Chapter 4: Experimental Results 95where nx = 2.569(±0.130)×1018 target nulei/m2 for the 700µg/cm2 232Th targetfoil rotated to 45◦ with respet to the beam axis. In Table 4.3 R′ represents the or-reted binary �ssion reation rate, 〈Ibeam〉 is the average beam urrent in projetilesper seond as determined from the urrent integrator and duration of eah run, and
σf is the resulting binary �ssion ross setion. The mean value for σf weighted bythe unorreted number of binary �ssion events in eah of the four runs was

σf = 2.45 ± 0.11 b.This result is in agreement with the asymptoti value for binary �ssion exitationfuntions for the same and similar systems as shown in Fig. 4.15. The binary �ssionross setion dedued from the last four runs was then used to alulate the aver-age beam urrent 〈Ibeam〉 for all earlier runs (those for whih the urrent integratorwas not present). In Table 4.4 R′
v is the binary �ssion reation rate orreted forgeometri e�ieny, down-saling and detetor/DAQ dead time, 〈Ibeam〉 is the aver-age beam urrent alulated for eah run, and Nproj is the orresponding number ofprojetiles inident on the target during the run.To simplify the determination of the ternary �ssion ross setion, a weightedaverage over all runs of interest was alulated for both the average beam urrentand the time-to-live orretion fator. The weighting fators used for both averageswas the orreted numbers of binary events, N ′, for eah run.

〈

I ′beam

〉

=

∑

N ′ 〈Ibeam〉
∑

N ′
= 8.811(±1.102) × 109 proj./s

〈ft〉 =

∑

N ′ft
∑

N ′
= 0.716 ± 0.078Total time for the runs used was t = 1.213(±0.011)×105 s, assuming an unertaintyof ±60 s for eah run. In Table 4.5, ZIMF represents the atomi number of the ternaryfragment, N represents the unorreted total number of suh fragments deteted,

N ′ represents the total number of fragments after orretion for geometri e�ienye�ets and detetor/DAQ dead-time, R′ is the orresponding orreted reation rate,and σNSE is the resulting ternary �ssion ross setion in µb. The dedued ternary
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Figure 4.15: Exitation funtions for binary �ssion in the reations: 12C + 238U [27℄,
16O + 238U [27, 28℄, 16O + 232Th [29℄, and 12C + 232Th [30, 31, 32, 33℄. The arrowindiates the point for the binary �ssion ross-setion determined in the urrent work(σf = 2.45 ± 0.11 b for inident energy Elab = 193 MeV).
�ssion ross-setions for fragments with 3 ≤ ZIMF ≤ 12 are presented in Table 4.5for the reation 12C +232Th at 16 MeV/A. A plot of the dedued ternary �ssionross-setions as a funtion of ZIMF of the NSE fragment is provided in Fig. 4.16.



Chapter 4: Experimental Results 97Run # R′ (s−1) 〈Ibeam〉 (proj/s) Nproj23 5.265 × 104 8.370× 109 4.520× 101324 5.298 × 104 8.421× 109 4.042× 101226 4.298 × 104 6.831× 109 5.656× 101329 6.756 × 104 1.074× 1010 2.384× 101331 6.317 × 104 1.004× 1010 1.416× 101432 5.871 × 104 9.332× 109 2.368× 101433 5.581 × 103 8.871× 108 1.224× 101236 4.407 × 104 7.005× 109 1.345× 101337 6.227 × 104 9.898× 109 7.424× 101339 4.660 × 104 7.407× 109 3.600× 101341 4.454 × 104 7.079× 109 1.317× 101342 5.030 × 104 7.994× 109 3.502× 101343 4.924 × 104 7.828× 109 4.180× 101344 4.869 × 104 7.740× 109 4.226× 101345 9.044 × 103 1.438× 109 2.329× 1012Table 4.4: Calulated beam urrents based on the dedued binary �ssion rate.
Referenes[1℄ T. Sikkeland and V. Viola, in Proeedings of the Third Conferene on ReationsBetween Complex Nulei, edited by A. Ghiorso, R. Diamond, and H. Conzett(University of California Press, Berkeley, 1963), pp. 232�240.[2℄ V. Viola Jr. et al., Phys. Rev. C 26, 178 (1982).[3℄ D. Hilsher et al., Phys. Rev. C 36, 208 (1987).[4℄ E. Mordhorst et al., Phys. Rev. C 43, 716 (1991).[5℄ V. Viola, Nul. Phys. A471, 53 (1987).[6℄ M. Fatyga et al., Phys. Rev. C 32, 1496 (1985).
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ZIMF N N ′ R′ (s−1) σNSE (µb)3 139 12107.9± 1027.0 1.012(±0.966)× 10−1 4.40 ± 0.284 138 13015.6± 1108.0 1.088(±0.093)× 10−1 4.74 ± 0.295 74 7354.3± 854.9 6.147(±1.218)× 10−2 2.67 ± 0.226 116 12267.7± 1139.0 1.025(±0.096)× 10−1 4.46 ± 0.287 30 3482.2± 635.8 2.910(±1.743)× 10−2 1.27 ± 0.158 34 4067.7± 697.6 3.400(±1.616)× 10−2 1.48 ± 0.169 19 2012.5± 461.7 1.682(±2.279)× 10−2 0.74 ± 0.1110 20 2253.5± 503.9 1.884(±2.156)× 10−2 0.82 ± 0.1211 22 2282.5± 486.6 1.907(±2.142)× 10−2 0.84 ± 0.1212 13 1473.9± 408.8 1.232(±2.657)× 10−2 0.54 ± 0.10Table 4.5: Experimental ross-setions for near-sission emission as a funtion of

ZIMF of the ternary partile for the reation 12C + 232Th at 16 MeV/A.
[7℄ M. Fatyga et al., Phys. Rev. C 35, 568 (1987).[8℄ V. Viola, Nul. Phys. A502, 531 (1989).[9℄ W. Skulski et al., Phys. Rev. C 40, 1279 (1989).[10℄ D. Fields et al., Phys. Rev. Lett. 69, 3713 (1992).[11℄ S. Chen et al., Phys. Rev. C 54, 2114 (1996).[12℄ J. Hufner, Phys. Rep. 125, 129 (1985).[13℄ W. Trautmann, U. Milkau, U. Lynen, and J. Pohodzalla, Z. Phys. A344, 447(1993).[14℄ M. MMahan et al., Phys. Rev. Lett. 54, 1995 (1985).[15℄ D. Durand (unpublished).[16℄ M. Marsili and Y. Zhang, Phys. Rev. Lett. 77, 3577 (1996).
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Figure 4.16: Experimental ross-setions for near-sission emission as a funtion of
ZIMF of the ternary partile for the reation 12C + 232Th at 16 MeV/A.
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Chapter 5
Comparison with ModelCalulations
Three models were employed in an attempt to gain additional insight into the salientfeatures of ternary �ssion:1. SIMON statistial deay ode: Used to alulate elemental yields of ternaryfragments assuming sequential deay, i.e. IMF emission followed by �ssion,within a statistial model framework [1℄.2. Fission energetis ode: Used to investigate the potential energy for variousternary sission on�gurations relative to a spherial parent, assuming a par-tiular size of ternary fragment. The alulations inluded ontributions fromthe nulear binding energies, the Coulomb energy, and the proximity energy(details of the proximity energy alulation are provided in Appendix D). Nu-lear binding energies were alulated using the Droplet Model of Myers andSwiateki [2, 3, 4℄ (details of the model are provided in Appendix E).3. Los Alamos Dynamial Fission Model: Used to explore the e�ets of angularmomentum, isospin (N/Z), and kineti energy along the deformation oordi-nate in ternary �ssion. 101
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Figure 5.1: (a) A prolate spheroid of rotation (a = b < c) with semi-major axis,
c, and semi-minor axes, a and b, labeled. The spheroid depited has an axis ratioof c/a = 2/1 (ε = 0.866). (b) Diagram of the initial state (parent) and �nal state(ternary fragment plus two idential �ssion fragments) on�gurations used in the�ssion barrier alulations. In this diagram the parent and �ssion fragments eahhave an axis ratio of 2/1, while the ternary fragment is spherial.
The IMF yields alulated with SIMON were ompared diretly to the experimentallymeasured yields of IMFs emitted isotropially and near-sission. The results of thesestatistial alulations were previously desribed in Ses. 4.4 and 4.5. The energetisalulations and dynamial model simulations are the fous of the remainder of thishapter.5.1 Energetis of Ternary FissionCalulations were performed in an attempt to estimate the magnitude of variousontributions to the energetis of ternary �ssion, and how those ontributions variedwith the deformation of one or more of the fragments. The proedure alulatedthe hange in energy between an initial state onsisting of a heavy parent nuleusand a ollinear three-body �nal state onsisting of two idential �ssion fragments(FF) separated by a smaller ternary fragment (TF). Deformation of any fragment
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Figure 5.2: Ratio of semi-major to semi-minor axes (c/a) of a prolate spheroid as afuntion of the eentriity ε . The ross-hair marks the eentriity whih resultsin an axis ratio of 2/1.
was parametrized by its eentriity, ε, de�ned as

ε =

[

1 −
(a

c

)2
]1/2 (5.1)where the quantity a/c is the ratio of the semi-minor to semi-major axes, a and crespetively, of a prolate spheroid as shown in panel (a) of Fig. 5.1. Only spheres(a = b = c) and prolate spheroids (a = b < c) were onsidered, allowing a range ineentriity of 0.0 ≤ ε < 1.0. The dependene of the axis ratio, c/a, on ε is shown inFig. 5.2. The three ollinear fragments of the �nal state were assumed to be alignedalong their semi-major axes as shown in panel (b) of Fig. 5.1.In all of the alulations, the mass and harge, AFF and ZFF, respetively, ofeah �ssion fragment was alulated as:

AFF =
1

2
(AParent − ATF) and ZFF =

1

2
(ZParent − ZTF) .Half-integer values were allowed for both AFF and ZFF. Furthermore, the assumption



Chapter 5: Comparison with Model Calulations 104of inompressibility was applied by foring the volume of a spheroidal fragment tobe equal to that of a spherial fragment with idential A:
V = 4

3πr3 for a sphere (5.2)
V = 4

3π
√

1 − ε2 c3 for a prolate spheroid. (5.3)The radius used to alulate the volume in Eq. 5.2 is de�ned as r = r0A
1/3, with

r0 = 1.18 fm. Setting the right side of Eq. 5.3 equal to the volume alulated for thease of a spherial nuleus and solving for c gives
c =

[

3 Vsph

4π
√

1 − ε2

]1/3 (5.4)where c is the semi-major axis of the prolate spheroid with volume equal to that ofthe equivalent sphere, Vsph. Of ourse, for the ase ε = 0.0 (a sphere) Eq. 5.4 givesthe result c = r as expeted.The total energy of a partiular state (either initial or �nal) was alulated as thesum of three ontributing energies: fragment-fragment Coulomb repulsion, surfaeproximity energy, and individual fragment binding energies. Sine the initial stateonsists of just the parent nuleus, the initial Coulomb and proximity energies areboth zero and the total energy is determined by the binding energy of the parentnuleus. Figure 5.3 shows a simple shemati of a one-dimensional �ssion barrieras a funtion of an arbitrary parameter ζ along the deformation oordinate. Theenergy hange ∆E between the initial and �nal states is indiated in this �gure. Thefollowing alulations assume an initial state onsisting of a spherial parent nuleusin its ground state. These alulations provide no information about the saddle-point shape or the energy assoiated with it. If the deision to proeed to �ssionwere determined exlusively at the saddle point, these alulations would provide noinsight into the proess. In reality, however, �ssion is a dynamial proess with atleast some degrees of freedom determined between saddle and sission. From thisperspetive, the following alulations an be instrutive.
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Figure 5.3: Simple shemati of a one dimensional �ssion barrier as a funtion ofan arbitrary parameter ζ along the deformation oordinate. The initial state in thebarrier alulations orresponds to a spherial parent nuleus in the ground state.The height of the barrier relative to the ground state is labelled Esad and the saddleto sission energy is labelled Essc. The quantity alulated in the urrent work islabelled ∆E.
5.1.1 Final State Coulomb EnergyThe Coulomb repulsion energy was treated by approximating eah of the three frag-ments in the �nal state as a point harge. The distane between harge enters washosen to be equal to the sum of the lengths of the semi-major axes between adjaentharge pairs, i.e. the fragments were assumed to be touhing prolate spheroids. Thislead to the following expression for the total Coulomb repulsion energy,

Efinal
Coul =

(

2
1.44 · ZTFZFF

rTF−FF
+

1.44 · Z2
FF

rFF−FF

) MeV, (5.5)where ZTF and ZFF are the atomi numbers of the ternary fragment and �ssionfragments, respetively, rTF−FF is the distane between the harge enters of the



Chapter 5: Comparison with Model Calulations 106ternary fragment and one �ssion fragment, and rFF−FF is the distane between theharge enters of the two �ssion fragments.5.1.2 Final State Proximity Energy and Droplet Model BindingEnergiesThe �nal state in the urrent alulations onsists of three fragments in lose prox-imity. The attrative fore between two adjaent nulear surfaes gives rise to aproximity energy that is dependent on the size of the gap between the surfaes.Bloki et. al. [5℄ developed a method of determining the proximity energy betweentwo spheres as a produt of a geometrial fator and a universal funtion desrib-ing the separation between the two surfaes, both of whih are harateristi of thematerial omposing the objets and related to the surfae energy oe�ient. Themethod was later extended by Malhotra and Gupta to inlude non-spherial shapes[6℄. Details of the proximity energy alulation are provided in Appendix D. Thebinding energy of eah fragment was alulated using the Droplet Model (DM) ex-pressions derived by Myers and Swiateki [2, 3, 4℄. Details of these alulations areprovided in Appendix E.5.1.3 Calulating the Fission EnergetisThe energy hange between the initial and �nal states was alulated as follows:
∆E = Efinal − Einitial = Efinal

DM + Efinal
Coul + Efinal

Prox − Einitial
DM , (5.6)where ∆E is the alulated energy hange, EDM is the total Droplet model bindingenergy for the indiated state, Efinal

Coul is the total Coulomb repulsion energy of the�nal state and Efinal
Prox is the total surfae proximity energy of the �nal state. Thethree �nal state quantities are summed over all three fragments of the �nal state;i.e. Efinal

DM is the sum of the Droplet model binding energies of the three fragmentsin the �nal state.Figure 5.4 ontains plots resulting from the energetis alulations for four dif-ferent ternary fragments, 7Li (solid lines), 14C (dotted lines), 20F (dashed lines) and
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26Mg (dot-dashed lines). In eah ase 244Cm was used as the parent nuleus withno deformation (εParent = 0.0). Panels (a)�(d) show the dependene of the energyhange and its omponents as a funtion of the eentriity of the ternary fragmentassuming spherial �ssion fragments. Panels (e)�(h) are plots of the same quantitiesas a funtion of the eentriity of the two �ssion fragments assuming a spherialternary fragment. Panels (a) and (e) show the energy hange, ∆E, as a funtion ofthe deformation of the ternary fragment (TF) and �ssion fragments (FF), respe-tively. The remaining panels show plots of the three energy omponents appearingon the right side of Eq. 5.6, with ∆EDM = Efinal

DM − Einitial
DM being the hange in thetotal Droplet model binding energy.We look �rst at the ase εTF = εTF = 0.0, i.e. three ollinear spheres. Thehange in the Droplet model binding energy, shown in panels (d) and (h), dereaseswith inreasing size of the ternary fragment. This result is expeted from simpleenergetis arguments - the magnitude of the nulear binding energy is a maximumfor fragments near 56Fe, and dereases for lighter and heavier fragments. Therefore,the �nal state should beome more bound (dereasing ∆EDM) as the size of theternary fragment is inreased. Beause the parent nuleus is the same for all ases,as the size of the ternary fragment is inreased, the size of the two �ssion fragmentsis dereased, also leading to an inrease in the �nal state binding energy.Panels () and (g) show the total Coulomb repulsion energy for the �nal stateon�guration. For the ase of three ollinear spheres the total Coulomb repulsioninreases with the atomi number of the ternary fragment. This result an be under-stood by looking at how the Coulomb energy is alulated in Eq. 5.5. An inreasein ZTF will have a muh larger e�et on Efinal

Coul than the orresponding derease in
ZFF. For inreasing ZTF the ternary fragment � �ssion fragment Coulomb repulsioninreases more rapidly than the �ssion fragment � �ssion fragment Coulomb repul-sion dereases. This trend an be seen in Fig. 5.5, whih shows the two terms of Eq.5.5 plotted separately. A linear �t was made to eah set in Fig. 5.5 to provide anestimate of the relative e�et of the two terms. The resulting slopes, m, are listed in
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Figure 5.4: Calulated energy hange, ∆E, for the ases where the ternary fragmentis 7Li (solid lines), 14C (dotted lines), 20F (dashed lines) and 26Mg (dot-dashed lines),along with plots of the three energy omponents. All energies are in MeV.Note - the energy range for ECoul is twie that of the other plots.
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Figure 5.5: Variation of the ontributions to the Coulomb energy with the size ofthe ternary fragment. The two terms in Eq. 5.5 are plotted separately. The �rstterm is twie the Coulomb repulsion between the ternary fragment and one �ssionfragment, ETF-FF, indiated by the �lled irles. The seond term is the Coulombrepulsion between the two �ssion fragments, EFF-FF, indiated by the open irles.A linear �t was applied to eah set, and the resulting slopes, m, are listed in thelegend.
the �gure legend. As expeted, the variation in the �rst term dominates the overallvariation in the total Coulomb repulsion energy.In panels (b) and (f) of Fig/ /ref�g:DM-omp we note that the magnitude of the(attrative) proximity energy EProx inreases with inreasing mass of the ternaryfragment. Sine the proximity energy is in part a funtion of the surfae area of thetwo adjaent fragments, we expet that the inreased surfae area assoiated with alarger ternary fragment will lead to a larger (more negative) proximity energy. Also,sine the surfae area goes roughly as r2 = r2

0A
2/3 for spherial nulei, we expetthat the inrease in surfae area of the smaller, ternary fragment will have a larger
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Figure 5.6: Variation of the radius squared with fragment mass A assuming therelation r2 = r2
0A

2/3, for the ternary fragment (losed irles) and �ssion fragments(open irles) as a funtion of the mass of the ternary fragment. A linear �t wasapplied to eah set, and the resulting slopes, m, are listed in the legend.
e�et on the proximity energy than the orresponding derease in surfae area ofthe two �ssion fragments, eah of whih loses half the number of nuleons added tothe ternary fragment. The e�et on r2 is shown in Fig. 5.6 for both the ternary and�ssion fragments. Again, a linear �t was applied to both sets to estimate the relativee�et, with the resulting slopes, m, listed in the legend. Clearly the variation of theproximity energy is dominated by the variation in the mass of the ternary fragment,with heavier ternary fragments leading to larger (negative) proximity energies.The net e�et of the three omponents of the energetis alulation an beseen in panels (a) and (e) of Fig. 5.4. For the ase of three ollinear spheres(εTF = εFF = 0.0) the energy hange inreases with inreasing mass of the ternaryfragment. This trend ontinues when we onsider deformations of either the ternaryfragment in panel (a), and the two �ssion fragments in panel (e). A notable di�erene



Chapter 5: Comparison with Model Calulations 111between the two plots only ours for the most deformed fragments (TF or FF). Forthe ase of extremely deformed ternary fragments, the energy hange is a ontinu-ously dereasing funtion of the deformation εTF. However, in the ase of extremelydeformed �ssion fragments a minimum ours at εFF ≃ 0.85, after whih the barrierbegins to inrease. This inrease for extreme deformations of the �ssion fragmentsan be seen as a result of the rapid inrease in the net Droplet Model binding energyshown in panel (h) (extremely deformed fragments are less tightly bound), whihbegins to outweigh the ontribution from the dereasing Coulomb omponent shownin panel (g). Although the inrease in the binding energy also ours for deformationof the ternary fragment, shown in panel (d), it is muh more gradual, and does notout-pae the derease in the Coulomb repulsion shown in panel ().The Coulomb energy of the �nal state as a funtion of the deformation of theternary and �ssion fragments is shown in panels () and (g) respetively. We see thatthe Coulomb energy is a dereasing funtion of the eentriity of either the ternaryor �ssion fragments. This trend is the result of the inreasing separation betweenharge enters for more deformed shapes (remember that in our rather simplistipiture of the �nal state the fragment separation is the sum of the semi-major axesof the two adjaent fragments). The e�et is greater for deformations of the �ssionfragments as they lead to larger hanges in the inter-fragment separation.The above observations for the e�ets of deformations imposed on the ternaryand �ssion fragments an be summed up by onsidering the relative sizes of the twofragment types. For the Coulomb repulsion, a �xed deformation of the ternary frag-ment annot ause the same degree of separation of the harge enters as an identialdeformation of the �ssion fragments. Size an also be used to explain the greatere�et on the net binding energy for the ase of deformed �ssion fragments omparedto a deformed ternary fragment. Eah shape-dependent term in the Droplet Modelbinding energy expression is a funtion of A and/or Z for the fragment in ques-tion (see Appendix E). Thus it would be expeted that a larger fragment wouldexperiene omparably larger e�ets from a variation in the deformation.
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Figure 5.7: Energy hange, ∆E, for 14C and 26Mg, as a funtion of the eentriitiesof the ternary (TF) and �ssion (FF) fragments.



Chapter 5: Comparison with Model Calulations 113Next we onsider simultaneous variations in the deformations of the ternary and�ssion fragments. Figure 5.7 ontains surfae and ontour plots of the energy hange,
∆E, as alulated for the the two ases in whih the ternary fragment is either 14Cor 26Mg. In eah ase ∆E is plotted as a funtion of both εTF and εFF. In ourde�nition of ∆E, a negative result indiates an exoergi proess, while a positiveresult would indiate an endoergi proess. Sine we know that �ssion of heavynulei is an exoergi proess, we will fous on those regions of the energy surfaewhere ∆E < 0. An examination of the two energy surfaes presented in Fig. 5.7reveals that they are remarkably similar in overall shape. The only real di�erene isthat the surfae for 26Mg is shifted up in energy relative to the surfae for 14C. Thisis a general trend observed for all ases investigated with ternary fragments rangingfrom 4He to 29Al. For both ases it is lear that more extended �nal states (largervalues of the eentriity) are favored. If we make the assumption that ternary �ssionwill only our for �nal state on�gurations in whih ∆E < 0 the follow onlusionsan be made:1. In general, ternary �ssion will only our for more extended sission on�gu-rations.2. Larger ternary fragments will be limited to more extended sission on�gura-tions than smaller ternary fragments.Item 2 is onsistent with onlusions drawn from an examination of the relativeexperimental yields as disussed in Se. 4.5.Due to the rather rude nature of these alulations, the results should be on-sidered qualitative at best. Suggestions have reently been made to improve thesealulations [7℄, suh as the use of a more realisti interation energy in the �-nal state, e.g. to use the real Coulomb energy of di�use shapes plus an attrativeYukawa-plus-exponential energy instead of the point harge Coulomb energy plusproximity energy approximations.



Chapter 5: Comparison with Model Calulations 1145.2 Dynamial Model SimulationsIn order to investigate our expetations of the in�uene of angular momentum,isospin (N/Z), and kineti deformation (strething) on the ternary �ssion proba-bility, we utilized the Los Alamos dynamial model of �ssion [8, 9℄. This model wasused to simulate the dynamial evolution of the system in the multi-dimensional de-formation spae as the �ssioning system proeeded from saddle to sission. Speialemphasis was put on the onset of ternary �ssion.Calulations were performed for two dissipation mehanisms: two-body visos-ity (responsible for dissipation in ordinary �uids) and one-body surfae dissipation(arising from ollision of nuleons with the moving nulear surfae, and when thereis a nek between the binary reation partners, also transfer of nuleons throughit). These two dissipation mehanisms represent not only opposite extremes of smalland large magnitude, respetively, but also dissipations with very di�erent tensorialproperties. In order to estimate the impat of neutron emission prior to the systemreahing the saddle, the �ssion of 216U was alulated in addition to 236U.Three di�erent situations were investigated:1. Compound nulei at their saddle point with angular momenta from ℓ = 0 to
ℓ = ℓmax; the value of the �ssion barrier vanishes at about 70~ for 236U and60~ for 216U.2. Nearly spherial systems with angular momenta greater than ℓmax, represent-ing fast �ssion events.3. Deformed non-rotating systems with large kineti energies in the �ssion degree-of-freedom, imitating the inomplete transfer of orbital angular momentum intorigid rotation, the di�erene going into deformation of the omposite systemalong the diretion of the projetile impat.In reality, of ourse, e�ets 2 and 3 above o-exist. The initial angular momentum inthe deformation spae was hosen to orrespond to the most probable trajetory. The



Chapter 5: Comparison with Model Calulations 115results are therefore only suitable for omparison with data that represent the mostprobable deay hannel. Nevertheless, these alulations are useful for qualitativelyillustrating dependenies on angular momentum, N/Z, and strething.Figs. 5.8 and 5.9 depit the e�et of angular momentum on the time evolution ofnulear shapes from saddle to sission for 236U and 216U respetively. The numbersin the upper right orner of eah panel indiate the time in units of 1 x 10−22 se.Two-body dissipation with a visosity oe�ient µ = 0.02 TP was used. One anlearly see that in all ases a third light fragment forms between the two heavyfragments. The size (mass) of this fragment inreases with angular momentum andis larger for 216U than for236U re�eting an inrease in �ssility (0.697 vs. 0.684).One an likewise notie that the saddle-to-sission time also varies with angularmomentum attaining a maximum at ℓ = ℓmax and that it is slightly shorter for 216U.The elongation at sission turns out to be the same for the two nulei but the saddleto sission desent for 216U is steeper than for 236U. This di�erene leads to higherpre-sission dissipation and kineti energy and onsequently a shorter time sale.The orresponding time evolution of nulear shapes obtained with one-body sur-fae dissipation is presented in Figs. 5.10 and 5.11. Although the time sale is nowlonger, the on�gurations are more ompat and therefore no longer lead to ternarydivisions. Based upon our alulations, with this type of dissipation only the highlyrotating (120~), extremely neutron-de�ient 176U would result in ternary �ssion asthe average behavior.Finally, the onsequene of having a large amount of initial kineti energy alongthe �ssion eigenvetor was explored. Suh a situation may our when a signi�antfration of the inident energy is neither immediately dissipated nor onverted intorigid rotation but instead deforms the system along the diretion of the projetilemotion. This motion will be largely onverted into motion along the sission axis.Shown in Fig. 5.12 are the results for two-body dissipation and ℓ = 0. The abilityof the system to attain even larger middle fragments than previously alulated isremarkable. For the ase of two-body dissipation a large kineti energy along the



Chapter 5: Comparison with Model Calulations 116�ssion diretion is indeed an e�ient means to produe ternary fragmentations. Inontrast for the ase of one-body dissipation the initial kineti energy is quiklydamped into intrinsi exitation. For this ase therefore, initial strething does notresult in an inreased ternary probability.A summary of our alulations is provided in Fig. 5.13. In this �gure, the in-�uene of angular momentum or initial kineti energy on the size of the middlefragment, the distane between the two �ssion fragments, and the total kineti en-ergy is depited for the ase of two-body dissipation. As the angular momentuminreases (panels a�), all three quantities inrease. For ℓ ≤ ℓmax, the inrease isgradual in ontrast to the inrease for angular momenta above the rotating-liquid-drop limit. The neutron-de�ient nuleus 216U exhibits a slight inrease in the massof the middle fragment as ompared to 236U. The behavior of the size of the middlefragment, the �ssion fragment separation distane, and the total kineti energy onthe initial kineti energy is relatively linear. The magnitude of the two-body oef-�ient has a modest e�et on the size of the middle fragment while providing littlehange in the �ssion-fragment separation distane.
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Figure 5.8: Saddle-to-sission shapes alulated with the Los Alamos dynamial�ssion model for 236U with ℓinit = 0, 60, and 120 ~ assuming two-body dissipationwith µ = 0.02 TP.
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Figure 5.9: Saddle-to-sission shapes alulated with the Los Alamos dynamial�ssion model for 216U with ℓinit = 0, 55, and 120 ~ assuming two-body dissipationwith µ = 0.02 TP.
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Figure 5.10: Saddle-to-sission shapes alulated with the Los Alamos dynamial�ssion model for 236U with ℓinit = 0, 60, and 120 ~ assuming one-body dissipation.
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Figure 5.11: Saddle-to-sission shapes alulated with the Los Alamos dynamial�ssion model for 216U with ℓinit = 0, 60, and 120 ~ assuming one-body dissipation.
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Figure 5.12: Saddle-to-sission shapes alulated with the Los Alamos dynamial�ssion model for 216U with Einit = 20, 40, and 80 MeV for two-body dissipationwith µ = 0.02 TP.



Chapter 5: Comparison with Model Calulations 122

Figure 5.13: Summary of the Los Alamos dynamial �ssion model alulations as-suming two-body dissipation. Panels (a) and (d) show the mass of the ternaryfragment, A3, as a funtion of the initial angular momentum of the system, ℓinit, andinitial kineti energy along the sission diretion, Einit, respetively. Panels (b) and(e) show the separation distane d between the two �ssion fragments at sission as afuntion of the two initial onditions ℓinit and Einit respetively. Panels () and (f)are plots of the total kineti energy (TKE) of the two �ssion fragments at in�nityfor the initial onditions ℓinit and Einit respetively.
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Chapter 6
Conlusions
The harateristis of intermediate-mass-fragment (IMF) emission in oinidenewith two orrelated �ssion fragments have been studied for the reation 12C + 232That inident energies of E/A = 16 and 22 MeV. We foused our investigation on theyields of ternary fragments, their kineti energies, and their angular distributionswith respet the the sission axis. Based upon the measured IMF kineti energiesand angular distributions, we have isolated IMFs emitted near the moment of sission(near-sission emission) from those emitted at an earlier stage, while the ompositesystem is still in a ompat state. Ternary events were ompared to binary eventson the basis of the folding angle measured between the two orrelated �ssion frag-ments. From the measured folding angle, the frational linear momentum transfer(FLMT) to the omposite system was dedued. The initial exitation energy of theomposite system was determined from the dedued FLMT, assuming an inompletefusion senario by utilizing a massive-transfer model. The dependene of the relativeIMF yields on the exitation energy for near-sission emission exhibits onsiderablydi�erent behavior as ompared to the early stage/isotropi emission omponentThe measured �ssion-fragment folding-angle distributions for binary events havebeen ompared with previous measurements for similar systems. Both the generalshape and the trends with inreasing exitation energy are in good agreement withpreviously published results. The measured binary �ssion ross-setion was also124



Chapter 6: Conlusions 125found to be in agreement with previously published results for the same and similarsystems. For ternary events, a omparison of the dependene of the mean �ssion-fragment folding angle on ZIMF for both isotropi and near-sission IMF emissionhas revealed a striking dissimilarity for heavier fragments. For isotropi emissionthe mean �ssion-fragment folding angle is observed to be a monotonially dereasingfuntion of ZIMF, onsistent with linear momentum onservation. For fragmentsemitted near sission with ZIMF ≤ 6 the same general trend is observed. However,for heavier near-sission fragments, with ZIMF ≥ 7, the mean �ssion-fragment foldingangle inreases with inreasing ZIMF, indiating that heavier IMFs emitted from thenek region between the two nasent �ssion fragments are assoiated with moreperipheral ollisions. This behavior suggests a dependene on the orbital angularmomentum of the entrane hannel.Examination of the exitation energy dependene of the relative yields of ternaryfragments has provided additional evidene for non-standard statistial emission ofheavier fragments near-sission. For isotropially emitted IMFs, the relative yieldsas a funtion of the exitation energy of the omposite system are onsistent withstatistial emission from a ompat soure, with Z-dependent emission barriers. Inontrast, for near-sission emission the relative yields do not show the same Z de-pendene of the emission probability, thus indiating an emission mehanism that isnot solely dependent on the exitation of the omposite system. Our interpretationof the apparent link between the entrality of the initial interation and the size ofthe ternary fragment in near-sission emission suggests that perhaps more periph-eral ollisions lead to more strethed initial on�gurations of the omposite system,whih then a�ets the subsequent deay. General onsiderations indiate that thesurvival of any dynamial strething should depend sensitively on the magnitudeand tensorial properties of nulear dissipation. Dynamial prodution of fragmentsin ternary �ssion might thus serve as a sensitive probe of nulear dissipation.One of the presently debated issues in the �eld is the density dependene ofthe asymmetry term in the nulear equation of state (EOS). Nulear matter is a



Chapter 6: Conlusions 126binary �uid of protons and neutrons. The N/Z omposition of the �uid in�uenesthe phase diagram for nulear matter. How the N/Z omposition depends on thedensity is presently a topi of onsiderable interest. The degree of neutron enrih-ment in the nek region, as evidened by the isotopi omposition of ternary IMFs,ould provide a tool to gain insights into N/Z omposition at low density. Ternary�ssion allows for lean seletion of a proess in whih a portion of the nulear mat-ter, the nek region, is low density at some point during the deent from saddle tosission. Fragments emitted near sission ould be used as probes of N/Z in thislow density region. Measurements for spontaneous and low-energy-indued ternary�ssion have shown a pronouned enhanement of neutron-rih isotopes for fragmentsemitted near sission, onsistent with the ommonly held idea that the nek regionbetween the two nasent �ssion fragments is itself neutron rih. The tendeny tofavor neutron-rih isotopes has also been observed in light-ion (α and 3He) induedternary �ssion. However, to date there has been no onlusive evidene that thisobservation holds for heavy-ion-indued ternary �ssion, where both the initial ex-itation energy and the angular momentum of the omposite system an be muhhigher. A heavy-ion-indued ternary �ssion study that provides isotopi identi�a-tion of the nek fragments may thus provide valuable information neutron ontentof the nek and perhaps even provide insight into the density dependene of theasymmetry term in the nulear EOS.The relative veloities of the �ssion fragments is a sensitive probe of nuleardissipation. Any dynamial strething prior to sission should be evident in the�ssion fragment veloities. To date all ternary �ssion studies have assumed thatViola systematis are followed in the ase of ternary �ssion. The Viola systematis,derived for binary �ssion, were used to dedue several important quantities in thepresent analysis. Although it has been determined that the relative veloities of the�ssion fragments do not depend sensitively on the exitation of the �ssioning systemin binary �ssion, it remains to be proven whether ternary �ssion an be adequatelydesribed by the same or similar systematis.



Chapter 6: Conlusions 127While ternary �ssion is an extremely interesting proess, the yield for ternary�ssion is small in omparison to binary �ssion, whih remains the dominant proess.Therefore, diret omparison of experimental data with theoretial models requiresthe models to predit not just the average behavior but the entire distribution ofpossibilities sampled by the �ssioning system. For example, inlusion of �utuationsin a physially meaningful way into the Los Alamos dynamial model of �ssion wouldallow a more diret omparison to experimental results. This requirement remainsa signi�ant theoretial hallenge, whih ultimately limits our ability to fully utilizethe information provided by ternary �ssion studies.



Appendix A
Euler Transformations
A method was developed to simplify the transformation from the oordinate systemde�ned within the position sensitive detetors, x

′′, to the laboratory oordinatesystem, x, where
x
′′ =











x′′

y′′

z′′











and x =











x

y

z











.The intersetion of the inident beam with the target foil de�nes the origin for bothoordinate systems. The laboratory z-axis is de�ned by the beam, with positive zbeing downstream, and the horizontal plane ontaining the beam is the (y,z)-plane.The detetor z′′-axis passes through the enter of the ative area of the detetor.We start by mentally plaing eah detetor at a well de�ned loation within thelaboratory oordinate system. A onvenient hoie would be to enter the detetoron the z-axis at the appropriate distane from the target position. In this positionthe x- and y-axes of the detetor oordinate system are parallel to those for thelaboratory oordinate system, and the z-axes of the two overlap. Furthermore, sinethe detetors are not position sensitive in the z oordinate of the detetor system wean set the detetor z oordinate to whatever value we please. The simplest hoiewould of ourse be to set it equal to the distane from the target to the enter of thedetetor, whih we will all d. 128
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x = x′

y
ϑ

y′

z

ϑ
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Figure A.1: Counterlokwise rotation by an angle ϑ about the x axis. The oordi-nate transformation is desribed by the rotational matrix λϑ.
We now treat the angular position of the detetor as two rotational transforma-tions that will take the detetor from its (imaginary) starting position on the z-axisto the position it oupied during the experiment. A rotation by an angle ϑ aboutthe laboratory x-axis is desribed by the matrix

λϑ =











1 0 0

0 Cosϑ Sinϑ

0 −Sinϑ Cosϑ









where the angle ϑ is positive for a ounterlokwise rotation in a right handed o-ordinate system. At his point the (y,z)- and (y′,z′)-planes are oinident (see Fig.A.1). For the in-plane detetors the above rotational matrix is all that is neessaryto transform from the detetor to the laboratory oordinate systems. For detetorsloated out of the horizontal plane a seond rotation is neessary desribed by theangle ϕ with respet to the (y′,z′)-plane. Note, although the rotation angle ϑ has adiret orrespondene with the spherial oordinate θ in the laboratory system therotation angle ϕ does not have suh a orrespondene with the spherial oordinate
φ. A rotation by an angle ϕ about the y′-axis is desribed by the matrix
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x = x′ϕx

′′

y

y′ = y′′

z

z′
ϕ
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Figure A.2: Counterlokwise rotation by an angle ϕ about the y′ axis. The oordi-nate transformation is desribed by the rotational matrix λϕ.
λϕ =











Cosϕ 0 −Sinϕ

0 1 0Sinϕ 0 Cosϕ









where the angle ϕ is positive for a ounterlokwise rotation (see Fig. A.2). Forin-plane detetors ϕ = 0, and λϕ beomes the unit matrix (λϕ = 1) Combiningboth rotations we have the following transformation that moves the detetor, andits internal oordinate system, from its starting position to its �nal position
x = λϕλϑx

′′. (A.1)Solving Eq. A.1 for the laboratory oordinates x provides the required equations,
x = x′′ Cosϕ + y′′ Sinϑ Sinϕ − z′′ Cosϑ Sinϕ

y = y′′ Cosϑ + z′′ Sinϑ

z = x′′ Sinϕ − y′′ Sinϑ Cosϕ + z′′ Cosϑ Cosϕ.Although the above equations were derived only for the enter of the detetor,(x′′,y′′,z′′) = (0,0,d), the transformation is valid for mapping any set of oordinates(x′′,y′′,d) to the orresponding laboratory oordinates (x,y,z).



Appendix B
Kinemati Reonstrution
An iterative, self-onsistent method was developed for the kinemati reonstrutionof binary and ternary �ssion events. The �ssion fragment folding angle tehniquewas used for both event types to dedue several quantities of interest, inluding thefrational linear momentum transfer (FLMT) from the projetile to the resultingomposite system [1, 2℄. The dedued FLMT was then used in the framework of theMassive Transfer model to alulate the initial exitation energy of the ompositesystem [3℄. A �ow diagram for the reonstrution proedure is provided in Fig. B.1. Alimit was plaed on the number of allowed iterations in eah step to avoid a runawayloop in the analysis program. Events whih ould not be reonstruted within thislimit were disarded. This method was suessful in reonstruting almost 100% ofbinary and over 95% of ternary events in the urrent data.At the beginning of the proedure, initial values are hosen for the mass andharge numbers as well as the veloity, vCN, of the omposite system, onsistentwith pre-equilibrium neutron emission following omplete fusion of the projetileand target. The �rst iteration loop performs a binary searh over possible valuesof the veloity of the omposite nuleus. The loop exits when a value for vCN isfound suh that, when it is used in the reonstrution equations, reprodues theexperimentally measured �ssion fragment folding angle to within ±0.5◦. The seondloop uses the results from the �rst to alulate the mass of the omposite nuleus,131
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Figure B.1: Flow diagram for the kinemati reonstrution of binary and ternaryevents.
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ACN, and ompares this result with the initial value. If the two do not agree, then thenewly alulated mass is substituted for the initial mass and the proess is repeatedfrom the beginning. The reonstrution was designed so that a minimum of twoyles through the iteration loops were performed. Thus, the reonstrution was notonsidered omplete until the alulated masses from two onseutive yles were inagreement.The remainder of this Appendix will fous on deriving the equations used in thereonstrution, as well as those used to alulate other important quantities. Thefollowing onventions will be used in desribing the derivation:

• Vetor quantities will be denoted by bold symbols, e.g. vA.
• The magnitude of a vetor quantity will be denoted by the sript version ofthe vetor symbol, e.g. |vA| = vA.
• Unprimed variables refer to quantities viewed in the laboratory referene frame.
• Single primed variables refer to quantities viewed in the enter-of-mass frameof the omposite nuleus (CN).
• Double primed variables refer to quantities viewed in the enter-of-mass frameof the �ssioning system (FS), i.e. after aounting for the reoil from theternary partile.B.1 Vetor RelationsA vetor diagram for binary �ssion showing the �ssion fragment veloities in thelaboratory and the enter-of-mass of the omposite nuleus is presented in Fig. B.2.For binary and ternary �ssion, the �ssion fragment emission angles measured inthe laboratory were diretly observed quantities. The laboratory folding angle wasde�ned as the sum of the two emission angles, θAB = θA + θB, as measured inthe plane ontaining the target and both �ssion fragments (the �ssion plane). Themagnitudes of the laboratory veloities of the two �ssion fragments, vA and vB,
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Figure B.2: Vetor diagram of the �ssion fragment veloities for binary �ssion. Theemission angles θA and θB for fragments A and B, respetively, were diretly mea-sured quantities. The veloity of the omposite nuleus formed by the fusion ofprojetile and target is labelled vCN in the diagram.
were alulated from their respetive times-of-�ight with respet to the reordedaelerator RF signal or were alulated from Viola systematis as desribed in Se.B.3.The emission of the third, or ternary partile in ternary �ssion redues the mass ofthe residual �ssioning nuleus, and introdues an additional momentum omponentfrom the reoil as shown in Fig. B.3. The reoil momentum had to be inluded in thealulations to provide an aurate reonstrution of eah event. A vetor diagramof the veloities for a ternary event is given in Fig. B.4, where the veloity of theomposite nuleus, vCN, has been replaed by the veloity of the �ssioning system,
vFS. From this diagram it was possible to write out the following trigonometrirelations:

sin α

vB
=

sin θAB

v′′A + v′′B
(B.1)

sinβ

vA
=

sin θAB

v′′A + v′′B
(B.2)
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Figure B.3: For ternary events the reoil veloity from the emission of the ternarypartile was added to the omposite nuleus veloity to onstrut the veloity vetorfor the residual �ssioning system, vFS. For binary events the reoil veloity was zero,whih left vFS equal to vCN.
sin α

vB
=

sin β

vA
(B.3)

sin α

vFS
=

sin θA-FS

v′′A
(B.4)

sinβ

vFS
=

sin θB-FS

v′′B
(B.5)and

v′′2B = v2
FS + v2

B − 2vFSvB cos θB-FS. (B.6)where θAB = θA-FS + θB-FS. The angles θA-FS and θB-FS were not diretly observedquantities but their sum θAB was required to be equal to the sum of the observedangles θA and θB.These relations will be used in the derivations detailed in the following setions.In binary �ssion the enter-of-mass frame of the �ssioning system is equivalent tothat for the omposite nuleus (vRecoil = 0 in Fig. B.3). Beause of this, theserelations are valid for both binary and ternary events.
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vBFigure B.4: Vetor diagram of the �ssion fragment veloities for ternary �ssion. Theangles θA-FS and θB-FS for fragments A and B, respetively, were alulated followingthe derivation in Se. B.4. For binary �ssion vFS = vCN, and the problem reduesto that desribed in Fig. B.2.
B.2 Fission Fragment Mass RatioThe �rst step in the reonstrution was to determine the mass ratio of the two �ssionfragments. A ratio of the veloities of the two �ssion fragments in the enter-of-massof the �ssioning system was onstruted using Eqs. B.4 and B.5:

v′′A = vFS
sin θA-FS

sin α

v′′B = vFS
sin θB-FS

sin β



















v′′A
v′′B

=
sin θA-FS

sin θB-FS

sin β

sin α
(B.7)The dependene on the unknown angles α and β was then eliminated by substitutionof a rearranged form of Eq. B.3

sin β

sin α
=

vA

vBwhih leads to
v′′A
v′′B

=
vA sin θA-FS

vB sin θB-FS
. (B.8)This left the ratio of the enter-of-mass veloities as a funtion of the determinablequantities vA, vB, θA-FS, and θB-FS. The �ssion fragment veloities were dedued



Appendix B: Kinemati Reonstrution 137from their respetive times-of-�ight.Invoking onservation of linear momentum in the enter-of-mass frame of the�ssioning system provided a relation between the �ssion fragment veloities in thatframe and their respetive masses, AA and AB,
AAv′′A = ABv′′B =⇒ v′′A

v′′B
=

AB

AA
.Substitution of this result into Eq. B.8 lead to

AB

AA
=

vA sin θA-FS

vB sin θB-FS
≡ R (B.9)whih provided the required relation between the ratio of the �ssion fragment masses,

R, and the angles and veloities as measured in the laboratory. With this relation itwas possible to dedue the individual masses and harges of the fragments one themass and harge of the �ssioning system were known:
AA =

AFS

R + 1
and AB =

RAFS

R + 1
= AFS − AA (B.10)

ZA =
ZFS

R + 1
and ZB =

RZFS

R + 1
= ZFS − ZA. (B.11)The atual values of AFS and ZFS were determined by appliation of the massivetransfer model as desribed in Se. B.4. Sine the angles θA-FS and θB-FS were notobserved quantities, it was neessary to make a �rst approximation by substitutingthe measured values of θA and θB for the �rst pass through the iterative reonstru-tion desribed in Se. B.4. One the veloity vetor of the �ssioning system, vFS, hadbeen determined, it was possible to realulate the mass ratio R using the alulatedvalues of θA-FS and θB-FS.For ases where the time-of-�ight information was not available, the �ssion frag-ment mass ratio was determined from a modi�ed ratio of the anode pulse heights fromthe PPACs. It was determined that the following relation produed good agreementwith the mass ratio alulated from the time-of-�ight:

R =
aAf + aB

aB
− 1.0.



Appendix B: Kinemati Reonstrution 138In the above equation aA and aB are the anode pulse heights for fragments A andB respetively. The quantity f is a pseudo-normalization fator hosen to forethe entroids of the two anode pulse height distributions, aA and aB, to be equal(assumes that the most probable mass split is symmetri). This value for the massratio was then used to determine the mass and harge numbers for the two �ssionfragments.B.3 Fission SystematisFor ases where the time-of-�ight information was not available, the �ssion fragmentveloities in the enter-of-mass of the �ssioning system were alulated using Violasystematis [2, 4℄. The most probable total kineti energy (TKE) available to the�ssion fragments in the enter-of-mass of the �ssioning system was alulated as
TKE = 0.755

ZAZB

A
1/3
A + A

1/3
B

+ 7.3 MeV (B.12)whih expresses the total kineti energy as a funtion of the mass and harge numbersof the two �ssion fragments. Equation B.12 an also be written as
TKE =

AAv′′2A

2
+

ABv′′2B

2
.in whih the total energy is expressed in terms of the mass numbers and veloities ofthe two �ssion fragments. The two veloities were separated by invoking onservationof linear momentum, whih allowed the expression of v′′A in terms of v′′B and vie versa

v′′A =
AB

AA
v′′B and v′′B =

AA

AB
v′′A.Substitution of eah of these in turn into Eq. B.3 made it possible to solve for v′′Aand v′′B independently

v′′A =

√

2 TKE

AA (1 + AA/AB)
(B.13)

v′′B =

√

2 TKE

AB (1 + AB/AA)
, (B.14)



Appendix B: Kinemati Reonstrution 139eah of whih ould be transformed bak to the laboratory referene frame. Thus,using the results from Se. B.2, it was possible to alulate the total kineti energyavailable to the two �ssion fragments in the enter-of-mass of the �ssioning systemusing Eq. B.12. One the total kineti energy was determined, it was then possibleto alulate the veloities of the two �ssion fragments using Eqs. B.13 and B.14.B.4 Linear Momentum TransferAs mentioned previously, the angle θB-FS (see Fig. B.4) was not a measured quantity.While the diretion of the veloity vetor for �ssion fragment B was measured, thatfor the veloity of the �ssioning system had to be alulated taking into aountboth the veloity of the omposite nuleus, vCN, and the reoil from the ternaryIMF. The laboratory veloity vetor of the ternary IMF was alulated from themeasured kineti energy using an assumed mass as a funtion of ZIMF, and theknown detetor position:
vIMF =

√

2EIMF

mIMF
and vIMF = vIMFr̂IMFwhere r̂IMF is the unit position vetor direted from the target toward the enter ofthe Si detetor quadrant that deteted the ternary IMF, and mIMF is the assumedmass. Next, the veloity of the ternary partile was transformed into the enter-of-mass of the omposite nuleus, and then onverted into the orresponding momentumvetor

v
′
IMF = vIMF − vCN (B.15)

p
′
IMF = mIMFv

′
IMFwhere vCN denotes the laboratory veloity of the omposite nuleus. By onservationof linear momentum, the reoil momentum of the residual nuleus in the CN enter-of-mass is equal and opposite to the momentum of the ternary partile

p
′
FS = p

′
recoil = −p

′
IMF
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v
′
FS =

1

AFS
p
′
FS.Finally, the veloity vetor of the �ssioning system is transformed bak to the labo-ratory system, and the angle between it and the measured unit position vetor for�ssion fragment B is alulated:

vFS = v
′
FS + vCN (B.16)

θB-FS = cos−1

[

r̂B · vFS

vFS

] . (B.17)These steps provide the veloity of the �ssioning system, vFS, as well as one of thetwo angular quantities required to omplete the reonstrution, θB-FS, using simplevetor algebra.In order to determine the frational linear momentum transfer from projetileto target, FLMT, it was neessary to dedue the veloity of the omposite nuleus,
vCN, prior to the emission of the ternary partile. Utilizing Eqs. B.1, B.4 and B.9,it was possible to onstrut the following expression:

vB =
(

v′′A + v′′B
) sin α

sin θAB

= vFS

(

v′′A + v′′B
v′′A

)

sin θA-FS

sin θAB

= vFS

(

1 +
v′′B
v′′A

)

sin θA-FS

sin θAB

= vFS

(

1 +
1

R

)

sin θA-FS

sin θAB
. (B.18)where θAB = θA-FS + θB-FS. This expression an be simpli�ed by de�ning theintermediate variables

κ ≡
(

1 +
1

R

) and ξ ≡ sin θA-FS

sin θAB
(B.19)whih, when substituted into Eq. B.18, provide the more ompat result

vB = vFSκξ.



Appendix B: Kinemati Reonstrution 141Substituting this into Eq. B.6 gives
v′′2B = v2

FS + v2
FSκ

2ξ2 − 2v2
FSκξ cos θB-FSor

ξ2 − 2 cos θB-FS

κ
ξ +

1

κ

(

1 − v′′2B

v2
FS

)

= 0whih is a quadrati equation of the variable ξ. Finally, solving for ξ we have
ξ =

1

κ

[

cos θB-FS ±
√

cos2 θB-FS +
v′′2B

v2
FS

− 1

]

. (B.20)Using Eq. B.20 as the de�nition of ξ, a modi�ed form of the original de�nition inEq. B.19 was used to solve for θA-FS in terms of ξ and θB-FS:
ξ =

sin θA-FS

sin θAB
=

sin θA-FS

sin θA-FS cos θB-FS + cos θA-FS sin θB-FS

ξ sin θA-FS cos θB-FS + ξ cos θA-FS sin θB-FS − sin θA-FS = 0

ξ tan θA-FS cos θB-FS + ξ sin θB-FS − tan θA-FS = 0

tan θA-FS (ξ cos θB-FS − 1) + ξ sin θB-FS = 0

tan θA-FS =
ξ sin θB-FS

1 − ξ cos θB-FS

θA-FS = tan−1

(

ξ sin θB-FS

1 − ξ cos θB-FS

) (B.21)where the value of ξ was determined using Eq. B.20. This provided a means toalulate θA-FS using previously determined quantities, i.e. an assumed value for
vCN, the �ssion fragment mass ratio from Eq. B.9, the enter-of-mass veloity of�ssion fragment B from Eq. B.14, the veloity of the �ssioning system from Eq.B.16, and �nally the angle between the position vetor of �ssion fragment B and theveloity vetor of the �ssioning system from Eq. B.17.It was now possible to onstrut a alulated value for the �ssion fragment foldingangle as a funtion of the assumed value for the veloity of the omposite nuleus and



Appendix B: Kinemati Reonstrution 142the geometry of the reation. The onstruted folding angle was then ompared withthe measured folding angle. The riteria for agreement between the experimentallymeasured folding angle, θexp
AB = θA + θB, and the alulated folding angle, θcalc

AB =

θA-FS + θB-FS, was that the absolute di�erene between the two must be less than
0.5◦, i.e.

|θexp
AB − θcalc

AB | < 0.5◦.If this ondition were true, then additional quantities were alulated, as desribedlater in this setion. If this riterion was not met, then the assumed value for vCN wasmodi�ed and the proess repeated. Thus it was possible to alulate θcalc
AB iterativelyfrom trial values of vCN until it agreed with the observed value of θexp

AB . Beause ofthe plaement and geometry of the detetor telesopes, the diretion of vRecoil andthus vFS was known to within ±2.4◦.The the �nal steps in the kinemati reonstrution were to alulate the frationallinear momentum transfer (FLMT) from the inomplete fusion of the projetile andtarget and the initial exitation energy onsistent with the alulated FLMT. In themassive transfer model the fration of the projetile nuleus that does not fuse withthe target nuleus is assumed to ontinue along the projetile trajetory with itsoriginal veloity, vP , suh that
ρ =

vCN

v◦

[

1 +
AP

AT

(

1 − vCN

v◦

)] (B.22)where ρ is the FLMT, vCN is the veloity of the omposite nuleus (i.e. the ompositesystem formed by the inomplete fusion of projetile and target nulei), v◦ is the CNveloity for the ase of omplete fusion, and AP and AT are the mass numbers ofthe projetile and target respetively [3℄. One the FLMT had been determined, themass and harge of the CN were realulated as
ACN = AT + ρAP and ZCN = ZT + ρZP .The integer value of the newly alulated CN mass was then ompared to the valueused in the earlier alulations. If the masses did not agree, then the entire proess



Appendix B: Kinemati Reonstrution 143was repeated using the new mass value.Finally, for eah event suessfully reonstruted the dedued FLMT was used toalulate the initial exitation energy of the omposite system within the frameworkof the massive transfer model. For this model the initial exitation is de�ned as
〈E∗〉 = EP ρ

AT

AT + ρAP

√

1 −
(vP

c

)2
+ 〈Q〉 (B.23)where EP is the inident projetile energy, ρ is the FLMT, AT and AP are themass numbers of the target and projetile, respetively, vP is the veloity of theprojetile, and 〈Q〉 is the average Q value of reation hannels onsistent with thegiven ρ. It should be stressed that Eq. B.23 provides only the initial exitationenergy, that is the exitation energy of the omposite nuleus immediately followingthe projetile/target interation. Muh of this initial exitation may be removed,through neutron emission et., by the time the system reahes sission.
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Appendix C
Geometri E�ieny Corretions
In order to orret for limitations in the experimental detetor geometry, a MonteCarlo simulation was written based on the kinemati equations derived in AppendixB. The simulation allowed for quantitative determination of the detetor e�ienies,
ε, for observing oinident �ssion fragments for the ase of binary �ssion as wellas �ssion aompanied by intermediate mass fragment (IMF) emission. The plotspresented in this appendix all resulted from simulation of the reation 12C + 232That 16 MeV/A.The geometri e�ieny orretion fator, 1/ε, was determined separately foreah of the �ve IC telesopes, as well as for the ase of binary �ssion, where none ofthe IC telesopes reorded a hit. Eah ase used a distint unit vetor de�ning thediretion of the veloity of the �ssioning system, vFS, as measured in the laboratory.This was required for the ase of ternary �ssion beause the diretion of vFS isdetermined in part by the reoil of the �ssioning system resulting from the emissionof an IMF. For binary �ssion vFS was assumed to be along the beam diretion.The omponents of the unit vetor for eah ternary ase were determined from theexperimental data by plotting the omponents of vFS, integrated over ZIMF, andextrating the mean values. Justi�ation for integrating over ZIMF is provided inSe. C.3. The geometri e�ieny orretion was determined as a funtion of boththe veloity of the �ssioning system, vFS, and the �ssion fragment folding angle, θAB,145



Appendix C: Geometri E�ieny Corretions 146for eah of the six ases.The resulting detetor e�ieny urves as a funtion of vFS were used in theanalysis of the experimental data by orreting the ounts on an event-by-eventbasis, i.e. eah real event reorded during the experiment was treated as 1/ε(vFS)events in the subsequent analysis. This of ourse had to be done after the value of
vFS had been determined for the event. The detetor e�ieny urves as a funtionof θAB were used only for the reation of e�ieny orreted �ssion fragment foldingangle distributions.C.1 PPAC MasksA mask array was generated in θ, φ spae for eah pair of PPACs to simulate theative area of the detetors as they were positioned during the experiment. Thegranularity of eah mask arrays was 0.1◦ in both θ and φ. The arrays were used asan event �lter to determine the number of simulated events for whih both �ssionfragments would have been deteted. For eah simulated event, if the �nal positionvetor of a simulated �ssion fragment orresponded with an �ative� array elementin a detetor mask, then the fragment was onsidered to have been deteted.Plots of the detetor masks for the in-plane and out-of-plane PPAC pairs areshown in Fig.C.1. Panels (a) and () represent the PPACs loated left of the beamaxis as viewed from upstream, while panels (b) and (d) represent the PPACs loatedright of the beam axis. Target shadow was aounted for by imposing a ut-o� in themask arrays for the PPACs loated left of the beam axis. The ut-o� was imposedbased on the relative angle between the array element (θi, φj) of the detetor maskand the plane de�ned by the target frame, with the vertex loated at the enter ofthe target. Array elements for whih this angle was less than or equal to 3.5◦ wereut. Any array elements that were loated behind the plane of the target frame asviewed from upstream were also ut.
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Figure C.1: Detetor masks used in the geometri e�ieny simulations. Masks in
θ, φ spae simulating the positions of the two in-plane, (a) and (b), and two out-of-plane, () and (d), PPACs for the reation 12C + 232Th at 16 MeV/A. The darkerregions in panels (a) and (b) are disussed in Se. C.5.
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Figure C.2: Geometri e�ieny urves for the detetion of oinident �ssion frag-ments as a funtion of the dedued veloity of the �ssioning system, vFS, for thein-plane (a) and out-of-plane (b) PPAC pairs.
C.2 Geometri E�ieny as a Funtion of vFSThe general approah used in the simulation was to loop over values of the velo-ity of the �ssioning system, vFS, simulate a �xed number of events for eah value,and alulate the fration of simulated events for whih both �ssion fragments were�deteted� in the PPAC mask. The loop overed values 0 ≤ vFS ≤ 0.025c in stepsof 0.0005c where c is the speed of light in a vauum. During the analysis the e�etof the step size was ompensated for by interpolating between the two points in vFSadjaent to the experimentally determined value for the event.Eah simulated event began by generating a random unit vetor in the enter-of-mass frame of the �ssioning system. This unit vetor was used to de�ne thediretion of motion for one of the two �ssion fragments. Conservation of linearmomentum then required that the diretion of motion of the seond �ssion fragmentbe along a unit vetor opposite that of the �rst. The mass and harge of eah �ssion



Appendix C: Geometri E�ieny Corretions 149fragment was randomly determined from a Gaussian distribution resulting from a �tto the experimental data. The kineti energies and veloities of the simulated �ssionfragments were alulate from Viola systematis as desribed in Se. B.3 [1, 2℄. Theveloities were then boosted to the laboratory frame, using the urrent value of the
vFS index, and the resulting vetors were ompared to the PPAC mask arrays. Thedetetor e�ienies were de�ned as the number of simulated events in whih both�ssion fragments were �deteted� divided by the total number of simulated events.Plots of the detetor e�ienies, ε, as a funtion of vFS, are shown in Fig.C.2.C.3 Dependene of ε on ZIMFAs stated previously, the diretion of vFS for ternary events was determined by theIC telesope position only, with no onsideration for the type of ternary partileemitted. To test the validity of this simpli�ation three simulations were run, eahusing a value of vFS based on a di�erent value of ZIMF. Figure C.3 shows the resultingdetetor e�ieny urves for ZIMF = 3, 8 and 13 as determined for telesope 2, whihwas loated orthogonal to the sission axis, using the in-plane PPAC masks. In eahase the diretion of vFS was taken from the experimental data for the spei�ternary partile. It is lear from the results that the detetor e�ieny varies littlewith ZIMF over the range of experimentally observed values of vFS for ternary events,denoted by the vertial lines in Fig. C.3. Quantitatively, the maximum variation inthe geometri e�ieny orretion fator, 1/ε, whih ours for the most peripheralollisions - i.e. the lowest observed values of vFS - is less than 6%.C.4 Geometri E�ieny as a Funtion of θABIn eah simulated event the �ssion fragment folding angle, θAB, was alulated. Thenumber of ourrenes of a partiular value of the folding angle was summed in twoarrays, the indies of whih were the values of the folding angle with a granularity of
1.0◦. The �rst array, m, was inremented for eah ourrene of a partiular value
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Figure C.3: Geometri e�ieny, ε, for the detetion of oinident �ssion fragmentsin ternary events. The urves represent the results of simulations using a ternary par-tile with harge ZIMF = 3, 8 or 13. The simulations were run using IMF telesope2 to de�ne the diretion of vFS for eah value of ZIMF.of the folding angle. The seond array, n was only inremented when the simulatedevent resulted in both �ssion fragments being deteted. In this way it was possibleto determine the detetion e�ieny as a funtion of the alulated folding angle bydividing the ontents of array n by the orresponding ontents of array m

εi =
ni

mi
,where i spans the allowed values of θAB. Plots of the detetor e�ienies as a funtionof θAB are presented in Fig.C.4.C.5 Validation of the E�ieny CorretionsA general validation of the geometri e�ieny orretions was made by omparingthe binary �ssion ross-setion, σf , as alulated in Se. 4.6, to binary �ssion exi-tation funtions for the same and similar systems. The result is presented in Fig.
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Figure C.4: Geometri e�ieny urves for the detetion of oinident �ssion frag-ments as a funtion of the measured folding angle, θAB, for the in-plane (a) andout-of-plane (b) PPACs.
4.15. The binary �ssion ross-setion alulated in the urrent work, whih inludesthe geometri e�ieny orretions, is in good agreement with the asymptoti valueof the binary �ssion exitation funtions for all four systems.To understand the shape of the geometri e�ieny urves a simulation was runin whih the PPAC masks entered on the horizontal plane were redued to a frationof their normal overage (indiated by the dark regions of panels (a) and (b) in Fig.C.1) The right side PPAC mask was redued to a 1 m×1 m square entered in thehorizontal plane at 95◦ with respet to the beam axis, while the left side mask wasredued to a horizontal strip 1 m high entered along its length in the horizontalplane. In this on�guration the �detetable� range was limited to 143◦ . θAB . 168◦.The e�ieny urve as a funtion of θAB for this detetor geometry is presented inFig. C.5.The results of the restrited simulation shows an enhanement in detetion e�-ieny at smaller values of θAB. This trend is also observed in the e�ieny urves
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Figure C.5: Geometri e�ieny for a restrited event �lter.
used in the data analysis as shown in Fig. C.4. This enhanement an be easilyunderstood by onsidering how the detetor masks map into θ, φ spae. The for-ward edge of the strip mask (θ = 48.5◦) overs a larger fration of φ than does thebakward edge (θ = 70.0◦). This explanation an be veri�ed by looking at the ratioof the extent in the φ oordinate at the two ends of the strip in the left side PPACmask. At θ = 48.5◦ we have 268.73◦ ≤ φ ≤ 271.27◦, whih orresponds to an extentof ∆φ = 2.54◦, and at θ = 70.0◦ we have 269.02◦ ≤ φ ≤ 270.98◦, whih orrespondsto an extent of ∆φ = 1.96◦. The ratio of these two values is

∆φ48.5◦

∆φ70.0◦
=

2.54◦

1.96◦
= 1.30.This result was then ompared to the ratio of the geometri e�ienies at the twoedges in Fig. C.5. For the points labeled ε1 and ε2 we get

ε1

ε2
=

0.000231

0.000173
= 1.34.These two ratios are in agreement to within 3%. This small di�erene an be a-ounted for by unertainties introdued by the �nite bin size (1◦ resolution) used toaumulate and reord the results.



Appendix C: Geometri E�ieny Corretions 153Referenes[1℄ V. Viola, Jr. and T. Sikkeland, Phys. Rev. 130, 2044 (1963).[2℄ V. Viola, K. Kwiatkowski, and M. Walker, Phys. Rev. C 31, 1550 (1985).



Appendix D
The Proximity Potential
The attrative fore between two adjaent nulear surfaes gives rise to a proximityenergy that is dependent on the size of the gap between the surfaes. Bloki et.al. [1℄ have developed a method of determining the proximity energy between twospheres as a produt of a geometrial fator desribing their shapes and a universalfuntion desribing the separation between the two urved surfaes, both of whihare harateristi of the material omposing the objets, and related to the surfaeenergy oe�ient. The derivation of the expressions for the proximity energy relyon the leptodermous, or thin skin approximation, in whih the surfae thikness isassumed to be muh less than the overall dimensions of the system (i.e. the surfaethikness is muh less than the diameter of the fragment). The method was laterextended by Baltz and Bayman [2℄ and Malhotra and Gupta [3℄ to inlude non-spherial shapes. A shemati desribing the orientational parameters is provided inFig. D.1.The proximity energy between two adjaent fragments was alulated as

EProx = 4πγRb · Φ(s)where γ is the surfae energy oe�ient, R is the geometri mean of the two prin-ipal radii of urvature, b is the Süssman width of a Woods-Saxon surfae pro�le[4℄, and Φ(s) is a dimensionless proximity moment as a funtion of the minimum154
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Figure D.1: A shemati on�guration of two prolate deformed nulei lying in thesame plane. The semi-major and semi-minor axes are labeled ci and ai, i = 1, 2,respetively. The radius vetors Ri point to the loations on the nulear surfaes thatorrespond to the minimum separation distane s. In the present work the nuleiare always aligned along their semi-major axes (ci), thus the four angles αi and θiare �xed at α1 = α2 = θ1 = 0◦ and θ2 = 180◦. Two additional angles, φi, representrotations out of the ommon plane of the �gure. These two angles are �xed at 0◦ inthe present work.
separation distane between the two surfaes, s. The surfae energy oe�ient, γ,was determined from the Lysekil mass formula [5℄

γ = 0.957
(

1 − 1.7826I2
) MeV/fm2where I = (N − Z)/A is the relative neutron exess of the entire system, i.e. A =

A1 + A2, Z = Z1 + Z2, and N = N1 + N2, for adjaent fragments 1 and 2. TheSüssman width b was determined assuming a �10�90 fall-o� distane�, t10-90, of 2.4fm [4℄. This resulted in a value of b = 0.99 fm using the following expression
b =

π

2
√

3 ln 9
· t10-90.The mean urvature radius, R, is a kind of �redued radius� of the two adjaentfragments. For the ase of two prolate spheroids the mean urvature radius is given
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]Cos2φ,where φ is the azimuthal angle between the prinipal planes of urvature of the twonulei (a measure of the skewness between the two adjaent fragments, see Fig. D.1)and the four prinipal radii of urvature are given by
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, (D.2)for fragments i = 1, 2 respetively. The radius vetor for a prolate spheroid as afuntion of the angle α with respet to the semi-major axis is given by
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]−1/2 (D.3)where ai and ci are the semi-minor and semi-major axes respetively for fragment i.The quantities Ri appearing in Eqs. D.1 and D.2 are atually the e�etive entralradii of two sharp spheres, eah generating a di�use potential. Mathematially, eahis a mean between the entral radii of the density and potential distributions foreah fragment,
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i = 1, 2 (D.4)where b is again the Süssman width, and R◦
i is the e�etive sharp radius of fragment

i given by Eq. D.3. The �rst and seond derivatives of Eq. D.3 are given by
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Appendix D: The Proximity Potential 157In the present work the fragments are always aligned along their semi-major axes,meaning that the angles αi are always zero and thus the �rst derivatives, R′
i, arealways zero.Finally, the proximity moment Φ(s) is de�ned as

Φ(s) =















−1
2 (s − s0)

2 − k (s − s0)
3 (s ≤ s1)

−3.437 exp [−s/0.75] (s ≥ s1)

(D.5)where s is the minimum gap width between adjaent nulear surfaes, s1 = 1.2511represents a disontinuity in the underlying universal proximity funtion φ, and
s0 = 2.54 (see referene [1℄ for details). The minimum gap width used in Eq. D.5was determined by applying orretions for the surfae di�useness to the sum of thesemi-major axes of the adjaent fragments

s =
1

b
(R − R1 − R2) .Here the quantity R = c1 + c2 is the sum of the semi-major axes of the two adjaentprolate spheroids alulated as

ci =





3 V sph
i

4π
√

1 − ε2
i





1/3

where V sph
i is the volume of the equivalent sphere and εi is the eentriity of frag-ment i. The quantities R1 and R2, for adjaent fragments 1 and 2, are the semi-majoraxis of the two fragments orreted for surfae di�useness using Eq. D.4, i.e.

Ri = ci −
b

ci
i = 1, 2.
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Appendix E
Droplet Model Binding Energy
The Droplet Model of nulei is an extension of the Liquid Drop Model, used todesribe the average behavior of the nulear binding energy. The re�nements takeinto aount e�ets assoiated with deviations of the neutron and proton densitiesfrom their respetive bulk values, as well as ertain shell e�ets. The Droplet Model(DM) expressions were originally derived by Myers and Swiateki [1, 2, 3℄ and re-evaluated by Hasse [4℄. The total DM binding energy of a nuleus of atomi number
Z and mass number A is alulated as

Etotal =

[

−a1 + Jδ
2 − 1

2
Kǫ2 +

1

2
Mδ

4
]

· A

+

[
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δ
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−2a2A
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2
] . (E.3)159



Appendix E: Droplet Model Binding Energy 160Note that the �rst terms in eah of the �rst three lines of Eq. E.1 together form thestandard Liquid Drop Model (LDM) binding energy
ELDM

total = −a1A (volume energy)
+ a2A

2/3Bsurf (surfae energy)
+ c1Z

2A−1/3BCoul (Coulomb energy).The additional terms in Eq. E.1 represent the orretions to the LDM expressioninorporated into the Droplet Model.In Eqs. E.1 � E.3 the quantities A, N , Z, and I = (N −Z)/A are spei� to thenuleus under onsideration, identifying the mass, neutron number, proton (atomi)number and relative neutron exess respetively. The total energy also depends ontwo additional sets of quantities, onstants and shape dependenies. The onstants,using the notation of Myers and Swiateki, along with the values used in the presentalulations are as follows:
a1 = 15.986 MeV volume energy oe�ient.
a2 = 20.76 MeV surfae energy oe�ient.
a3 = 0.0 MeV urvature energy oe�ient.
c1 = 0.73531 MeV Coulomb energy oe�ient.
c2 = 1.6477 × 10−4 MeV Coulomb redistribution oe�ient.
c3 = 1.30501 MeV Coulomb di�useness oe�ient.
c4 = 0.56149 MeV Coulomb exhange oe�ient.
c5 = 4.9695 × 10−4 MeV surfae redistribution oe�ient of seond kind.
J = 36.6 MeV symmetry energy oe�ient.
K = 240.0 MeV ompressibility oe�ient.
L = 100.0 MeV density-symmetry oe�ient.
M = 0.0 MeV symmetry anharmoniity oe�ient.
Q = 17.0 MeV e�etive surfae sti�ness oe�ient.The shape dependenies are de�ned suh that they assume a value of unity forspherial shapes. The shape dependenies appearing in Eqs. E.1 � E.3 are as follows:



Appendix E: Droplet Model Binding Energy 161

Figure E.1: Shape dependenies in the Droplet Model. The variation in the DMbinding energy for deformed nulei, relative to the spherial result, is dominated bythe hange in the surfae energy. The variations in the Coulomb, urvature andCoulomb redistribution energies are muh less by omparison.
Bsurf surfae energy shape dependene.
BCoul Coulomb energy shape dependene.
Bcurv urvature energy shape dependene.
Bred Coulomb redistribution shape dependene.
Bsr1 shape dependene of the surfae redistribution of the �rst kind.
Bsr2 shape dependene of the surfae redistribution of the seond kind.The �rst four shape dependenies lend themselves to rather straightforward in-terpretation. These four quantities are plotted in Fig. E.1. The surfae energyshape dependene aounts for the inrease in the surfae area for any non-spherialshape. For prolate deformations parametrized by the eentriity, ε, the surfaeenergy shape dependene is alulated as

Bsurf =
1

2 3
√

1 − ε2

[

1 +
Sin−1ε

ε 3
√

1 − ε2

]



Appendix E: Droplet Model Binding Energy 162whih is an inreasing funtion of the eentriity desribing the inrease in surfaearea of the nuleus. The Coulomb energy shape dependene onsiders the hangein the mean harge separation for non-spherial shapes. For the present ase theCoulomb energy shape dependene is alulated as
BCoul =

3
√

1 − ε2

2 ε
ln

1 + ε

1 − ε
.

BCoul is a dereasing funtion of the eentriity. The urvature energy shape de-pendene is a orretion to the surfae energy to aount for the �nite urvature ofthe nulear surfae:
Bcurv =
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] .It is an inreasing funtion of the eentriity. Finally, the Coulomb redistributionenergy shape dependene introdues a orretion to the Coulomb energy to aountfor the redistribution of the protons due to ompression of the nuleus as it is de-formed
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].From Fig. E.1 it is lear that the greatest variation from the spherial result oursin the surfae energy. The e�ets from the remaining three shape dependenies areminor in omparison.The last two shape dependenies are not as intuitive as those plotted in Fig. E.1.These are the surfae redistribution energy of the �rst kind

Bsr1 = 25p2
1 − 60p1BCoulBsurf + 36B2

CoulB
2
surf ,and the surfae redistribution energy of the seond kind

Bsr2 = 25p2 − 60p1BCoul + 36B2
CoulBsurf .



Appendix E: Droplet Model Binding Energy 163The above two shape dependenies are orretions to the surfae energy arising fromthe redistribution of neutrons and protons due to ompression of the nuleus as itis deformed. The quantities p1 and p2 appearing in the expressions for the surfaeredistribution dependenies are de�ned as
p1 = 0.0938
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1
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ξ2 = ξ0 +
3

ε2
(ξ0 − 1) .Aside from the volume term, the two remaining terms in the DM binding energythat do not have an assoiated shape dependene are the di�useness and exhangeenergies respetively appearing in the last line of Eq. E.1.
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