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ABSTRACT

Probing Fission Time Sales and Dynamis via GDR  Raysand Neutron Angular Distributions. (Deember 1999)Tye William Botting, B.S., Texas A&M UniversityChair of Advisory Committee: Dr. Rihard P. Shmitt
This dissertation presents a study of �ssion dynamis and time sales for thefollowing reations; 133 MeV 16O + 208Pb, 104 MeV 4He + 209Bi, 133 MeV 16O+ 176Yb, and 104 MeV 4He + 188Os. Two disparate means were utilized: �ssionoinidene measurements of pre- and post-sission neutrons and of  rays. Thesemeasurements were aomplished simultaneously and analyzed similarly, so as tominimize experimental di�erenes and systemati model-dependent biases.Fission fragments were deteted via large x-y position-sensitive parallel plateavalanhe ounters (PPAC's) mounted in ompat geometry to maximize their ge-ometri eÆieny. The �ssion fragment emission angles and relative veloities wereused to reonstrut masses via standard kinematis.The  rays were deteted by 144 BaF2 rystals from the U. S. Barium FluorideArray (BFA). These detetors were arranged into two pods of 72 rystals plaedat bakward angles to minimize the neutron ux. The high granularity made itpossible to reonstrut the event showers to obtain the total energy deposited byeah deteted  ray. The reonstruted energy spetra were then analyzed in thegiant dipole resonane (GDR) region with the aid of statistial model alulations,



iv
giving the time sales for �ssion, �fiss. From the -ray data, the time sales obtainedfor the reations 16O + 208Pb, 4He + 209Bi, and 16O + 176Yb were �fiss= 67 � 10zs, 45 � 9 zs, and 84 � 16 zs, respetively.Neutrons were deteted by 8 liquid sintillator detetors from the DEMONArray, whih were positioned around the target to ensure separation of neutrons and rays and to obtain the multipliities of pre- and post-sission neutrons. With thehelp of statistial model alulations, these multipliities were also analyzed to extratthe �ssion time sales, �fissn. From the neutron data, the time sales obtained for thereations 16O + 208Pb, 4He + 209Bi, 16O + 176Yb, and 4He + 188Os were �fissn= 105� 10 zs, 72 � 7 zs, 112 � 12 zs, and 31 � 4 zs, respetively.
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CHAPTER I

INTRODUCTION

I.1 Overview
Some of the most spetaular developments in the nulear sienes have been

the events leading to the disovery of nulear �ssion in the late 1930's [1{4℄. This
dramatially showed that an atom of one element ould atalysmially rearrange into
wholly separate and di�erent atoms. The most widely used tool for understanding
this behavior is the liquid drop model of the nuleus [3, 5℄. Fission has inuened
all of our lives individually and on a global sale. The soio-eonomi impliations of
�ssion annot be overstated, ranging from alternative power soures to the problems
of nulear waste disposal.

In ontradistintion to outward manifestations suh as the \old war" and its
various baklashes, �ssion remains an exeedingly interesting proess from a sienti�
perspetive. In spite of all the work on �ssion motivated by everything from greed
to world domination, �ssion has always remained a mysterious proess. A deeper
understanding of �ssion will improve our knowledge of nulear proesses in the short
term, but from a more general perspetive, will enhane our understanding of many-
body systems. The latter is obviously the major reason for the study of �ssion.
This dissertation follows the style and format of Physial Review C.
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Over the years [6℄ the relative importane of the dynamial and statistialnature of �ssion has been hotly debated. A dynamial proess is sensitive to theinitial onditions in whih the system was produed. Its subsequent time evolution isgoverned by equations of motion suh as Hamilton's equations or the Sh�odingerequation. In ontrast, a statistial proess treats all possible time evolutions ofthe system on an equal footing. In the vernaular, a dynamial behavior reetsa strong governing fore, suh as a monarhy, while statistial evolution representstotal demoray. Using sienti� terms, dynamial proesses involve spei� phasesof motion while statistial proesses plae all phases of motion on an equal basis.In many respets, the division between the two approahes is arti�ial. There islittle doubt that �ssion is inherently a dynamial proess. The real questions are howwell an �ssion be desribed by statistial models and when must dynamial e�etsneessarily be taken into aount.One of the major tests of the relative strengths of the dynamial and statis-tial ontributions in �ssion involves the measurement of �ssion time sales. Suhinformation gives valuable insight into the types and relative importane of dissipa-tion of olletive exitation into internal degrees of freedom, i. e. frition or damping.Of ourse, frition is a somewhat arti�ial term whih addresses the relevany ofthe overall olletive partiipation of many nuleons. Nevertheless, it is very usefulfor desribing the oupling between the behavior of single nuleoni and olletivemotion.The remainder of this introdution will fous on spei� aspets of �ssioningsystems, espeially in regard to the time sale. The next setion presents a brief
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review of �ssion time sales and basi onsiderations in their study. This is followedby disussion of the methodologies used for investigating �ssion time sales, inludingthe history and theoretial bases. Finally, a brief summary will review what an belearned by omparing and ontrasting these two methods.
I.2 Review of Fission Time SalesOver the years, �ssion time sales have mainly been determined from neutronemission aompanying �ssion [7{14℄. Studies have also been onduted using lightharged partile emission [15{22℄ and giant dipole resonane -ray emission [23{32℄.Some newer studies have utilized the method of rystal bloking for very asymmetrientrane hannels and inverse kinematis [33℄. Using the various deay modes tomeasure �ssion time sales has met with limited suess. In partiular, the time salesobtained by the various methods have di�ered by an order of magnitude or more [14,34, 33℄. This puzzling situation indiates that further work is needed to reonile thesedi�erenes. The work disussed here is intended to distinguish e�ets attributableto experimental tehniques, the underlying physis, and systemati model analyses.This should provide a better understanding of the physis involved. Two of the majortools for determining the time sale for the �ssion proess have been employed here:neutron emission and giant dipole -ray emission.When two nulei ollide and fuse, the resulting ompound nuleus an deaythrough a variety of hannels. Frequently the system deays through emission ofneutrons,  rays, harged partiles, and by �ssion. At any given time in the deayproess, eah of these will ompete with eah other aording to their deay widths,
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� (see below). In the ase of �ssion, the daughter nulei an also be suÆientlyexited to deay by these modes, although a seond �ssion is very unlikely at modestexitation energies (�100-200 MeV).Neutrons emitted from the ompound nuleus, i. e. before sission, have anessentially isotropi distribution in the enter of mass frame, whereas those emittedfrom the �ssion fragments are kinematially foussed in the diretion of their fragmentof origin. Thus, separation of the isotropi omponent from the foussed omponent inthe neutron angular distribution leads to pre- and post-sission neutron multipliities(�pre and �post), respetively. Similarly, giant dipole resonane  rays emitted fromthe ompound system and the daughter fragments an be reognized by their di�erentenergies.The giant dipole resonane (GDR) is a strongly olletive mode of exitationwherein protons and neutrons osillate out of phase with respet to eah other. Thisosillation of harge reates an eletri dipole. This is disussed in greater detail inSetion I.3.Being a olletive mode of exitation involving nearly all nuleons,  rays fromthe GDR are typially quite high in energy. For a GDR built on the nulear groundstate, the energy spetrum peaks at about

E = 79A1=3 ; (1)
where A is the mass number [35℄. For a nuleus with mass around 220 amu, thisorresponds to about 13 MeV. In ontrast, the peak energies from symmetri �ssionfragments should be about 3.5 MeV higher. A �t to the overall energy spetrum thus
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provides the relative number of eah, from whih an estimate to the time sales of�ssion an be derived.In the ase of neutron measurements, the time for �ssion an be approximatedby a sum of time sales of several di�erent proesses. This an be written as [36℄

� = �form+ �sadd+ �sis+ �a; (2)
where �form is the time assoiated with the formation of the ompound nuleus, �saddis the time required to ahieve quasi-stati equilibrium at the saddle point, �sis isthe time for the system to evolve to sission, and �a is the time for the fragments togain most of their asymptoti veloities. The last term is tehnially not part of the�ssion time sale, but is inluded beause neutrons emitted by the fragments beforethey have attained their asymptoti veloities are indistinguishable from neutronsemitted by the ompound nuleus. Analogously, for GDR -ray measurements theform would be � = �form+ �sadd+ �sis: (3)
Note that �a is not present in the time sale given by analysis of GDR -ray datasimply beause the energies of the GDR  rays are dependent upon the shape andsize of the nuleus. One �ssion has ourred, any GDR  rays observed from thefragments will have higher energies than those from the parent system.The quantity �sadd is of speial interest, as it is identi�ed with the so-alled�ssion time delay or transient time [37℄. Determination of this quantity is expetedto provide the value of the nulear visosity. Following Kramers' work in 1940 the
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values for the e�etive �ssion deay width inluding dissipative e�ets should besmaller than the standard Bohr-Wheeler deay width [5℄ aording to the visosity ofthe system [38℄, i. e. �eff = �BW(p1 + 2� ); (4)
where �eff is the e�etive deay width,  is the nulear frition onstant, and �BW isthe Bohr-Wheeler deay width. This expression for the dissipative �ssion width hasbeome a ornerstone for many works on nulear time sales.Ideally, one would like to determine experimentally eah of the ontributionsto the �ssion time separately. So far this has not been ahieved reliably. One mightbe able to set some limits on �form by forming the same ompound nuleus throughdi�erent entrane hannels, as in the 133 MeV 16O + 176Yb and the 104 MeV 4He+ 188Os ases investigated here. For a lighter projetile �form should be shortersimply due to the lessened importane of dynamial ompliations in the entranehannel, e. g. nek formation, di�usion, and visosity. This would be reeted inthe measurements as smaller values of the pre-�ssion neutron multipliity, �pre, anda redued yield of pre-�ssion GDR  rays. Similarly, it might be possible to gaininsight into �a by omparing the � 's from the two tehniques. A ompliation withthis approah is that the nasent fragments in the viinity of sission an be quitedeformed. Some additional time is required for the fragments to shape equilibrate.The separation of �sadd and �sis has proven to be a triky business. In some earlyworks, deviations in the yield of pre-�ssion neutrons and  rays from statistial modelpreditions were used as a measure of �sadd [39, 40℄. However, it is now lear that
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failure of statistial models to reprodue �pre does not neessarily mean that there isa signi�ant time delay before the system reahes the saddle. Conventional statistialmodel odes do not aount for neutron evaporation during �ssion. Neutrons emittedduring both time intervals annot be separated kinematially. This has prompted theuse of other approahes, suh as studies of the mass distributions [21, 41, 42℄, �ssionexitation funtions [43{47℄, and evaporation residue ross setions [48℄. Still, thereis no onsensus on �sadd. Possibly more onstrained measurements and analyses, suhas those presented here, will o�er some new insight into the problem. Even if theydo not, they should yield a better determination of the overall �ssion time.
I.3 Statistial Approah to Neutron Evaporation and Fission Time SalesThe evaporation of neutrons from exited nulei has been studied for manyyears. Our knowledge of neutron emission has proven to be a valuable tool inestimating exitation energies [49{51℄, momentum transfer [52℄, time sales [7{14℄,and other properties of exited nulei. This has mainly been aomplished with theaid of the statistial model of nulear deay.From �rst order perturbation theory the deay rate, �, of any quantum system,suh as an exited nuleus, should follow Fermi's seond golden rule [53℄,

� = 2��h jh f jOpj iij2�(Efinal); (5)
where h fjOpj ii is the nulear matrix element for the transition, jMifj, and �(Efinal)is the number of �nal states per unity energy, i. e. the density of �nal states.The operator Op depends on the nature of the transition. The  's inorporateall \knowable" information about the initial and �nal states. For transitions between
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spei� states (the low exitation energy regime), � is often easy to alulate. Inontrast, for many-body systems, the  's an only be approximated, usually withonsiderable e�ort. At exitation energies where many initial and �nal states arepossible (high exitation regime), the reverse is true. In this ase, the e�ets of theMif's are washed out, making � the determining fator in �. Suh is the ase in thesystems studied here.Spei� examples of � for statistial deay are abundant in the literature [5, 54,55℄, to whih the reader is also referred. If there are many modes of deay, the totaldeay width is simply the sum of the �'s over all the n available deay widths,

�tot = nXi=1 �i: (6)
The density of �nal states is a funtion of the �nal exitation energy so it anbe onsidered as the density of initial exitation energy minus all energy onsumedin the deay, i. e. �i / �(Efinal) = �(E�� Ei); (7)

where E� is the exitation energy of the emitting system and Ei is all energy takenaway by deay mode i. The quantity Ei is the sum of the binding energy of theevaporated partile, Si, and its kineti energy, �. The total width for evaporatingi is obtained by integrating over �. In what follows, it will be assumed that thisintegration has been performed.The branhing ratio, or relative probability, of eah mode is de�ned as the ratioof the deay width of that mode to the total deay width,�i�tot � �(E�� Ei)nPj=1 �(E�� Ej) ; (8)
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letting the leading onstants anel out. This an be related through the Bohrhypothesis to a partial ross setion for a given deay mode by [55℄

�i = �CN �i�tot ; (9)
where �CN is the ross setion for ompound nuleus formation.Expansion of the term �(E�� Ei) in Equation (8) to the seond term gives

ln �(E�� Ei) = ln �(E�)� d ln �(E�)dE Ei� : : : : (10)
As in thermodynamis, this satis�es the relation,d ln �dE = dSdE = 1T ; (11)
whih de�nes the nulear entropy, S, and the temperature, T . After negleting higherorder terms, Equation (10) an be rewritten,

�(E�� Ei) � �(E�)e�Ei=T : (12)
Finally, ombining this equation with the expression for the branhing ratio,from Equation (8), yields �i�tot � e�Ei=TnPj=1 e�Ej=T ; (13)

after aneling out the like terms �(E�). In the ase of the systems onsidered here, themain ontributors are neutron evaporation, light harged partile (LCP) evaporation,GDR -ray deay, and �ssion. Thus, the branhing ratio for a given type of deayan be expressed �i�tot � e�Ei=Te(�Sn�2T )=T + e�ELCP=T + e�E=T + e�Bf=T ; (14)
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where Sn is the separation energy of a neutron, and Bf is the �ssion barrier. Sinethe denominator is a sum of exponentials, only the largest terms will ontributesigni�antly. For the reations studied here, T � 1.7{2.2 MeV, Sn � 7{10 MeV,ELCP � 20-25 MeV, E � 10{14 MeV, and Bf � 5{16 MeV, depending on thesystem and the assumptions made. Thus, Equation (14) an be further simpli�ed to

�i�tot � e�Ei=Te(�Sn�2T )=T + e�Bf=T : (15)
The most prominent term in this expression is usually the neutron evaporationterm, espeially for low-A or low-angular-momentum nulei. For systems with Bfonsiderably greater than Sn, a number of neutrons an be emitted before �ssion.Thus the total neutron deay width is given by a sum of terms; i. e.

�n = �n1+ �n2+ �n3+ : : : ; (16)
where �nj is the partial width for deay at the jth step. A similar expression holdsfor �ssion.It should be noted that Equations (12){(15) assume a onstant T and neglet avariety of fators. Obviously, T varies throughout the deay hain, so these equationsgive only a qualitative desription. This is nonetheless useful. More aurateexpressions for the branhing ratio an be found in the literature [6, 55℄.Another important point that is not obvious in the above treatment is thatthe �ssion width is alulated in a di�erent way than the other deay widths. Forevaporation, � is alulated for a �nal state in whih the deay produts are separatedby an in�nite distane. In ontrast, �f is generally evaluated at the top of the �ssion
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barrier, Bf. This is the so-alled Bohr-Wheeler transition state approah, whih willbe further disussed below.The lifetime for a deay mode is related to its deay width through theHeisenberg Unertainty Priniple. For neutron emission

�n = �h�n : (17)
The average pre-�ssion lifetime for the �ssioning nuleus is simply the sum of thelifetimes for neutron deay for eah step in the deay,

h�fi =Xi �ni; (18)
where i refers to eah individual neutron emission before �ssion.The determination of the number of pre-sission neutrons is ompliated by thefat that neutrons an ome from a variety of soures. This inludes the deay of theompound nuleus, pre-equilibrium neutrons, and sission neutrons whih are emittedwhen the �ssion fragments separate. Another ompliation is that statistial modelodes generally ignore the fat that neutrons an be evaporated as the system evolvesfrom saddle to sission. Neutrons an also be emitted during �a.The number of pre-�ssion, �pre, and post-�ssion neutrons, �post, have beenestimated from the neutron angular distributions as already desribed. However,neutrons emitted at sission or during aeleration will also be emitted essentiallyisotropially in the enter of mass. These neutrons an ontribute to the apparent �pre.Pre-equilibrium neutrons assoiated with �ssion are expeted to be nearly negligiblefor the systems onsidered here.
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TABLE 1. Previous results for time sale measurements using the neutron method.

Reation Fission time sale (zs) Referene216 MeV 40Ar + 141Pr �23192 MeV 12C + 175Lu �50 [7℄220 MeV 20Ne + 165Ho �110205 MeV 36Ar + 169Tm 10-100 [11℄838 MeV 32S + 197Au,232Th 5-30 [13℄many systems (see ref.) 20-50 [14℄838 MeV 32S + 144;154Sm �10 [58℄many systems (see ref.) �30 [59℄(180,190,216,249) MeV 40Ar + 180Hf 17-40 [60℄
One �pre has been determined, various statistial model odes (e. g.Julian [11℄,Joanne [20℄, Casade [56℄, and Pae [57℄) have been used to determine the timerequired for neutron emission at eah step before �ssion. From this, Equation (18)an give the average pre-�ssion lifetime of the ompound system.This proedure has been arried out by a number of researhers, as mentionedpreviously. The onsensus of past work is that �ssion seems to be a muh slowerproess than given by the Bohr-Wheeler formalism [7{14℄. A summary of some ofthe results is given in Table 1. For standard fusion-�ssion reations over a range ofexitation energies (60-200 MeV) and a wide range of massnumbers (100-250 amu)there is little variation. Fission appears to take on the order of 5-110 zs, where 1 zs =10�21 seonds. This is muh longer than previous estimates, by a fator of 10 or more,from a number of statistial model alulations that do not inlude �ssion hindrane.The frition oeÆient, , required for a number of similar neutron analyses seems to
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range from 8{50 [9, 36, 59, 61℄. (Most of the authors listed in Table 1 did not report values.)The disparity in �ssion time sales has sparked quite a bit of interest in the�eld. Explanations for the long �ssion time inlude inreased nulear visosity [39,62℄, the inreased importane of one- and two-body dissipation [63, 64℄, and samplingof di�erent portions of the time distribution [33℄, among other reasons.
I.4 GDR  Rays and the Fission Time SaleBefore disussing the use of GDR (giant dipole resonane)  rays to investigatethe �ssion time sale, it is useful to briey review the emission of these energetiphotons. A GDR orresponds to an osillation of neutrons and protons in the emittingsystem. There are many other types of GR's (giant resonanes) whih have beenextensively investigated. A GDR  ray is produed when a  ray is emitted in thede-exitation of a dipole resonane built on exited nulear states.The various GR's are olletive modes of nulear exitation involving theoherent movement of many nuleons within the nuleus. In general, these typesof nulear exitations have been of great interest sine they were �rst disovered (theGDR in 1947 [65℄ and other multipolarities after 1971 [66℄). There are a number ofgeneral reviews on the subjet [35, 66, 67, 68, 69, 70℄.Giant multipole resonanes are lassi�ed by the type of olletive motion. Forthe GDR the isospin-phase, �T, refers to whether protons and neutrons are osillatingagainst eah other (�T=1, \isovetor") or with (�T=0, \isosalar"). In the isovetorosillation the harge density in the nuleus is in phase, reating a vetor of harge
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di�erential along the axis of the osillation. The other modes and multipolarities anbe found in the literature.The GDR an be understood in either of two ways. In one limit, a sphere of pro-tons an osillate bak and forth against a sphere of neutrons, without onserving thetotal volume of the nuleus. This is the so-alled Goldhaber-Teller (GT) displaementmode [71℄, whih exhibits an energy-dependene proportional to A�1=6. In the seondmode, imagine an osillation of the neutrons and protons within a on�ned volume.This is the so-alled Steinwedel-Jensen (SJ) aousti mode [72℄, whih exhibits anenergy dependene proportional to A�1=3. In nature, one expets some ombinationof both modes. In 1975, Berman and Fultz devised an empirial expression similarto that of Equation (1) that aounted for both of these ontributions by orrelatingGDR energy peaks from many experiments [73℄,

E = 31:2A1=3 + 20:6A1=6 : (19)
This shows that neither the aousti nor the displaement e�ets dominate therestoring fore. Thinking wholly in terms of one or the other type of osillationis inorret. However, the GT mode seems to provide a somewhat larger ontributionfor heavier ompound nulei. Still, over the whole periodi table there is no regionwhere either mode an be said to truly dominate [74℄.The assoiated osillations of GDR's an deay by a variety of means. Theseinlude neutron emission, �ssion, as well as -ray deay. Crude estimates usingEquation (13) suggest that GDR -ray emission has a probability of 10�3{10�4. Ifthe deay of a GDR by -ray emission leads to the ground state, the energy of the
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photon orresponds to the exitation energy of that giant resonane. Examples ofthe A-dependene of this energy are given in Equation (1) and Equation (19). Theenergy distributions are Lorentzian, with typial widths of 4{5 MeV. The strength ofthe GDR resonane is expressed in terms of the Thomas-Reihe-Kuhn (TRK) sumrule [75℄,Z 30MeV0MeV �abs(E)dE = 2�2e2�hM NZA � 60NZA (1 + �) MeV�mb; (20)
where �abs(E) is the absolute ross-setion as a funtion of -ray energy. Forthe entral portion of the equation, M is the mass of a nuleon,  the speed oflight, N the number of neutrons, and Z is the atomi number. The value � is anempirial enhanement fator as dedued from a high-energy photo-absorption tailextending beyond E=100 MeV. Usually, 100% of the TRK sum rule is reovered inGDR studies, though it is not unusual for greater amounts to be used when �ttingexperimental spetra.In 1955, Brink �rst proposed that giant resonanes ould be built on all exitedstates [76℄. This was somewhat hinted at by early �ssion -ray orrelations [77℄ butwas not on�rmed until 1981 by Newton et al. [78℄. This opened the �eld to manymore studies of  rays from the deay of GDR's built on exited states [35℄. A numberof these were devoted to the determination of �ssion time sales [23{32℄.GDR -ray investigations of the �ssion time sale also rely on the statistialmodel of nulear deay. As mentioned above, the branhing ratio for GDR -rayemission, �GDR=�tot, is �0.1% or less for the reations onsidered here. Neverthelessit is possible to observe ompound-nuleus GDR  rays in the �ssion-orrelated -ray
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TABLE 2. Previous results of time sale measurements using the GDR method.

Reation Fission time sale (zs) Referene120,140 MeV 16O + 208Pb �290 [24℄252Cf (spont. �ssion) �100 [26℄(180-245) MeV 32S + natW,208Pb �30 [31℄216,238 MeV 40Ar + 116Cd �140 [32℄420,600 MeV 40Ar + 232Th 60-200 [79℄120 MeV 16O + 208Pb 96�24 [80℄
spetrum. This ontribution is visible as a broad enhanement in the region around11 MeV for the systems onsidered here (see Chapter III for examples from the urrentstudy).The �rst studies of GDR -ray emission aompanying �ssion were performedby Thoennessen et al., in 1987 [23℄. The reasoning behind their work was that any�ssion time delay should not only enhane neutron emission but all other availabledeay modes as well, inluding GDR -ray emission. Their investigations involving224Th� at various exitation energies did indeed exhibit suh an enhanement relativeto alulations using their extended version [23℄ of the statistial ode CASCADE[56℄. Initially, the modi�ations to the ode assumed that the �ssion deay widthwas dereased due to �ssion dynamis. The fator dereasing �f was termed a �ssionhindrane fator. In subsequent analyses, the Kramers expression for �f was used toextrat the �ssion time sale. Table 2 lists several of the time sales determined inthese and other works using the GDR method. The inferred time sales for fusion-�ssion reations from GDR -ray studies are on the order of 30{300 zs. This is
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signi�antly longer than the time sales dedued from the neutron studies by morethan a fator of three to an order of magnitude. The di�erene in time sales needsto be investigated to provide a more onsistent understanding of the �ssion time saleand the dynamis of nulear �ssion.The frition oeÆient, , required for the results in Table 2 and other GDR-ray �ssion studies ranges from 5 to 15 [24, 25, 26, 28, 31, 32, 34, 79, 80℄, whihoverlaps the lower end of the range of values reported for the neutron method. Thus,the GDR method would seem to imply less frition than the neutron analyses, leadingto shorter time sales for �ssion. This is not borne out in the reported time sales,whih show the opposite trend. Clearly, there are ontraditions not only in the timesales reported by these two methods, but also in their behaviors regarding nulearvisosity.
I.5 MotivationsThe urrent work is aimed at deriving time sales in a more onstrained ap-proah by using two separate methods applied to the same experimental data andthe same statistial model ode. This ould quite possibly resolve the disrepaniesbetween these two time sales and frition oeÆients ('s). Simultaneous measure-ment of both neutrons and  rays for a number of �ssioning systems should limitsystemati errors and produe time sales and 's suitable for more diret ompari-son. The appliation of both methods in the same experiment has not been attemptedbefore and ould provide new insights into any remaining disrepanies.
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CHAPTER II

EXPERIMENTAL TECHNIQUES
This hapter presents a detailed desription of the experimental apparatus andthe tehniques used. The �rst setion deals with the reasoning behind the equipmenton�guration. This is followed by a disussion of the various harateristis of eahomponent in the equipment. Immediately following this, the experimental setupis presented, inluding eletronis setup, detetor plaement, and data aquisition.Calibration proedures are disussed next. Finally, a brief summary is given.

II.1 Experimental BakgroundThe experiments involved detetion of  rays, neutrons, and �ssion fragmentsand their various orrelations. This neessitated the use of a wide variety of failitiesand equipment. The beams were provided from the Texas A&M ylotron. Additionalomponents and support were provided by the Texas A&M Cylotron Institute, theNational Barium Fluoride Array (BFA), the Joint Institute of Nulear Researh(JINR) at Dubna, Russia, and the DEMON Collaboration (for the Frenh D�eteteurModulaire de Neutrons, or Modular Neutron Detetor) from Belgium and Frane.Four reations were investigated: 16O + 208Pb, 4He + 209Bi, 16O + 176Yb, and4He + 188Os. The reations 16O + 208Pb and 4He + 209Bi were hosen to illustratethe e�et of angular momenta on the dynamis of �ssion in systems likely to haveenough �ssion ross-setion to give good statistis for GDR  rays. Also, systems like16O + 208Pb have been extensively studied in other work, thus allowing omparison
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with previous studies. Comparison of the 16O + 208Pb and 4He + 209Bi resultsould provide insight into the formation time, �form, for the ompound system. Itis important to note that the saddle and sission points for these two systems ourat very di�erent positions in deformation spae while those points should be nearlyoinident for the lighter systems. Comparison of the two types of systems ouldprovide a measure of any �ssion time delay before the saddle point it reahed. Thereations 16O + 176Yb and 4He + 188Os were also hosen beause they form the sameompound system with di�erent angular momentum. Beause the �ssion ross setionis quite low for the latter systems, they were not expeted to yield muh informationon GDR  rays.The targets, beams, and other important parameters are summarized in the �rstpart of Table 3. The remainder of the table lists various parameters pertinent to theformation and deay of the ompound nuleus. The average sustained beam rate foreah reation was on the order of 1{2 partile nanoamps. Eah system was formedwith roughly similar exitation energy. The fusion ross setions were taken usingthe work of Wilke et al. [81℄. Fission ross setions were taken from �ssion exitationfuntion studies in the literature [82, 83, 84, 85℄. Note the muh lower �ssion rosssetion for the 4He + 188Os system in partiular.The experiments were arried out in a low bakground area, away from wallsand equipment to avoid neutron sattering and pile-up. The beam line in Cave 3 ofthe K500 area of the Texas A&M Cylotron Institute was hosen beause of theseonerns and to allow easy aess to the various detetors and the reation hamber.
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TABLE 3. Summary of important reation parameters for eah experiment.

Reation O+Pb He+Bi O+Yb He+OsBeam 16O3+ 4He+ 16O3+ 4He+Energy 133 MeV 104 MeV 133 MeV 104 MeVIntensity 1 pnA 1 pnA 2 pnA 1 pnATarget 208Pb 209Bi 176Yb 188OsThikness 600 �g/m2 650 �g/m2 325 �g/m2 350 �g/m2(on 40 �g/m2 12C) (on 50 �g/m2 12C)CN 224Th� 213At� 192Pt� 192Pt�E� 77.0 MeV 92.7 MeV 100.0 MeV 99.3 MeVB (lab) 82.5 MeV 21.7 MeV 73.6 MeV 20.4 MeVB (CM) 76.5 MeV 21.3 MeV 67.5 MeV 20.0 MeVECM 123.5 MeV 102.0 MeV 121.9 MeV 101.8 MeVvCM .2851 m/ns .1325 m/ns .3326 m/ns .1470 m/ns�fus 1350 mb 1450 mb 1550 mb 1325 mb�fis 1340 mb 630 mb 635 mb 7 mb�rit 50.0Æ 13.4Æ 41.5Æ 12.2Æ`rit 56 �h 32 �h 62 �h 31 �h`max 72 �h 44 �h 74 �h 43 �h`Bf=0 76 �h 82 �h 84 �h 84 �h
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The beam transport system had to provide a nearly parallel beam with a diameter ofno more than 5 mm in order to avoid hitting the target frame. Transport downstreamof the target to the remote beam dump required negligible intensity loss. A magnetiquadrupole lens was 3 meters upstream of the target and was used to fous thebeam into the target. Another magneti quadrupole 5.5 meters downstream fromthe target was used to refous the beam. The beam dump was loated in the MDMSpetrometer, some 9 meters downstream from the target. A phosphor viewer nearthe Faraday up in the spetrometer was used to view the beam position. Boththe BaF2 arrays and the DEMON neutron ounters were used as ative bakgrounddetetors during beam tuning. Bakground levels were examined by sending the beamthrough a blank target frame and monitoring the various ount rates. A shematilayout of the experiment is shown in Figure 1, and will be desribed in detail below.A thin-walled reation hamber was used to minimize absorption and satteringof neutrons. It was onstruted to allow diret mounting of the target ladder and the�ssion fragment and trigger detetors. Standard view-ports and beam line onnetionswere provided. The hamber was relatively small to allow lose plaement of theBaF2 pods. It was speially designed and onstruted by the Dubna group, whihalso provided the 188Os target. The remaining targets were produed at Texas A&M.Parallel plate avalanhe ounters (PPAC's) were used to detet �ssion frag-ments. These were used beause they are fast, resistant to radiation damage, andan be onstruted with large volumes. They were plaed at a lose geometry toobtain high geometrial eÆieny. The PPAC's were x-y position sensitive to allow
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FIG. 1. Shemati of the experimental. The DEMON detetors are indiated byn1{n8. The detetor n1 is below the reation plane, while n2 and n6{n8are above. The two pods of BaF2 detetors are also shown. The two largePPAC's are indiated by the thiker straight lines between n6, n7, and n8.The PPAC's are at their loations for the 16O + 208Pb experiment, 90Æ and80Æ.
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reonstrution of the fragment energies and masses. A total of four PPAC's wereonstruted at Texas A&M, together with two smaller PPAC's without position sen-sitivity for use as start detetors. Only half of these were used during the experiments.Measurement of the -ray energy spetra required a high geometri eÆienywhile maintaining a reasonable distane from the target to allow for time-of-ightseparation of neutrons. The BFA was separated into two retangular \pods" of 72rystals (9�8) and plaed at bakward angles to minimize the neutron bakground.These detetors ould operate at high ount rates and gave good time resolution.Sine aquisition times were likely to be long, it was important that they have goodeletroni stability. The whole of the National Barium Fluoride Array and its supporteletronis and aquisition system were required for these experiments.The DEMON modules [86℄ were used for neutron detetion and were based onthe liquid sintillator NE213. These detetors were relatively eÆient and gave goodtime resolution. Eight detetors from the DEMON Array were used. These wereplaed at a various angles about the target hamber to gain insight into the angulardistribution of �pre and �post.The remainder of this hapter will present more detailed aounts of theapparatus used, the proedure inluding the plaement of detetors, eletronis,trigger onditions and data aquisition, and the alibrations.
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II.2 ApparatusThis setion presents a desription of the experimental apparatus. First, thereation hamber and its onstrution will be disussed. Following this, the PPAC's,the BaF2 detetors, and then the DEMON neutron ounters will eah be examinedin detail.
II.2.1 Reation ChamberThe reation hamber was designed and onstruted in Dubna, Russia speif-ially for these experiments. Figure 2 shows detailed side and front views. Thehamber is a prolate spheroid, 39.3 m in diameter with a 48.1 m long axis. It isonstruted of thin-walled (2.5 mm) aluminum hemispheres to avoid exessive neu-tron absorption. The hemispheres are attahed to a 9.65 m wide entral supportring of stainless steel. The hemispheres onsist of two halves of a sphere with aninner diameter of 38.4 m. The entral support ring provides 24 BNC feed-throughonnetors, a 4 m luite view-port, beam line �ttings on either side, and support fora detetor mounting table. There is also a onnetion for an existing eletronially-ontrolled target ladder assembly, apable of being ontrolled remotely. This assemblyaommodates �ve standard-sized targets. The two aluminum hemispheres are heldin position on either side of the ring with metal restraining straps to form a vauumseal using Viton O-rings.
II.2.2 Parallel Plate Avalanhe CountersParallel plate avalanhe ounters (PPAC's) were hosen to detet the �ssionfragments for a number of reasons. They are relatively inexpensive, easy to fabriate
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FIG. 2. Shemati of the reation hamber. Top depits the side view of thehamber. Dotted line indiates the level of the detetor support plate insidethe hamber. Bottom shows the view from the ylotron. All measurementsin mm.
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in a variety of geometries, are resistant to radiation damage, an have quite largesolid angles, and are reusable. In addition to these onvenienes, properly designedPPAC's exhibit exellent time resolution and an be made position sensitive. Thelatter harateristis are ritial in the event-by-event reonstrution of the �ssionfragment mass distributions.The rise time for the enter foil signal is generally very fast and is largelyresponsible for the exellent time resolution of the detetors (�150 ps). This timeresolution orresponds to a position sensitivity whih is usually on the order of thespaing between the wires [27℄, typially 1 mm. Beause of these harateristis,PPAC's have proven useful in previous works investigating �ssion time sales [14, 27,34℄. A good desription of PPAC design and harateristis is given by Mazur andRibrag [87℄. The detetors desribed therein are similar to those used in the urrentwork [88℄.The PPAC's used here onsisted of two planes of thin, parallel wires runningorthogonal to eah other and parallel to a thin, ommon enter foil plane. The foilplane was supplied with negative bias (� -0.7 kV) and ated as the ommon athodefor the anode wire planes. These omponents were ontained in a low pressure ofn-pentane. The atual experimental operating harateristis are summarized inTable 4.Detetion of energeti harged partiles in a PPAC is a multi-step proess.Eletrons are produed as a �ssion fragment ionizes this gas and interats with theenter foil. These eletrons are then aelerated in the strong eletri �eld, produing
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TABLE 4. Operating harateristis for the PPAC's.

Detetor Bias Pentane Pressure Flow Rate(volts) (torr) (ml/min)Start -590 to -610 5.2 20PPAC1 -680 " "PPAC2 -660 " "
an avalanhe of seondary eletrons. The largest ampli�ation ours near the anodewires [87℄. The nearest wire then ollets the most eletrons, produing a negativeeletroni signal. This signal is then arried through a delay proportional to the wire'sloation. By measuring the time di�erene between the prompt signal from the enterfoil (athode) and the delayed signal from the wires (anode), one obtains the relativeloation of the �ssion fragment impat in one dimension. Sine there are two planesof wires running orthogonal to eah other, the detetor produes signals in both thex and y oordinates.The detetors were onstruted of several layers of 3 mm thik G-10 PC board.Eah detetor was made vauum-tight with silione aulk, whih also funtioned asa strutural bond between the layers. Fittings were provided at the rear of thedetetor for gas entry and exit. Connetions for the enter-foil bias supply andsignals were made using LEMO �ttings. A seond type of PPAC was used in theexperiments to detet �ssion fragments. This was a small (4 m2 ative area) PPACstart detetor. Two larger position-sensitive PPAC's (231 m2 ative area) were usedto detet the �ssion fragments and de�ne the reation plane. The start detetor
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PPAC had entrane and exit windows of 2 �m mylar. This ounter was designed tominimize the energy degradation of the �ssion fragments as muh as possible. Twofoil planes were fashioned by vauum evaporation of gold onto mylar to a thikness of40 �g/m2 on eah side. The same type of enter foil was used for eah detetor. Amajor di�erene between the large and small detetors was that the start PPAC wasa transmission ounter while the large PPAC's were not. The start detetors werealso not position sensitive.In the large PPAC's there were two planes of 50 �m diameter Be-Cu wiresmounted on a 1.5 mm thik G-10 support frame. The wire spaing was one millimeter,providing 152 wires for eah plane. The wires were strethed and soldered onto thesupport. Figure 3 shows a shemati of the alignment of the wire planes on eitherside of the enter foil athode plane. These wire planes were assembled in the PPAChousing suh that the wires of one ran perpendiular to the other when seen fromthe target. Eah wire plane was made ontiguous via a 210 ns delay loop of opperwire onneting eah wire to its neighbors. This provided a delay of 13.5 ns from wireto wire, whih gave suÆient time-separation of the signals for the required positionsensitivity. The wire planes were loated 3.00 � 0.05 mm from the enter foil. Adetailed ross setion of a large detetor is shown in Figure 4. A front view (seen fromthe target position) is shown in Figure 5. Note the presene of two thik alibrationwires in the x-diretion, allowing for positional self-alibration. These wires wereplaed 50.7 mm and 50.5 mm apart for the PPAC's #1 and #2, respetively. They-diretion was alibrated using the physial limits of the ative area. Eah PPAC
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Wire Planes (Anodes)

Center Foil Plane (Cathode)

FIG. 3. Shemati of the wire planes and enter foil of the PPAC's. Note thatthe wire planes are perpendiular to eah other, allowing for the x- and y-position sensitivity. The distane between the planes is expanded for easeof viewing.
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FIG. 4. Cut-away view of part of one PPAC. The enter foil, wire planes, entranewindow, and alibration wire planes all extend to the right of the shadedpart of the �gure. The two blak dots near the enter of the �gure indiatesolder beads in order to show how the soldering points are shielded fromview of the enter foil, minimizing sparking in the detetor. All dimensionsare in millimeters.
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FIG. 5. Front view of one PPAC. Most of the detetor is ative area, with littlewasted spae. The two alibration wires are also shown. All dimensions arein millimeters.
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provided four outputs; a timing signal from the enter foil (start), stops for bothwire planes and an energy output for the enter-foil. The latter was not used in theanalysis, but provided an on-line indiator of the performane of the PPAC's.
II.2.3 Barium Fluoride DetetorsMyriad detetor types are available for -ray detetion ranging from very highresolution semi-ondutor devies, suh as Si(Li) and Ge(Li), to a wide variety oflow energy resolution sintillators, suh as NaI(Tl). Though quite expensive, largearrays of the former type of devie have been onstruted [89, 90℄. These have mostlybeen used for nulear struture studies. For GDR-�ssion studies, one does not needsuh high-resolution detetors; sintillation devies are generally employed. Initially,NaI(Tl) detetors were generally employed. However, there are great advantages tousing BaF2 as a GDR -ray detetor. Unlike NaI(Tl), BaF2 is non-hygrosopi. Theradiation lengths of the two detetors are omparable. While the energy resolution ofBaF2-based sintillators is somewhat poorer than NaI(Tl), they have proven to haveexellent time harateristis. The BaF2 detetors provide a fast omponent thatdi�ers from the slow omponent in its deay properties, depending upon the type ofpartile deteted. This was �rst noted in 1982, by Laval and o-workers [91℄. A fewyears later, it was shown that the yield of the omponents depended on the inidentpartile [92℄. This allows pulse-shape disrimination (PSD) between neutrons,  rays,and other speies.Energy resolution for the BaF2 rystals obtained with 137Cs (0.661 MeV) isapproximately 35% and 12.5% for the fast and total omponents, respetively [93℄.
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TABLE 5. Response harateristis for both the fast and the slow omponents inBaF2.

Fast Component Slow Componentpeak wavelength 220 nm 310 nmrise time 100 ps n/aprimary deay onst 600 ps 430 nsseondary deay onst 790 ps 620 ns

The rise times of BaF2 detetors obtained by Laval et al. are shown in Table 5 [91℄.The energy response of a BaF2 detetor is governed not only by its intrinsi propertiesbut also by its geometry, whih determines the fration of the eletromagneti showerprodued by an inident partile that is atually ontained in the detetor volume.Losses an our out the sides of the detetor and to the rear. With long detetors,losses to the rear an be minimized. In these experiments, losses out the sides weremainly seen by the neighboring rystals, whih ated as transverse loss detetors forthe rystal they surrounded. Setion III.2.1 disusses simulation of these losses andthe e�ets of utilizing the surrounding rystals to reonstrut the shower.Eah individual detetor is made up of a sealed rystal of BaF2 optially oupledto an assembly onsisting of a base and a photomultiplier tube (either HamamatsuR2059 or Philips XP2020Q) with fused silia windows. The photomultiplier tubesprovided both dynode and anode outputs. The rystals are 20 m long with ahexagonal ross setion whih is 6.5 m fae to fae. The �nal 2.5 m is ground
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into a ylindrial shape to allow optial oupling to the photomultiplier and magnetishielding with �-metal. The latter is neessary to minimize eletroni rosstalkbetween detetors and redue the inuene of stray magneti �elds from the fousingmagnets. All surfaes are polished, overed by light reetor, and wrapped in blaktape. Finally, the data aquisition system onsisted of a DEC Alpha 3000 workstationrunning Digital Unix and utilizing the Oak Ridge Physis Analysis System (ORPAS).A wide variety of ustom software, suh as photomultiplier bias ontrol, detetorresponse gain mathing, and pedestal subtration, was provided to ontrol variousaspets of the BFA [94℄. ORPAS was also used to read out signals from all the otherdetetors via CAMAC.
II.2.4 Neutron SintillatorsThe DEMON array [86℄, onsists of �100 large volume liquid sintillator (avail-able as NE213 or Biron BC501A) neutron detetors. The sintillator exhibits manydesirable detetion properties, inluding exellent timing, good PSD, the ability to beused in large detetors, and a relatively high eÆieny [95℄. The PSD harateristisare long established and have been well-studied [96, 97, 98℄, and in fat NE213 hasbeome quite standard for portable neutron detetion.Eight units from the DEMON array were supplied for this experiment, alongwith some speial eletronis. Stands and mounting brakets were onstrutedin-house. Eah detetor onsists of a 20 m long � 16 m diameter ylindrialaluminum sintillator reservoir optially oupled to a 12.7 m long � 13 m diameter
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photomultiplier, Philips model XP4512B [99℄. The aluminum reservoir has a 6.35 mmthik front entrane and a 21.5 mm thik side wall. The rear window is 10 mm thikglass. The detetor ontains 4 liters of NE213 sintillator and is surrounded by �-metal shielding and ontained in a thin-walled steel asing with an overall length of50 m. The front fae was overed by a 5 mm thik lead plate designed to lower theounting rate of low-energy photons thereby improving the separation of low-energyneutrons and  rays [100℄.The photomultipliers have a gain of �5.0 � 106. The standard anode pulserise time is 2.1 ns, the intrinsi photomultiplier pulse duration at half maximum is3 ns, and the signal transit time is 49 � 1.3 ns for full athode illumination [100℄.The DEMON detetors have been well studied over the years, providing very goodinformation on the e�ets of the photooupling [101℄, the size of the detetors, theirassoiated eletronis [99, 102℄, and neutron detetion eÆieny [100℄.Like the BaF2 detetors, the NE213 sintillator has both fast and slow om-ponents, thus allowing for pulse shape disrimination. This enables the separationof neutrons from  rays in most ases. The exeption is due to reations suh as12C(n,n0)12C. This an produe a -ray-like signal. However, this proess an gen-erally be aounted for in detetor simulation odes, suh as MENATE [103, 104℄.Experimentally, many  rays from suh reations an be identi�ed by time-of-ight.Two harge-to-digital onverters (QDC's) are used to integrate the di�erentportions of the photomultiplier's response. Time gates were set around the wholepulse to obtain a total omponent signal and around the slow portion. The total gateusually started 5 ns before the beginning of the pulse and ontinued for 220 ns.
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The slow gate was set 50 ns later and ontinued for 170 ns. Both gates losedsimultaneously.
II.3 SetupA shemati top view of the overall experimental layout was already given inFigure 1. This �gure shows the two position-sensitive parallel plate avalanhe ounters(PPAC's) entered at 90Æ and either 60Æ (for the 104 MeV 4He runs) or 80Æ (for the133 MeV 16O runs). The time-of-ight of the �ssion fragments was determined usingthe start detetor. This was plaed very lose (�2 m) to the target and overed thesame solid angle as the larger PPAC (#1), whih was diretly behind it. Both thelarge PPAC's funtioned as stop detetors.The BFA was divided into two pods with 72 BaF2 rystals eah, arranged ina 9�8 fashion to give an overall retangular shape with dimensions 55.25 m wideby 50.03 m high. Triangular vinyl support spaers were used to help support therystals to redue shearing stress on the detetors. Figure 6 shows a shemati of theBaF2 layout and its housing. The enters of the pods were the same height as theenter of the target. The pods were plaed on eah side of the beam pipe, entered on135Æ at a distane of 55 m and faing the target. The bakwards angles were usedto redue neutron bakground whih interferes with detetion of  rays.The neutron detetors were plaed around the target at a nominal distanesof 1.2 meters eah. Detetors were mounted in-plane at angles of (�=30Æ; �=180Æ),(�=70Æ; �=180Æ), and (�=90Æ; �=180Æ) and out-of-plane at angles of (�=-20Æ; �=60Æ),(�=20Æ; �=80Æ), (�=70Æ; �=90Æ), (�=90; �=90Æ) and (�=110Æ; �=90Æ), taking the
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FIG. 6. Front view of BaF2 Pod 2, inluding its aluminum housing. The housingonsisted of 0.75 m thik aluminum with inner dimensions of 55.4 m wideby 52.0 m high. The lightly shaded regions indiate the vinyl supportspaers. The darkly shaded regions represent the plasti side supportspaers. The numbering sheme shown for the individual rystals is suhthat the �rst digit is the pod number, the seond is the row number, andthe third is the olumn number.
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TABLE 6. Summary of detetor plaement in spherial oordinates. The solid anglesfor eah of the detetors are also indiated. For the solid angles for theBaF2 pods, the values in parentheses are the solid angles for the sum ofthe \ore" rystals (see Setion III.2 for details).

Detetor � � R (m) Solid Angle (% of 4�)N1 -20Æ 60Æ 120 0.11N2 20Æ 80Æ 117 0.12N3 30Æ 180Æ 159 0.06N4 70Æ 180Æ 122 0.11N5 90Æ 180Æ 124 0.10N6 90Æ 110Æ 122 0.11N7 90Æ 90Æ 114 0.12N8 90Æ 70Æ 123 0.11PPAC1 180Æ 90Æ 12.30 12.15PPAC2 0Æ 60Æ/80Æ 11.86 13.07BaF2 Pod 1 135Æ 0Æ 55 6.62 (4.41)BaF2 Pod 2 135Æ 180Æ 55 6.62 (4.41)
diretion of the beam to be (�=0). Figure 1 shows the plaement of the variousdetetors about the target and gives a general sense of their relative loations.Loations and solid angle overage are summarized in Table 6. The plaement ofthe various detetors was hosen to optimize the detetion of neutrons emitted bothparallel and perpendiular to the veloity vetors of the �ssion fragments.
II.3.1 EletronisThe BFA used dediated eletronis and aquisition systems. The remainingeletronis for the DEMON neutron sintillators, the PPAC's, and the trigger logifrom the DEMON array ame from the in-house pool.
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For the BFA, the eletronis are quite ompliated due to the large numberof parameters as well as the many di�erent types of modules involved. Only thesalient points will be overed here. The energy signals from the BFA were takenfrom the anode outputs and sent through ustom delays and splitters to two sets offast enoding readout harge sensitive ADC's (FERA). One of these integrated theharge from the short gates (fast signal) and one for the long gates (slow signal).The dynode signal was attenuated, split using a fanout, and fed to two leading edgedisriminators whih generated the various logi, timing, and trigger signals for theBFA. The attenuation was performed by approximately mathing the amplitudes fromthe fast omponents of all the rystals. This helped prevent rystals with abnormallyhigh fast light from overwhelming the other detetors in the trigger. The disriminatoroutputs generated the short and long gates, timing, and the high- and low- triggers.The gates were onstruted using the logi signal from LeCroy 4413 leading edgedisriminators with a nominal threshold of 100 keV. The signals were delayed by250 ns and refreshed with another disriminator. The signals were logially AND'edwith the \MG.Live" signal (a trigger NAND'ed with the omputer busy signal). Thelong and slow gates were set at 1.5 �s for the slow omponent and 50 ns for the fastomponent and delayed by 500 ns. Timing signals for the BFA were onstruted fromthe LeCroy 4413 logi signal to start the Fastbus time-to-digital onverters (TDC's)after a delay of 500 ns.Two types of triggers were formed to read out the BFA. The low- triggerwas produed from the logial OR of the LeCroy 4413 disriminators from all theBaF2 detetors. These disriminators were set at their minimum thresholds, 30 mV
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(approximately 100{200 keV). This OR was delayed by 250 ns, and refreshed byanother disriminator, thus produing the low- trigger. The high- trigger wasformed by �rst sending the signal through a linear summer for the neighboringdetetors and then sending through a di�erent set of LeCroy 4413 disriminators.A logial OR of the signals from the other detetors was formed whih was thendelayed by 200 ns and refreshed to provide the high- trigger.The motivation for the two triggers is multi-fold. First, either one of the triggersould be used to self-trigger the array. This is useful in alibrating the array with-ray soures of di�erent energies. Seond, the two triggers are very useful in beamtuning and in monitoring the general performane of the array. Third, the signals fromindividual rystals forming the low- trigger are used to determine whih signals areread out and sent to the data aquisition system. This obviously saves omputer timeand inreases the potential data rate. Finally, the high- trigger an be inorporatedinto the overall trigger for the experiment. Normally, this would involve setting thedisriminators at several MeV to selet high energy photons. However, as disussedbelow, this apability was not needed in the present work.The neutron sintillators and PPAC's were read out using CAMAC eletronisin a separate rate. In priniple, this amounted to simple addition to the existing BFAframework. In pratie, it added onsiderable omplexity to the overall experiment.While the Fastbus produed omputer-ready information on a time sale of �10 �s,CAMAC requires about 100 �s to onvert. This intrinsi inompatibility lead toonsiderable ompliations in mathing the timing from the detetor subsystems.
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The eletronis for the neutron sintillators and the BFA were similar sineboth are sintillation detetors relying on PSD to di�erentiate partiles and photons.Energy signals were taken from the anode of the phototube and fanned out to produelogi gates. These were delayed by 200 ns and sent into ustom QDC's provided bythe DEMON group.In the BFA ase, separate gates were set around the fast and slow omponents.For the neutron detetors, total gates were set around the entire pulse and slow gateswere set around the slow omponent. The former signals required an additional �0.3attenuation before going into the QDC. Both gates were formed analogously to theBFA gates: a disriminator set with a threshold just above noise. The output wasdelayed by 250 ns and fed to another disriminator. The slow gate was then formedafter an additional 50 ns delay using a gate-and-delay generator. The latter produeda 170 ns wide pulse delayed by 200 ns. The total gate was also set to begin aftera 200 ns delay but ontinued for 220 ns. Timing information was onstruted usingadditional disriminator outputs. These were delayed by 360 ns, and then sent intoCAMAC TDC's.The PPAC's provided the overall trigger for the experiment. Energy signalsfrom the PPAC enter foils were sent through ustom pre-ampli�ers (PMA's), delayedby 250 ns, and sent to CAMAC ADC's. The PMA's also produed fast timing signals.These were further ampli�ed and sent to CFD's with thresholds set just above noise.The logial outputs were then delayed by 450 ns before going into CAMAC TDC's.The time signals in the large position-sensitive PPAC's were used for both time-of-ight (TOF) and for the x- and y-position determination.
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Start signals for all TDC's were determined by a master PPAC trigger, whih

was formed if at least one �ssion fragment was deteted. This trigger was generated
from an OR of either of the position-sensitive PPAC's. This required mathing the
timing of the PPAC's to that of the other detetor subsystems. This was nontrivial
and took several days of in-beam work. While the bulk of the data were taken with
a PPAC trigger, a \singles" mode was also employed in the experiment. In this ase,
aquisition was triggered on the detetion of at least one above-threshold  ray in the
BFA. Though useful in monitoring the performane of the BFA, these results did not
provide muh quantitative information and thus these data are not addressed in this
work.
II.3.2 Data Aquisition System

As mentioned above, all the data were taken using a ustom system developed at
ORNL for the BFA. Data were olleted for 465 parameters. The data were aquired
with a De Model 3000 workstation over ethernet using VME interfaed to CAMAC,
FERA and Fastbus. The aquisition rate varied from 250 to 1500 Hz. The lower
rates were assoiated with lower-mass ompound nulei. The dead time was at most
25%, but more typially around 5%. These relatively low dead-times were obtained
by triggering the system on �ssion fragments. For this reason, it was not neessary
to inorporate the high- trigger into the master gate. This simpli�ed the timing and
subsequent analysis. The only drawbak was the vast quantity of aumulated data
(almost 100 GB).
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The aquisition suite ORPAS (running under Digital Unix) provided subrou-tines to poll and orrelate the data from eah of the CAMAC, FERA, and Fastbussubsystems over VME. Eah possible signal was given a unique index reeting itsexat loation in the eletronis. The index number, i, was given by

i = 2048+ 64s+ n: (21)
where  is the rate number, s is the slot number, and n is the hannel numberassoiated with the partiular parameter being reorded.These data were then written to double-density 8mm tape by �rst listing theindex number and the orresponding data using 4 byte words for eah parameter.Zero skip suppression was used to obtain the smallest possible data �les. Due tothe large number of parameters and the large number of expeted zeroes for eahevent, this method was muh more desirable than either listing the value of eahindex in order or bit-mapping the data. After writing eah index-data pair, the endof an event was indiated by the integer value \-1" repeated twie (FFFF FFFF inhexadeimal). This simple and straightforward method of reording the data provedto be quite helpful in the subsequent analysis. As a preautionary measure, data �leswere automatially losed out after every 80 MB of data were reorded and a new �lewas started. Thus, eah run atually would onsist of any number of data �les.As noted above, the BFA was read out with zero-suppression, meaning thatparameters for a given rystal were only reorded if they had non-zero values forthe energy in the fast omponent. For those BaF2 rystals, the fast energy signal,the slow energy signal, and the TOF signal with respet to the event trigger were
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written on tape. Unfortunately, zero-suppression was only possible for the BFA datasine only their eletronis allowed for this option. Hene, all PPAC and all DEMONparameters were taken for eah event. The PPAC parameters onsisted of four timedi�erenes orresponding to the two sets of x- and y-positions, two times for theTOF between the start detetor and the stop detetors, two times for the di�erenebetween the PPAC start and the BFA stops, and one time for the �t between thestops of the large PPAC's. The DEMON parameters eah onsisted of a fast energysignal, a total energy signal, and a TOF signal measured with respet to the trigger.
II.3.3 In-Beam TuningDuring the experiment, the quality of the data were monitored in a number ofways. Using the PPAC's, it was possible to examine the quality of the �ssion datawith two-dimensional plots of the position data. Figure 7 shows the x versus y datafor PPAC #1 during an 16O + 208Pb run. Log ontours are used with a power of 3between eah ontour. The highest number of ounts are in the enter-most ontour,with dereasing ounts moving away from the enter. Not only are the alibrationwires visible, but also other important features. Note the relatively higher ount-rate at the high-x hannels. This on�rms the plaement and orientation of thatdetetor sine PPAC #1 had its high-x end at more forward angles. Also, the twodips near the top of the spetrum are due to unavoidable obstrution by the gas linesto the start detetor further haraterizing PPAC #1. Similarly, in Figure 8 onean distinguish the loation of the alibration wires, as well as regions of the highestounting rate. The same ontours are used and again the enter-most ontour marks
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FIG. 7. X versus Y plot for PPAC #1 after PPAC analysis. The alibration wiresfor the x-diretion are learly visible near hannels 260 and 670.
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FIG. 8. X versus Y plot for PPAC 2 after PPAC analysis. The alibration wires forthe x-diretion are also visible here, but at hannels 500 and 875.
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the highest number of ounts. Other two-dimensional plots used inluded x-x andy-y orrelations, and time versus position. Additionally, the timing spetra from alldetetors were monitored for anomalies, as were the energy spetra from the BaF2detetors and the DEMON sintillators. This was very useful sine one or more BaF2rystals would \run wild" due to drifts in the disriminator levels, sparking in thePMT bases, or poor shielding in the PMT. Over the ourse of the experiments, onlya few perent of the detetors were not funtioning orretly. These were aountedfor in the analysis.
II.4 CalibrationsEah of the detetor subsystems was alibrated either during and/or at the endof the experiment. Some parameters ould be self-alibrated. The various alibrationsand their results are desribed below, beginning with the PPAC's, then the BaF2arrays, and �nally the DEMON detetors.
II.4.1 PPAC'sThe PPAC's required very aurate time alibrations sine this quantity wasused to extrat both the veloity (via enter foil timing) and the angle (via x- andy-position timing) of the �ssion fragments. These quantities are needed to reonstrutthe masses and kineti energies of the fragments. Eah TDC hannel was alibratedseparately with an Orte Model 462 time alibrator using pulses at 10 ns, over a rangeof 320 ns. The time response of eah hannel was found to be linear and reprodueable.The physial position was self-alibrated. In the y-diretion, the atual edges of theative area of the detetor gave aurate position alibration. In the x-diretion, two
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vertial opper wires were plaed at known positions. The e�ets of these wires anreadily be seen in the x-position spetra as two vertial lines of lower-ount regions.No energy alibration was performed for the enter foil sine it was only used tomonitor the detetor performane.
II.4.2 BaF2 DetetorsThe total energy signals from the BaF2 rystals were alibrated using a � 0.1 Ciameriium-beryllium (AmBe) soure, whih emits both fast neutrons and 4.4389 MeVphotons. The soure was an enapsulated mixture of �nely ground ameriiumand beryllium. The harateristi 4.4389 MeV  ray is produed by the reation9Be(�,n)12C [105℄, giving approximately one  ray every 106 ameriium alpha deays[106℄. Fast neutrons are produed with energies up to 11 MeV [107℄. The neutronswere moderated with a 15 m thik polyethylene blok to minimize the neutronbakground in the BaF2 detetors. The moderators also provided another  rayvia the reation n(p,)d. This  ray ours at 2.224 MeV, giving a seond energyalibration point. The �rst esape peak of the 4.4389 MeV  ray provided a thirdalibration peak. Table 7 gives the harateristis of these  rays together with thoseof other soures used in the alibrations of the DEMON neutron ounters.In alibrating the BaF2 detetors, eah pod was treated separately. A sampleraw alibration spetrum obtained from one of the rystals is shown in Figure 9. Thealibration data were taken at the same magnet settings used during the experimentsto ensure that the photomultipliers of the BaF2 rystals experiened the same mag-neti �elds. Pedestals ating as zero o�sets were determined from data taken in-beam.
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FIG. 9. Raw AmBe alibration for a typial BaF2 rystal.
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TABLE 7. Gamma alibration soures used in these experiments and their assoi-ated energy peaks. The soure, type of  ray, and orresponding energyare listed.

Soure Type Energy (MeV)AmBe 9Be(�,n)12C 4.43891st esape peak 3.9279n(p,)d 2.22460Co internal deay 1.3325internal deay 1.1732137Cs internal deay 0.6616
The positions of the pedestals were essentially onstant throughout the experimentand during the alibrations. This was further veri�ed by regression analysis of thealibration runs. A sample regression analysis for several rystals is shown in Figure10. The energy response of the BaF2 rystals was expeted to be quite linear, whihwas borne out by the alibration analysis. Thus the extrapolation to the energy regionof interest (10{15 MeV) seems reliable.The timing signals from the BaF2's were self-alibrated using the known fre-queny of the beam bursts. A sample TDC spetrum from a typial BaF2 rystal isshown in Figure 11. Table 8 shows the slopes, interepts, and orrelation oeÆientfor eah of the detetors shown in Figure 10 for the entire 16O + 208Pb experiment.The large bumps between 100 and 150 ns orrespond to PPAC- oinidenes. Thestrongest sharp peak is largely due to real PPAC- events and orresponds to thereal start time, t0. The other sharp peaks are due to random oinidenes. The timegate used to separate the real  rays from the neutrons and other bakground signals
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FIG. 10. Graphial results of a linear regression analysis on the AmBe alibrations ofseveral BaF2 detetors. Detetors from both pods are shown. A randomsample of rystals was hosen. Crystal 133 provides an example of theworst linearity seen in the whole BaF2 array.
TABLE 8. Tabulation of the alibration oeÆients for several BaF2 rystals. Thedetetors listed are the same as shown in Figure 10.

Crystal Slope (MeV/hannel) Interept (MeV) Correlation (%)133 1.3739�10�2 23.6080�10�2 99.903155 1.5184�10�2 8.2693�10�2 99.998178 1.6995�10�2 11.9572�10�2 99.998245 1.5693�10�2 7.1896�10�2 99.994297 1.6359�10�2 6.7195�10�2 99.999
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FIG. 12. Sample neutron energy alibration spetrum using 60Co. Note the Comp-ton edge below hannel 200 and the pedestal above hannel 100.
is indiated by the dotted lines. Absolute time alibrations were not needed in theanalysis; only the relative times were required to separate neutrons and  rays.
II.4.3 DEMON DetetorsThe neutron detetor energy responses were alibrated using 137Cs and 60Cosoures. The AmBe soure was also used, but did not give an adequate ounting ratedue to its entral loation and the long ight path to the detetors. As expetedwith this type of sintillator, there is no sharp photopeak, though the Compton edgesof the photopeaks are readily visible. Figure 12 shows a sample 60Co alibrationspetrum for the total energy. The 1.3325 and 1.1732 MeV  rays are unresolved.The pedestal just above hannel 100 provides a onvenient zero-energy alibrationpoint. Using the methodology of Tilquin et al., the energy responses of the detetors
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were alibrated to keV eletron equivalents (keVee) [100, 103℄. A keVee orrespondsto the amount of light produed when a one keV eletron is deteted.Energy alibrations were performed at both the beginning and the end of theexperiment. There was a small amount of drift in the detetor response over time.A sample of this is shown in Figure 13. Also shown is the 60%-height of the Comptonedge peaks, whih gives a standard and reproduible loation for dealing with  raysin the DEMON detetors [100, 103℄. Similar drifts towards greater detetor responsewere observed in all eight DEMON detetors.Calibration urves for the energy response were onstruted for eah detetor,both before and after the experiments. Figure 14 shows a typial ase. The slope andx-interept both derease by approximately 10% over the ourse of the experiments.In the analysis, the alibration oeÆients were assumed to vary smoothly.As in the ase of the BaF2 rystals, the time signals from the neutron ounterswere self-alibrated via the frequeny of the beam bursts from the ylotron. Thebeam struture is readily apparent in Figure 15. This is a time-alibrated \raw"spetrum from n5 aumulated over the whole 16O + 208Pb experiment. Not onlyare the beam bursts learly visible as the sharp peaks ourring every �50 ns, but thespetrum shows that there is good separation between  rays and neutrons at 60 ns.The -ray peak is the large sharp peak just above 50 ns. The neutron peak appearsas a large bump beginning above 60 ns. Note that the neutron bump extends overthe next two beam bursts. This was aounted for in the analysis (see below). As inthe ase of the PPAC's, an Orte Model 462 time alibrator was used with a range
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of 320 ns and a peak interval of 10 ns. Using both time alibration methods, a verygood overall time alibration for the neutron ounters was obtained.
II.5 SummaryFour experiments using di�erent targets and two di�erent beams were per-formed. Data were taken from one start detetor, two PPAC's, eight neutron oun-ters, and 144 BaF2 -ray ounters, for a total of 465 parameters. The detetors wereplaed about the target in suh a manner as to minimize bakground and maximizedetetion eÆieny (see Figure 1 and Table 6). Data were reorded using the aqui-sition suite ORPAS and written to 8mm tape. Energy and time alibrations weretaken at the ompletion of the last experiment (4He + 188Os).
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CHAPTER III

DATA ANALYSIS
Data analysis was separated into three parts. Sine the PPAC's provided thetrigger, this information was proessed �rst. The various signals from the PPAC'senabled one to reonstrut the �ssion fragment veloities, angles, masses and energiesand to establish an absolute event start time (t0). The PPAC analysis was arried outon a dual-proessor Pentium Pro mahine following the methodology of Chubaryanet al. [108℄. An iterative software proedure was developed to establish the t0 andx-y position information for the fragments, providing physially meaningful �ssionfragment information on an event-by-event basis (see the following Setion).The PPAC data were addressed �rst beause both the -ray and the neutrondata analysis required a de�nition of the timing. After the PPAC analysis was om-plete, the gamma (BaF2) and neutron (DEMON) portions were analyzed indepen-dently. The data from the PPAC analysis were used to set gates on true fusion-�ssionevents, �ssion mass asymmetry, TKE, and other parameters. The -ray analysis wasarried out on a VAXStation 4000 Model 90 under VAX/VMS v6.2 using the analysisenvironment LISA [109℄, as is overed in detail in Setion 2 of this hapter. The neu-tron analysis was based on the tehnique of Hinde et al. [14℄, modi�ed espeially forthe DEMON detetors used here [110℄. This is disussed in Setion 3 of this hapter.

III.1 Data RedutionAs noted above, the high speed of the data aquisition permitted the use oftrigger onditions that were not very restritive. Consequently, a signi�ant number
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of bad events (i. e. noise, non-�ssion events, et.) were written to tape. This approahwas taken to avoid biasing the data and minimized the number of lost �ssion events.In �ssion fragment analysis, it was possible to rejet essentially all of the bad events.For the -ray leanup analysis, eah event was required to have all PPACparameters present (i. e. a omplete �ssion event) and at least one BaF2 rystal witha  ray above a threshold (�0.8 MeV). The data were then orreted for randomoinidenes. During the measurements, the value of the gamma energy threshold washosen to be 5{10% less than that used in the -ray analysis to failitate thresholdmathing in the subsequent analysis.Moreover, for the purpose of a GDR -ray analysis, the energy region of interestbegins at �5 MeV, where the  rays are primarily statistial. The fat that thepresent work had thresholds muh lower than that proved useful in omparisons withstatistial model alulations and showed that nulear struture e�ets an bias thedata analysis (see below). The �rst pass data leanup redued the data by about afator of four, aside from the inlusion of extra data words for the �ssion fragmentveloities and angles on an event-by-event basis. The leanup of the neutron dataproeeded similarly. Neutron emission is muh more probable than GDR  rays, thusgood statistis for the neutron method of �ssion time sale evaluation were obtainedfor all systems studied in the experiment.Yet another pass through the data provided the total yield of good �ssion eventsirrespetive of  rays and neutrons. This was used to obtain the absolute �ssion yieldof  rays and �ssion neutrons and thus their multipliities.
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Calibrations of the PPAC's were essential in the analysis. This inluded theabsolute position and the TOF information. This neessitated an analysis of the datain several hundred separate subsets. The alibrations were adjusted to aount forslight hanges in the gas pressure in the PPAC's and drifts in the beam optis. Thelatter were due to hanges in the ylotron tuning and drifts in the magneti �eld ofthe transport system. It was extremely important to know the position of the beamon the target due to the tight geometry of the PPAC's.The TOF and position data from the PPAC's were used to alulate theveloities and in-plane (�) and out-of-plane (�) angles for eah �ssion event. Thenon-projetive geometry of the detetors was taken into aount.Fission was assumed to follow omplete fusion of the inident nulei, whih waslater borne out by examination of the resultant spetra. Thus binary kinematis wereused. Conservation of mass gives

Mproj +Mtgt =M1+M2; (22)
while onservation of momentum in the enter of mass gives

M1v1 sin �1 =M2v2 sin �2; (23)
M1v1 os �1+M2v2 os �2 =M0v0: (24)

In the above, the subsripts 1 and 2 refer to the fragments,M0v0 is the inident beammomentum, and Mproj and Mtgt refer to the masses of the projetile and target.Starting values for the veloities and masses of the �ssion fragments were thendetermined using the raw data. Re�ned distributions were obtained iteratively after
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FIG. 16. Plot showing the orretions to t0 in nanoseonds. The �gure shown wasaumulated over the whole 16O + 208Pb experiment.

orretions for the target, the alibrations, and energy losses in the various detetors.Convergene of the mass and TKE was used to further �lter the data. The semi-empirial methods of Benton and Henke provided for the needed orretions for therate of energy loss in various media [111℄. This typially involved another two to fouriterations through the data.Resultant orretions to the start time showed di�erenes of about 2.5 ns forthe various systems. This is partially reeted in the t0 for the 16O + 208Pb system,as shown in Figure 16. In this ase, the orretion to t0 was 2.8�0.7 ns on average.The orretion to the data was an extremely tedious proedure.
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FIG. 17. Fragment mass distribution for 16O + 208Pb. Sine binary �ssion wasassumed, the mass distribution is neessarily entered exatly at symmetri�ssion. The vertial lines indiate mass uts used in the -ray analysis.

The resulting mass distribution for the 16O + 208Pb ase is shown in Figure 17.The six sets of mass uts used in the subsequent -ray analysis are also shown. Thegates were hosen to equalize the statistis in eah bin. The values for the uts arelisted in Table 9.The total kineti energy of the fragments was determined using the reon-struted veloities and masses with the relationship
TKE = M1v122 + M2v222 : (25)

The TKE distribution for the reation 16O + 208Pb is plotted in Figure 18. Themean value was 162 MeV for the 16O + 208Pb data, whih agrees with the Viola
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TABLE 9. Mass uts used for the 16O + 208Pb -ray analysis.

Cut Range (amu)Symmetri 108 � A � 116Asym1 104 � A < 107 , 117 < A � 120Asym2 100 � A < 103 , 121 < A � 124Asym3 95 � A < 99 , 125 < A � 129Asym4 89 � A < 94 , 130 < A � 135Asym5 79 � A < 88 , 136 < A � 145Asym6 39 � A < 78 , 146 < A � 185
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FIG. 18. Sample total kineti energy distribution of the �ssion fragments. This plotwas obtained for all of the 16O + 208Pb runs.
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systematis [112℄ given by

hTKEi = (0:1189� 0:0011) Z2A1=3 + 7:3(�1:5); (26)
where hTKEi is the average total kineti energy release in �ssion in MeV and Z2=A1=3
is the Coulomb parameter of the �ssioning nuleus. The other reations showedsimilar agreement. A three-dimensional plot of single fragment mass versus totalkineti energy is shown in Figure 19 to further illustrate the quality of the data.The overall shape of this TKE spetrum is slightly skewed to higher TKEvalues. This is largely due to the measured quantities and the subsequent analysisusing Equations (22){(24). A similar e�et would have been observed if there was asigni�ant ontribution from inomplete fusion. For the systems studied here, this isquite unlikely.As a �nal hek, events with meaningful �ssion fragment angles were a-epted, i. e. �1+ �2 = 180Æ� Æ�: (27)
Here Æ� is a small deviation (�4Æ), whih has ontributions from a number ofsoures. Major soures of this angular dispersion are the tight geometry and neutronevaporation from the �ssion fragments.The e�et of the proedures used in the PPAC analysis an be seen in Figures 20and 21, whih show ounts in x- and y-positions. Again the 16O + 208Pb runs areused as an example. The dashed line indiates the raw position data for only 12runs. The dotted line represents the position data seen after ompletion of the PPAC
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FIG. 20. X-diretion position data of PPAC 2 before (dashed line, raw data) andafter \leanup" (solid line). The raw spetrum (dashed line) only inludes12 runs. The dotted line is an intermediate spetrum showing the resultsof the only PPAC analysis and leanup.
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FIG. 21. Y-diretion position data of PPAC 1 before (dashed line, raw data) andafter \leanup" (solid line). The raw spetrum only inludes 12 runs. Thedotted line indiates the results of only the PPAC analysis and leanup
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analysis. The solid line indiates the same data after additional re�nements from the-ray analysis (see the following setion for details). The thik alibration wires arelearly visible in Figure 20 as dips in the spetrum at hannel numbers 500 and 875.The dip in the data in Figure 21 at hannel 375 is due to two of the thin wires beingaidentally eletrially fused.The values of the orretion to t0 and of the �ssion fragment veloities andangles are appended to the end of eah aepted event, separated by a sub-header.This new event-by-event redued data stream is rewritten to tape and beomes theinput data for the -ray analysis.
III.2 Gamma Ray AnalysisIn parallel to the �ssion fragment analysis, muh work was arried out onthe  rays. The ross-setion for GDR -ray emission is about three orders ofmagnitude smaller than that of �ssion. Every e�ort was taken to develop proeduresfor retaining the highest possible statistis in the GDR region. Using LISA, austom subroutine GETORPHASDTA was implemented to read the data. Anothersubroutine DECODE was employed to put the data in the required format. Otherustom subroutines for LISA were fashioned to perform additional manipulations ofthe data on an event-by-event basis.The subroutine SETUP was fashioned to read in the energy alibration oef-�ients and time gates for the BaF2 detetors. This also provided ags and valuesused for various types of operations, e. g. osmi ray rejetion, �ssion and -ray showerreonstrution (separate for the edge and non-edge regions), and BaF2 time-gates.
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Another subroutine (TYERECON) was used to reonstrut eletromagnetishowers aross multiple rystals. Here reonstrution was only applied to thoserystals ompletely surrounded by neighboring rystals (42 out of 72, 7�6, theso-alled \ore" or \primary" rystals). These neighboring rystals funtioned astransverse loss detetors. This algorithm identi�ed the rystal with the greatestenergy deposition in either of the two pods. The energy of this primary rystalwas then summed with those of its six nearest neighbors to give the energy of thereonstruted shower: Esh = Ehigh + 6Xx=1Ex: (28)

In the above, Ehigh is the energy in the primary rystal and Ex is the energy in thexth neighboring rystal.As suggested byWolf [113℄, an algorithm was devised to salvage showers with thegreatest energy deposition in the edge rystals of the pod, i. e. rystals not ompletelysurrounded by neighbors. This is signi�ant sine 30 of the 72 detetors in eah podare edge rystals. The algorithm required that at least 10 keV was deposited in aneighboring rystal. As an illustration this, Figure 22 shows the multipliities ofreonstruted showers for both ore and edge showers. The addition of the edge-reonstruted events only adds an additional �5% to the number of ounts, evenwith the lowest possible threshold. Additionally, the outer rystals tend to see a muhhigher neutron bakground sine they shield the ore rystals from stray neutron uxto a large extent. In the �nal analysis, this edge-reonstrution algorithm was notused beause it did not signi�antly improve the statistis and added unertainty in
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FIG. 22. Edge (dashed line) and ore (solid) shower reonstrution ompared for all16O + 208Pb runs.
the total -ray energy deposition. While edge reonstrution is useful for muh higher-ray energies, it was of little use in the urrent work.Several algorithms were onstruted in the subroutine INSERT, to inlude theentrality ondition of Jabs [107℄ and to rejet ontamination of the -ray spetra byosmi rays. This entrality ondition requires that no more than a ertain fration, F ,of the energy deposited in the primary rystal be present in the sum of the surroundingsix, where F is given by F = 1Ehigh 6Xx=1Ex: (29)
The other variables are the same as in Equation (28). Jabs has previously shown thatF = 0.3 is suitable for high-energy photon work [107℄. For this work, F = 1.5 wasfound to be more appropriate.
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The large di�erene in F values omes about both from the di�erent triggersused and the di�erent energy regimes studied. In Jabs' work, the detetors wereself-triggered and running in a \singles" mode. This inreased the sensitivity to theosmi ray bakground, requiring an aggressively low F to remove as muh of thatbakground as possible. Additionally, when studying higher-energy  rays osmirays are intrinsially more of a problem. This omes about due to the fat that theaverage energy deposition by osmi rays in BaF2 rystals used here is entered at47 MeV. The low-energy tail of the osmi-ray distribution an be signi�ant evenbelow the GDR region when running in a \singles" mode. Given that reonstrutionmight possibly add osmi-ray ontribution from up to 6 neighboring rystals, a lowerF was utilized. The F -value employed is onsistent with  ray shower alulations.The appliability of the entrality ondition is illustrated in Figure 23, whihshows an overlay of three separate events in the BaF2 Pod 2. The di�erent lustersaround rystals 224, 276, and 272 shown by shaded or darkened hexagons representsingle events. The top-most luster would be rejeted sine the summed energy ofthe nearest neighbors of the primary rystal (224) is far more than 50% of the entralrystal's energy. In fat, the value of the summed energy of the nearest neighborswas 220% of that of rystal 224. Note that rystal 244 would not be inluded inthe sum sine it is not a nearest neighbor. The luster about rystal 276 wouldnot be rejeted sine the nearest neighbors' sum energy is only 60% of that of theentral rystal. A very rare event is shown in the remaining shower, entered aboutrystal 272. In this ase the event is not rejeted, but some of the shower energy
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FIG. 23. Illustration of osmi ray rejetion in a BaF2 Pod using the entralityondition. Three separate events are shown superimposed upon the podlayout. The top-most event was rejeted while the other two were not (seetext for explanation). The legend at the bottom indiates the perentageof energy deteted relative to that seen in the primary rystal. The Pod 2is used in this example.
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would be lost sine rystal 284 is not inluded in the sum. This loss is a very smalle�et, both due to the rarity of this type of event and the small amount of leakagebeyond the nearest-neighbor rystals.The subroutine INSERT also inluded an algorithm to orret the BaF2 timingsignals using the t0 of the �ssion fragments. Eah of these subroutines and algorithmswas tested and veri�ed on the raw data before the redued data were available. Usingthe t0 orretion, the threshold mathing, the timing gates, the shower reonstrution,and the entrality ondition (with F=1.5) were employed in the �nal analysis. Thesegave the leanest �ssion-orrelated -ray spetra. Figure 24 shows reonstrutedshower spetra for three phases: a alibrated-only \raw" spetrum, a spetrum afterthe �ssion fragment analysis, and a �ssion orrelated spetrum with both thresholdand time mathing of the  rays. The �rst two spetra show onsiderable -ray yieldbelow 10 MeV. This is largely due to random events arising from neutron apturein the BaF2 arrays and in the surrounding material. One all the gates have beenapplied (third spetrum), those events are eliminated. These observations stress theneed for exellent trigger timing in GDR -ray measurements.The �nal step in the analysis was bakground subtration of the -ray energyspetra. Timing gates were set on random beam bursts in the BaF2 TDC spetraand used to produe bakground -ray spetra. Subtration of these from the originaltime-gated spetra produed bakground-subtrated spetra whih were used as the�nal -ray energy spetrum. Figure 25 shows the eÆay of this proedure for 16O+ 208Pb. The dotted line represents the total -ray spetrum before bakground
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FIG. 24. BaF2 spetra at various stages of the 16O + 208Pb analysis. The �nalspetrum is indiated by the solid line. The dashed line is a subset of theruns (only 12 runs) and the dotted line represents the results of the PPACanalysis and data redution for all runs.



76

1
10
100
1000
10000
100000

2 4 6 8 10 12 14 16 18 20

Counts

Energy (MeV)

O+Pb FinalBakgroundUnorreted
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subtration. The dashed line below indiates the bakground spetrum. The total -ray energy spetrum resulting from the di�erene of the two is indiated by the darkersolid line between the urves. Keeping in mind that the �gure is a semi-log plot, itis apparent that bakground subtration is neessary sine it a�ets the slope in thestatistial -ray and low-end neutron-apture regions (4{8 MeV). This orretion islearly important for statistial model omparisons. It should also be noted that therandom subtration is even more important in less �ssile systems due to the largerbakground. Additionally, the subtration of the bakground reveals the true extentof the GDR ontribution.One all the �nal gates and onditions were set in plae, it is possible to produea multipliity of  rays (M) for eah reation. This is obtained by dividing thetotal -ray spetrum by the number of �ssion events. Typial results are shown inFigure 26, whih is not orreted for intrinsi detetor response (this �nal orretionis applied to the model alulations instead). Several features are readily apparent.The M dereases approximately exponentially in the statistial region (�2{7 MeV).Above about 8 MeV a prominent GDR bump is visible. Further examination of thedata reveals an additional broad bump peaked at �5 MeV. This feature has beenpreviously seen [114℄ and is briey addressed in the following hapter.
III.2.1 BaF2 Detetor ResponseIn order to estimate the �ssion time sale using GDR  rays, the spetra wereompared to statistial model alulation odes (see next hapter). These odes do notinlude detetor responses and therefore it is neessary to simulate this separately.
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FIG. 26. Absolute �ssion -ray multipliity for 16O + 208Pb. Bin size is 100 keV.
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The response funtions were then folded into the results of the statistial modelalulations. The response of the BaF2 rystals was simulated using the ode EGS(Eletron Gamma Shower) [115℄, version EGSBOSS2 [113℄. This software follows theenergy deposited by a photon as it passes through a given medium. The asade isontinued until reahing a prede�ned minimum energy threshold. The user inputsinlude a spatial desription of the experimental setup, the initial photon energyand diretion, material types, and the minimum energy threshold. It is essentialto inlude any materials the inident photon passes through before being deteted.Equally important, one needs a thorough desription of the detetor itself.These spatial desriptions onsist of a set of any number of three-dimensionalregions de�ned by planes. By arefully onstruting these planes in user-suppliedsubroutines, it was possible to desribe the major omponents of the experimentalsetup, inluding the target ladder, the reation hamber, and the whole BaF2 detetorarray, and its relative plaement. All regions outside these regions were onsideredvauum. As the simulation proeeds, the energy and diretion of the photon is trakedat eah step in the asade. If a photon never interats with a non-vauum region, itis assumed to esape.The program was run until 1.5 million events ourred in the region of eahrystal. This was repeated in 1 MeV steps from 1 MeV to 32 MeV, providing energyresponses for the whole range given by the statistial model ode CASCADE [56℄.The energy deposited in eah region was written to an event-by-event �le for eahenergy step for subsequent analysis as data using the same ode (LISA) used for theatual data analysis.
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FIG. 27. Simulated BaF2 rystal response to an inident 10 MeV  ray.

Figure 27 shows a sample EGS simulation for a 10 MeV  ray that hasbeen analyzed with the shower reonstrution desribed above. Most of the energy(>50 %) is reovered with no leakage as is readily apparent from the largest peakat 10 MeV. Approximately ten perent is reovered in the �rst esape peak at9.5 MeV, orresponding to the loss of one of the lepton-annihilation photons from pair-prodution. The seond esape peak is barely visible as a bump around 9 MeV. Atlower energies, the spetrum is a ontinuum. The intrinsi resolution of the detetoris not taken into aount. Otherwise the lines would not be so sharp. The simulatedresponse of the BaF2 regions were exported as 32-element arrays, using 1 MeV binsto math statistial model alulations.
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Following Turmel, the model results were folded by the detetor response usinga fairly straightforward proedure [27℄. First, the arrays were normalized by dividingthe elements of a given array by the array's integrated value, generating probabilitydistributions. These were then read into a two-dimensional array, EGS (Eout, Ein),where Ein is the energy of the initial photon and Eout is the ontribution to thevarious energy bins. The predited -ray ross setion was then folded into thedetetor response as follows:

F (i) = 32Xk=1Mk � EGSi;k (30)
where k is Ein, i is Eout, F (i) is the folded statistial model predition at energy i,Mk is the original model predition and EGSi;k is the EGS array de�ned above.An example of the results of this folding proedure an be seen in Figure 28 .The solid line shows a raw CASCADE predition for the reation 133 MeV 16O +208Pb. The dashed line shows the predition one the detetor response from EGS hasbeen fatored in. While the overall shape of the spetrum does not hange muh overthe whole range, the absolute magnitude is a�eted signi�antly (note that the plot issemi-log). The attenuated spetrum di�ers most at the highest photon energy, as onemight expet. This trend is borne out by dividing the folded spetrum by the originalto obtain the detetor response as a funtion of energy over the range 1-32 MeV. Thisis shown in Figure 29. Aside from a peak entered at 9.5 MeV, there is generally lessenergy reovery in the BaF2 detetors as the photon energy inreases. Clearly, theproedure is quite neessary for an absolute omparison between experimental dataand any model alulations.



82

10�4
10�3
10�2
10�1
100
101
102
103

0 5 10 15 20 25

� (mb
)

E (MeV)

CASCADECASCADE w/ EGS

FIG. 28. The e�et of folding the simulated detetor response from EGS into aCASCADE predition.

III.3 Neutron AnalysisThe analyses of the �ssion and the -ray data were arried out at the TexasA&M Cylotron Institute. In ontrast, muh of the neutron data was analyzed inStrasbourg. Of ourse, this analysis relied on an aurate de�nition of t0 to give theneutron veloities and hene their energies. Thus the neutron data ould not be fullyanalyzed until the �ssion analysis was omplete. A rather abbreviated desriptionof the analysis will be given here sine similar proedures are very well doumentedin the literature (see Refs. [7{14℄).
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FIG. 29. Response funtion of the BaF2 detetors, from the EGS simulation. Linesonneting the points are used to guide the eye.

In many respets, the DEMON detetors funtion like the BaF2 ounters. Bothgive fast and slow omponents to their energy response and both exhibit exellenttiming harateristis. Although the fast-slow information proved to be useless in the-ray analysis due to long able delays in the eletronis, PSD was essential for theDEMON detetors to disriminate between neutrons and  rays.Figure 30 shows a log ontour plot from one of the DEMON detetors duringthe 16O + 208Pb runs. The small islands of struture in the enter of the �gure aredue to binning e�ets in the plotting routine rather than in the atual data. Onean identify several omponents in the plot. The two intense diagonal lines towardthe entral portion of the �gure indiate  rays and neutrons. The lower-right ridgeorresponds to  rays while the upper ridge orresponds to neutrons. This is beause
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FIG. 30. Fast versus total energy plot for neutron detetor n4.
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neutrons have a larger slow omponent than  rays. The weak lines in the plot aredue to nulear reations in the sintillator [99, 100℄.In Figure 31, energy and timing spetra are shown for a single detetor duringthe 16O + 208Pb runs. The timing spetrum at the bottom inludes the t0 orretion.The other two plots are unalibrated energy spetra. All the spetra are for \good�ssion events." Several features are already apparent.The timing spetrum shows the beam struture. The peaks in the spetrumour approximately every 52.5 ns. This is expeted from the beam frequeny of18.999 MHz. There is also a large prompt -ray peak visible at 55 ns with a verybroad bump immediately after that. The latter is due to the neutrons. The latter aregenerally well separated from the  rays. Energy spetra for the slow (top) and total(middle) are also illustrated in Figure 31. Both spetra have similar shapes, but thespetrum for the slow omponent laks the pedestal seen in the total omponent.One the above steps have been ompleted, �pre and �post were determined usingmoving-soure �ts. The exat steps have been disussed many times in the literature[7-14, 41, 42, 58{60, 116, 117, 61, 118, 119℄. Sample �ts will be presented in the nexthapter. Of ourse, the neutron energy spetra are derived from TOF rather thanpulse height.To generate neutron energy spetra, timing gates were set around the neutronbump seen in the lowest plot in Figure 31. Gates were also set around the neutronregion in the two-dimensional slow-total plots.Before proeeding, it is imperative to know the eÆieny of the DEMONdetetors so that aurate angular distributions and multipliities an be generated.



86

100101102103 Slow Energy104

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Counts

Energy (hannel)

100101102103104105 Total Energy106

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Counts

Energy (hannel)

101102103104 Time105

0 50 100 150 200 250 300 350 400 450 500
Counts

Time (ns)
FIG. 31. Results of the analysis of detetor n5. The top plot is the only for the slowenergy response, the middle plot shows the spetrum for the total energysignal, and the bottom plot shows the timing signal from the detetor.
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Previously, numerous measurements have been made with the DEMON detetors withenergies ranging from tens of MeV [100, 120℄ to hundreds of MeV [120, 121℄. Thesedata were then ompared to various Monte Carlo alulations simulating neutrondetetion in the sintillator NE213 [122℄. The results supply the needed informationfor detetor simulations. Following the work Donadille et al. [103℄, a simulation odeMENATE [104℄ was adapted and applied to this problem. The ode MENATEis analogous to EGS. MENATE alulates the experimental response of NE213 toneutrons or  rays with energy lower than 100 MeV in detetors of ylindrialgeometry. The ode inludes various interations due to the photoeletri e�et,Compton sattering, and pair prodution. The exat geometry of the detetors isalso in the ode. Crosstalk between detetors is also aounted for.The ode was run for a variety of energies for inident photons and neutrons.Response funtions suh as those for the BaF2 detetors were generated. These werefolded into all subsequent alulations in muh the same manner as desribed abovefor the BaF2 detetor response. A shemati owhart for the overall proedure isshown in Figure 32 below.

geometry MENATE response
function calculations

calibrationsdatacharacteristics
detector

FIG. 32. Flowhart outlining the various steps taken in the neutron analysis.
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CHAPTER IV
RESULTS

The previous two hapters have foussed on various aspets of the setup and thedata analysis. A few results have been presented as illustrations, however the resultshave not yet been disussed in toto. This hapter will present the �nal results forthese �ssion studies, using the �ssion fragment data, the neutron data, and the GDR-ray data. The qualitative aspets of the data will be stressed. The �rst subsetionwill deal with the �ssion data itself. The GDR -ray energy spetra will then bepresented. Finally, the neutron energy spetra and multipliities will be presentedand disussed. In the following hapter, the data will be ompared to statistial modelalulations.
IV.1 Fission ResultsThe analysis of the system 133 MeV 16O + 208Pb was relatively straightforwarddue to the strong dominane of the �ssion exit hannel relative to evaporationresidue prodution. The reonstruted masses and their distribution widths werein reasonable agreement with systematis. The mass and the TKE spetra for thissystem were previously shown in Figures 17 and 18, respetively. The mass uts arevisible in the former �gure. These gates were hosen so that eah asymmetry utwould have omparable statistis.The 16O + 176Yb system was similarly straightforward to analyze though therewere far less statistis to work with. The fragment mass distribution is presented in
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FIG. 33. Final mass distribution for the 16O + 176Yb data.
TABLE 10. Mass uts used in the 16O + 176Yb -ray analysis.

Cut Range (amu)Symmetri 90 � A � 102Asym1 82 � A < 90 , 102 < A � 110Asym2 40 � A < 82 , 110 < A � 151

Figure 33. The mass distribution is very lean and exhibits the typial Gaussian shapeentered about symmetri �ssion. The e�et of mass asymmetry on the -ray energyspetrum was also investigated, but due to the poor statistis relative to the 16O +208Pb and 4He + 209Bi ases only three mass ranges were possible. Table 10 lists theuto�s for the three mass uts. The TKE distribution is shown in Figure 34. Again,
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FIG. 34. Final total kineti energy distribution for the 16O + 176Yb runs.

the distribution is largely as expeted, aside from a minor high-energy deviation notedin Setion III.1. This is seen for all of the TKE results.For the 104 MeV 4He + 209Bi system, there was added diÆulty due to thelower �ssion ross setion and the lower �ssion fragment energies. Beause of thelower TKE, this required additional iterations to generate the mass and the energydistributions. The PPAC analysis was ompliated sine a signi�ant fration of thefragment energies were lost in the various detetor windows. Figure 35 shows theresultant mass distribution. The yield is relatively at in the entral portion of thedistribution. This ould be due to the diÆulties presented by the lower TKE of thefragments and a slight wandering in the beam position. It is also possible that thereis some ontribution from �ssion following inomplete fusion [6, 112℄. However, gates



91

0
40000
80000
120000
160000
200000

40 60 80 100 120 140 160

Counts

Mass (amu)
SymAS1 AS1AS2 AS2AS3 AS3AS4 AS4AS5 AS5

FIG. 35. Final mass distribution for the 4He + 209Bi runs, inluding mass asymmetryuts used in the -ray analysis.
have been plaed on the folding angle to eliminate most of the ontributions frominomplete fusion. Moreover, the TKE distribution shown in Figure 36 appears quitenormal. As in the ase of the 16O + 208Pb data, adequate statistis were obtained toset several mass gates for the -ray analysis. The asymmetry ranges are summarizedin Table 11. Note that the at part of the mass distribution is mainly assoiatedwith the symmetri ut.The 4He + 188Os system proved more diÆult to analyze than the 4He + 209Bisystem beause the measurements yielded two orders of magnitude less data. Due tosuh low statistis, a �ssion analysis was possible, but analysis of the -ray resultsproved to be inadequate for any time sale determination, let alone investigation ofmass asymmetry or TKE dependene. The mass and TKE distributions are presented
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TABLE 11. Mass uts used in the 4He + 209Bi -ray analysis.

Cut Range (amu)Symmetri 102.5 � A � 110.5Asym1 98.5 � A < 102.5 , 110.5 < A � 114.5Asym2 94.5 � A < 98.5 , 114.5 < A � 118.5Asym3 89.5 � A < 94.5 , 118.5 < A � 123.5Asym4 83.5 � A < 89.5 , 123.5 < A � 129.5Asym5 73.5 � A < 83.5 , 129.5 < A � 139.5Asym6 33.5 � A < 73.5 , 139.5 < A � 179.5
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FIG. 36. Final TKE distribution for all 4He + 209Bi runs.
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in Figure 37. There is essentially a Gaussian entered at symmetri �ssion. As notedabove, there is a slight high-energy tail in the TKE distribution.Table 12 summarizes the �ssion fragment harateristis for eah reation.Ranges are given as �1 �. Corretions to t0 are also listed. The systems with thelowest statistis were also run for the shortest amount of time, somewhat o�settinge�ets suh as the instability of the beam.
IV.2 GDR -ray ResultsIn the previous hapter, the results of bakground (i. e. random oinidenesas well as true bakground) subtration on the total -ray energy spetrum wereshown for 16O + 208Pb. Similar results are shown in Figures 38 and 39 for the 4He+ 209Bi and 16O + 176Yb reations, respetively. Note that the relative importaneof these orretions inreases with the dereasing �ssility of the ompound system.All of the bakground spetra show a bump entered about 6 MeV. This is due toapture of  rays assoiated with neutron apture in the material surrounding thehamber. While this apture bump has little inuene on the �nal spetrum aboveabout 12 MeV, it does a�et the data in the lower energy portion of the GDR region,stressing the importane of these bakground orretions.For the 4He + 188Os runs, the results of bakground subtration are shownin Figure 40. The statistis in this ase are more than two orders of magnitudelower than for the 4He + 209Bi ase. Therefore, only the statistial region is learlyidenti�able. There appear to be a few ounts in the GDR region, as well as perhapssome enhanement in the statistial region. Clearly though, suh onlusions are
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FIG. 37. Mass (top) and TKE (bottom) distributions resulting from the PPACanalysis of the 4He + 188Os runs.
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TABLE 12. Fission fragment harateristis for eah reation studied.

Reation Events hMassi (amu) hTKEi (MeV) h�foldi (degrees) ht0i O�set (ns)16O + 208Pb 10.867 M 112 �17 163.2�25.0 180.4�4.6 2.80�0.734He + 209Bi 7.411 M 106.5�14 149.7�16.9 180.2�3.7 2.72�0.5716O + 176Yb 2.300 M 96 �14 133.0�22.0 180.4�4.1 2.73�0.654He + 188Os 0.047 M 96 �15 133.7�19.5 180.1�3.4 2.80�0.63
subjetive given the statistis and the assoiated unertainties. Certainly there isnot enough of a GDR enhanement to �t with CASCADE alulations and extrat a�ssion time sale.A omparison of the �nal total -ray yield of eah of the reations with reason-able statistis (i. e. all but 4He + 188Os) is given in Figure 41. Below about 7 MeV,the spetra are nearly exponential as expeted from statistial -ray emission. Aloser examination shows that the low energy omponent is not a pure exponential(see below).Above the statistial region, the spetra show a marked deviation from anexponential. This is due to GDR -ray emission from both the ompound nuleusand the fragments. The di�erenes in GDR ontributions are readily apparent in this�gure. The heavier systems exhibit greater GDR -ray strength. This ould be dueto the fat that the heavier systems have lower energies for the GDR, making -rayemission more probable.Beause of the relatively good statistis obtained for the 16O + 208Pb and 4He+ 209Bi systems, it was possible to examine the e�ets of the mass asymmetry and
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FIG. 38. Final results of all gates and bakground subtration for the total -rayspetrum for 4He + 209Bi.
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FIG. 39. Final results of all gates and bakground subtration for the total -rayspetrum in the 16O + 176Yb runs.
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FIG. 40. Final results of all gates and bakground subtration for the total -rayspetrum for the 4He + 188Os runs.
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the TKE on the total -ray energy spetrum. The mass uts investigated for the 16O+ 208Pb ase were listed in Table 9 and shown previously in Figure 17 in Chapter III.Note that there are six major regions. The symmetri mass ut is entered about themean value of A=112 for the �ssion fragments. The e�ets of the various mass gatesto the gamma spetrum an be seen in Figure 42. The spetra are shifted on thevertial axis as indiated in the �gure, with the more symmetri mass uts towardsthe top. The statistis are similar in eah ase.While the GDR portions of the spetra are similar, there is a notieable en-hanement in the statistial region (4{8 MeV) with inreasing asymmetry. Thisphenomenon has been seen previously [114℄, and has reently been examined quiteextensively in gamma deay assoiated with �ssion of heavy systems [29, 123, 124,125℄. The enhanement has been shown to exhibit a strong fragment mass depen-dene. In the ase of spontaneous �ssion of 252Cf, �-oinidene methods were usedin assoiation with measuring fragment masses and -ray energies. Singer et al. wereable to show that the inreased number of 4{8 MeV  rays originated from frag-ments with A and Z near the doubly-magi proton and neutron numbers of 50 and82, respetively [125℄. For uts well removed from magi numbers, the spetra areessentially exponential up to the GDR bump. Nevertheless, the existene of this en-hanement shows that one annot always rely on an exponential dependene of the-ray spetra in the statistial energy region.For 16O + 176Yb, the mass asymmetry dependene of the -ray energy spetrumwas also investigated. However, due to the relatively poorer statistis, only three mass
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FIG. 42. E�ets of di�erent mass asymmetries on the -ray energy for 16O + 208Pb.
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FIG. 43. Mass asymmetry dependene of the 16O + 176Yb -ray energy spetrum.
ranges were hosen. Larger energy bins (250 keV, instead of 100keV) were also used.The results of these uts are presented in Figure 43. As before, the most symmetri�ssions are represented by the uppermost spetrum, with inreasing asymmetry inthe lower spetra. Again, more asymmetri mass uts exhibit an enhanement in the
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statistial region. The most asymmetri ut also inludes the Z=50 and N=82 shelllosures, and is in agreement with the observations for the 16O + 208Pb and 4He +209Bi systems. Again, there is no statistially signi�ant di�erene in the GDR region.The lowest-statistis run, 4He + 188Os was the only one whih did not provide enoughdata to allow investigation of mass asymmetry e�ets.In nearly all previous GDR-based �ssion time sale studies involving systemsheavy enough to produe fragments with mass �132, the statistial enhanement wasnot taken into aount [23{26, 28, 30{32, 34, 79, 126, 127℄. The -ray data in thesestudies simply did not extend to energies low enough to reveal the enhanement inthe high-energy statistial region. Typially, the -ray data were only used above5{6 MeV, masking the high-energy statistial -ray enhanement. In those aseswhere -ray energies are investigated using a lower threshold, the enhanement wasignored or not reognized [26, 30, 32℄. This simple oversight e�etively makes previoustime sale measurements somewhat suspet for systems with signi�ant produtionof magi or doubly-magi fragments. In previous works that relied on �tting the-ray spetra, the statistial region for suh systems would hange the GDR -rayontribution.The extent of the enhanement is more learly visualized via exponential �ts tothe statistial region. Figure 44 shows the �nal -ray spetrum for the 16O + 208Pbruns with two exponential �ts to the statistial bakground. The �t indiated by thesolid line is �tted at 2.5 and 7.5 MeV, while the dashed line is �t at 4.5 and 7.5 MeV.The enhanement at the high end, just below the GDR region, is learly visible. This
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FIG. 44. E�et of �tting an exponential to the statistial -ray region for 16O +208Pb.
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TABLE 13. Four TKE ranges investigated for 16O + 208Pb.

Cut Range (MeV)TK1 80.0 � E < 141.9TK2 141.9 � E < 161.9TK3 161.9 � E < 181.9TK4 181.9 � E < 240.0
enhanement is present for all four systems studied, though it is less apparent withdereasing mass of the ompound nuleus. In the lower-mass systems, doubly-magifragments are less likely to be produed.The statistial enhanement is broad and arries over somewhat into the GDRregion, produing an optial illusion suggesting that there might be some di�erenesin the GDR region with di�erent mass asymmetries. However, upon overlaying thegated spetra, there is no apparent di�erene for these mass uts within statistialunertainty. With higher statistis there may well be a mass-asymmetry e�et in thisregion, though this is unsupported by the urrent data.The e�et of gating on di�erent portions of the TKE distribution was alsoexamined. Four uts on TKE were set on two-dimensional plots of mass and TKE.For the 16O + 208Pb ase, these simple uts are given in Table 13. Appliation ofthese gates to the overall -ray spetrum yields the results in Figure 45. The spetraare shown with highest TKE uts uppermost in the �gure. There is no lear e�etupon the -ray spetra, either in the GDR region or elsewhere. In fat, upon overlayof these spetra, there is no disernible di�erene at all within statistial unertainty.
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This is in keeping with previous observations of a relatively at TKE dependeneupon the -ray spetrum of �ssioning systems [128℄. The lak of a TKE dependeneseems surprising at �rst sine the yield of GDR  rays may be expeted to be relatedto the exitation energy. One might expet that

YGDR / �(E�CN � TKE); (31)
where the argument of � represents the energy available around the saddle. The lakof a TKE dependene suggests that the yield of GDR  rays is determined at earlierstages in the evolution of the system with deformation.Possible mass and TKE dependenes were also investigated for the 4He + 209Biruns. The asymmetry uts used were previously shown in Figure 35 and listed inTable 11. Appliation of these uts to the total 4He + 209Bi -ray spetrum yieldedthe results presented in Figure 46. As before, -ray spetra orresponding to themore symmetri mass uts are shown at the top of this �gure.Again, one observes an enhanement in the statistial region with inreasingmass asymmetry, though not as muh as in the 16O + 208Pb ase. This is easilyunderstood. The shell losures at Z=50 and N=82 are further away from symmetri�ssion for this lighter system. Thus, the relative abundane of fragments near thoseshell losures is far less than for the 16O + 208Pb system.Investigation of possible TKE dependene of the fragments upon the total -rayspetrum yielded similar null results as for 16O + 208Pb. Again, four simple uts wereutilized. These are listed in Table 14. Applying these uts gave the spetra shown inFigure 47. As before, the spetra are shown with the higher TKE uts uppermost in
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TABLE 14. Four TKE ranges investigated for 4He + 209Bi -ray { TKE dependene.

Cut Range (MeV)TK1 90.0 � E < 127.4TK2 127.4 � E < 149.7TK3 149.7 � E < 162.0TK4 162.0 � E < 210.0
the �gure. Again, there is no lear dependene of the total -ray energy on the TKEof the �ssion fragments.These tehniques were also applied to the data from the 16O + 176Yb runs, withsimilarly negative results. The TKE uts used are listed in Table 15 while the TKEdependent -ray spetra for 16O + 176Yb are shown in Figure 48. Again, the highestTKE events are represented by the uppermost spetrum. There is no disernibledi�erene between the spetra, one normalized, in either the GDR or the statistialregions, just as in the previous two ases. As noted above, the 4He + 188Os systemyielded insuÆient statistis to investigate the TKE dependene of the GDR  rays.Now let us turn to the neutron results.
IV.3 Neutron ResultsIn the neutron analysis, eah of the spetra from the eight DEMON detetors'loations were subjeted to moving-soure �ts to determine the number of pre- andpost-�ssion neutrons in �ssion. Fits suh as these have been widely used in a greatnumber of prior neutron time sale experiments [7{14, 60, 116, 117, 61, 118, 119,129℄. The basi tehnique revolves around the kinemati veloity boosts along the
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TABLE 15. Four TKE ranges used for 16O + 176Yb.

Cut Range (MeV)TK1 62.0 � E < 118.0TK2 118.0 � E < 133.0TK3 133.0 � E < 148.0TK4 148.0 � E < 202.0

�ssion fragment diretions. Of ourse, the deonvolution of the atual neutron energyspetra was ompliated due to the large angular aeptane of the PPAC's andthe exat position of the neutron ounters. Given the aepted use of suh �ttingproedures and the fat that most of the analysis was arried out in Strasbourg, onlyan overview of this proedure will be presented here.As mentioned in the previous hapter, the neutron energy spetra were orretedfor total eÆieny and the detetion thresholds. From these, neutron energy spetrafrom eah of the eight di�erent positions were obtained. Five of the detetorsorresponded to neutrons seen in the plane of the reations. The remaining threewere perpendiular to at least one of these �ve, establishing the \out-of-plane" view.A sample energy spetrum for in-plane neutrons is shown in Figure 49. Theorresponding out-of-plane spetrum is given in Figure 50. As expeted, the spetraalong the deay axis show onsiderably more yield than those perpendiular to the�ssion fragment emission angle. This is simply due to the kinemati enhanementof post-sission neutrons in the �ssion plane. Note that there is a ut-o� at about
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2 MeV. This is due to the eÆieny and the ability to disriminate neutrons and rays in the pulse shape plots.The in- and out-of-plane spetra were deomposed using a moving-soure, least-squares �t. Three di�erent soures were employed: the ompound nuleus and eitherof the two daughter nulei. Neutrons emitted before the nasent daughter nulei havereahed the majority of their aeleration are assumed to be isotropi in the enter-of-mass frame of the system. It was further assumed that the neutron energy spetrafollowed a simple Maxwellian shape in the emitters' rest frames; i. e.,

Y (En) / Ene�En=T : (32)
Here, Y (En) is the yield of neutrons with a given energy, En.With these assumptions, the iterative method desribed by Bishop et al. [130℄and Ward et al. [131℄ was used to dedue the pre- and post-�ssion neutron spetra.Multipliities were extrated from the best �ts in the same manner as for the  rays,i. e. by dividing neutrons deteted by �ssions deteted and orreting for eÆieny.Sample �ts to the data are shown in Figure 49. One observes rather good agreementbetween the experiment and the �tted energy spetra.The results of the best �ts for all reations are given in Table 16, for boththe total energy spetra and for the same mass uts used in the -ray analysis (seeTables 9, 10, and 11). The labeling \none" means that no mass ut was appliedto the data. The mass uts used in the 4He + 188Os analysis for the neutrons werethe same as for the 16O + 176Yb system sine these reations produed the sameompound nuleus. Estimated unertainties are indiated in the table aption. Note
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FIG. 49. Sample in-plane neutron energy spetrum for 4He + 209Bi. The lighter greyurve running through the histogram points represents the sum of all �ttedontributions. The lower two urves represent �ts to the pre-�ssion and thepost-�ssion omponents, the darker one being the post-�ssion omponent.
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FIG. 50. Sample out-of-plane neutron energy spetrum for 4He + 209Bi. Thelighter grey urve running through the histogram points represents thesum of all �tted ontributions. The lowest urve represents the post-�ssion omponent, while the other dark urve represents the pre-�ssionomponent.
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TABLE 16. Neutron multipliities as determined from moving-soure �ts of theenergy spetra for eah reation. The errors are estimated at 0.5neutrons for �pre, 0.2 neutrons for �post, and 0.54 neutrons for �tot.

Reation Mass Cut �pre �post �tot
*none* 4.2 2.5 6.716O + 208Pb Sym 4.3 2.5 6.8Asym1 4.0 2.7 6.7Asym2 4.0 2.6 6.6Asym3 4.0 3.0 7.0Asym4 4.4 2.5 6.9Asym5 4.4 2.4 6.8Asym6 4.3 2.0 6.3*none* 4.8 2.4 7.24He + 209Bi Sym 4.6 2.6 7.2Asym1 4.7 2.6 7.1Asym2 5.0 2.5 7.5Asym3 4.7 2.6 7.1Asym4 4.9 2.7 7.6Asym5 4.8 2.4 7.2Asym6 4.8 2.0 6.8*none* 4.8 2.2 7.016O + 176Yb Sym 4.8 2.2 7.0Asym1 4.7 2.2 6.9Asym2 4.7 2.0 6.7*none* 4.4 2.6 7.04He + 188Os Sym 3.9 3.0 6.9Asym1 4.1 2.6 6.7Asym2 3.9 2.6 6.5
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that �tot is simply the sum of �pre and �post, and does not inlude ontributions frompre-equilibrium neutrons, whih was assumed to be small. As expeted from previouswork, �post is essentially the same for all the systems. However, �pre is also nearlyonstant as well. This is likely due to the fat that the exitation energies are similarfor the various reations.Systemati errors in the extrated values for �pre ould result from deviationsfrom isotropi emission in the enter of mass of the soures. Suh an anisotropy isexpeted to be small, and has been negleted in studies similar to the urrent work [7{14, 60, 116{119, 129℄. While there is some support for this isotropi emission [7℄,it nevertheless remains a soure of unertainty. However, given the relatively lownumber of detetors and the unertainties in the energy thresholds and eÆienies,the unertainties for the neutron multipliities make it impossible to see deviationsfrom isotropy [132℄.It is somewhat surprising that �tot is insensitive to mass asymmetry. From Q-values, one expets a derease in �tot with inreasing asymmetry. Presumably, thisvariation is masked by the signi�ant error bars.Reonstrution of the �ssion time sale using �pre is aomplished by estimationof the average lifetime for eah emitted neutron in a stepwise fashion. Modelalulations are needed to provide this. Statistial model alulations and someextensions will be disussed in the following hapter.
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CHAPTER V

MODEL ANALYSIS
This hapter presents the quantitative details of the urrent work. The �rstsetion presents an overview of onsiderations important in the model analyses,partiularly the �ssion mode. The setion following disusses statistial modelalulations in general. Additional details of the workings of various odes are alsogiven. In the next setion, some alulations are presented in detail. Quantitativeomparisons between alulation and eah of the reations are then addressed.

V.1 OverviewThe statistial model was introdued in Setion I.3 in regards to neutronevaporation. This treatment was rather shemati. A more general treatment requiresfurther exploration of some fundamental onsiderations behind the model. Chiefamong these is the idea that a fully equilibrated ompound nuleus is formed throughthe omplete fusion of a projetile and target. Subsequent deay of this systemis assumed to be independent of the details of the formation proess within theonstraints of onservation laws. Aside from these onstraints, the results are notsensitive to the initial onditions in whih the system was produed.It must be emphasized that statistial models are only a zeroth-order approx-imation for atual deays. Fission is de�nitely a dynamial proess. In a statistialmodel there is basially no physial piture of how the system evolves in phase spae.Still, statistial models provide some reasonably self-onsistent guidelines. This is not
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always the ase for dynamial models. Dynamial models depend on the underlyingpotential energy, the assoiated inertias, and the visosity (see below). In ontrast,statistial models only rely on the behavior of the system at some ritial point inphase spae. In priniple, the addition of various levels of sophistiation in statistialmodels is generally straightforward. Given these onsiderations, statistial modelshave beome a de fato standard of omparison. Deviations from statistial modelpreditions an highlight possible dynamial onsiderations.In the earlier disussion of deay widths and branhing ratios, there was inherentinlusion of aspets of both evaporative deay (for neutrons, light partiles, and rays), but negleted the details of the transition state theory of �ssion, whihis disussed in the following setion.
V.2 Transition State Theory of FissionThe transition state theory (TST) was originally desribed by Eyring forhemial reations [133℄. It was later expanded to address �ssion by Bohr and Wheeler[5℄. Although not expliitly mentioned in Chapter I, light partile evaporation modelsgenerally assume the detailed balane priniple. This implies that emission followsthe same path as fusion. This is ertainly not the ase in �ssion as shown by aomparison of �ssion fragment and fusion barriers. The former are muh lower thanthe latter implying di�erent paths for �ssion and fusion.In TST, one again uses the expression

�fiss = �h�fiss ; (33)
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however, �fiss is alulated quite di�erently. In partiular, it is assumed that thesystem reahes a point of no return usually (but not neessarily) taken as thesaddle point. All systems reahing this on�guration, N�, are assumed to deay.Thus the deay rate is assumed to reet the quasi-stati population of the ritialon�guration.

A potential energy surfae for �ssion is given in Figure 51 (adapted fromRef. [5℄). In this �gure, V is the potential energy, � is the deformation, Bf is the�ssion barrier, Kf is the kineti energy in the �ssion mode, E�f is the exitation energyat the saddle, and dE�f is an inrement in E�f. For simple radioative deay,
�dNdt = N�; (34)

where � is the deay onstant. Sine
�f = ��h = �h�f ; (35)

one has
N� = N�f = N�f�h : (36)

At the saddle point, the phase spae is
dp�d�h �f(E�f)dE�f ; (37)

where p� is the momentum onjugate to �. Thus,
Kf = p2�2m� ; (38)
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where m� is the assoiated inertia. From the above,

dKf = dp�m� p� = v�dp�: (39)
In TST, the number of nulei in the transition state is the initial number ofdeays. To proeed, one needs to integrate over all Kf's or, equivalently, all p�'s. So

N� = dNd�d� = dE�Z dp�h �(E�)
= dE�Z v�dp�h �(E��Bf �Kf)
= dE�h Z �(E��Bf �Kf)dKf : (40)

Comparing Equation (40) with Equation (36),
N�dE�h = N�fdE��h = �(E�)�fdE��h ; (41)

so �f = N�2��(E�) : (42)
If �(E�) = 1/D, where D is the level spaing at the saddle, then one has

�f = D2�N�: (43)
For a given dKf, one an write

�f(E�f)dKf = �f(E��Bf �Kf)dKf2��(E�) : (44)
Equations (43) and (44) are the Bohr-Wheeler expressions for �f. An elegant butquite di�erent derivation of these equations has been given by Mahan [134℄.
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If E�f � Bf, one an perform a anonial expansion of Equations (43) and (44):

�f;total = R �(E�f �Bf �Kf)dKf2��(E�)
� T�(E�)e�Bf=T R10 e�Kf=TdKf2��(E�)

= T2�e�Bf=T ; (45)
where T is the e�etive temperature at the ritial point.
V.3 Modi�ations to Transition State Theory

Equations (43), (44) and (45) neglet several e�ets as pointed out by Strutinsky
[135℄ and Kramers. First, the above equations assume the K mode is a simple
vibration. This together with the anonial approximation makes �f sensitive to both
the urvatures of V (�) around the potential energy minimum at the equilibrium shape
of the ompound system and the shape of the �ssion barrier. These are haraterized
by �h!eq and �h!sp, respetively. Seond, these equations neglet the fat that it takes
time to build up a quasi-stati ux at the saddle point. Combining these e�ets, on
obtains

�f = �h!eq2� e�Bf=T(p1 + 2� ); (46)
where  is the so-alled nulear visosity oeÆient and  = �/(2!sp), � being the
redued nulear visosity oeÆient. The quantity  reets the transient time [37℄ or
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�ssion time delay. Third, the above equations neglet the fat that Bf is a funtionof the angular momentum of the ompound system [136℄.

Atually,  is a somewhat arti�ial onept. It is a marosopi quantity whihreets the fat that not all the systems whih reah the saddle point atually deay.This is shematially illustrated in Fig. 52. In this �gure, trajetories 1 and 3 leadto �ssion. In ontrast, trajetories 2 and 4{6 do not (though 5 orresponds to a nearfusion before breaking up). This depletion of deays implies that TST overestimatesthe deay width, �f. This is better illustrated by the hemial exhange reation
A+BC ! AB + C:

This is shown by the dynamial alulations in Fig. 53. Clearly, some trajetories arereeted from the barrier due to vibrational exitations. Obviously, �ssion is moreomplex, but Fig. 53 reets the general idea. The existene of rerossing e�etsstrongly suggests that points other than the saddle give a better approximation to�f. Reently, Lestone has added yet another limitation to TST [137℄. In hisapproah, the �ssion deay width is limited by the distribution of K states during the�ssion deay proess. It is very important to realize that hereK is not the same as thekineti energy along the �ssion axis. Rather, in aord with onventional notation,K here is the projetion of the total angular momentum, I, along the �ssion axis.While the basis for the idea behind Lestone's theory is perhaps a good one, it may beawed for at least two reasons. The K state distributions are generally assumed to
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follow statistial equilibrium. To be more quantitative, the probabilities for a giventotal spin, I, and a given K are assumed to follow

P (I;K) / e�K2=K20; (47)
where K0 haraterizes the shape of the saddle.Measurements of �ssion angular distributions for high spin systems have shownthat the utuations in I are smaller than predited by the liquid drop model saddlepoint shapes. This suggests that either K is not preserved during the desent fromsaddle to sission or that a truly equilibrated ompound nuleus is not really formed.Lestone's work makes the former assumption. To some extent this will be addressedlater. Before that however, the details of the model alulations are disussed below.
V.4 Statistial Model CalulationsIn order to extrat a �ssion time sale from the data, it is neessary to omparewith quantitative models. As mentioned previously, statistial model odes suh asCASCADE [56℄ and various modi�ations have been applied to time sales [24, 32,126℄, with varying degrees of suess. The result of suh alulations is that the�ssion proess is slower than predited by standard statistial models. As mentionedabove, there are good reasons for this apparent breakdown. Nonetheless it is usefulto explore the workings of standard statistial model alulations.Generally, these odes begin with the statistial assumption that a ompletelyequilibrated ompound nuleus is formed. The exitation energy and spin distribu-tions are alulated from the various entrane hannel parameters (projetile, target,
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Elab). Deay probabilities are alulated statistially from the level densities andbarrier heights of the various deay modes. Most often, the only deay produts on-sidered are neutrons, protons, �-partiles, �ssion, and  rays. Relative deay widthsfor the various hannels are alulated and used to generate a so-alled \S-matrix"of population ross setions of the daughter nulei. These alulations are performedas a funtion of exitation energy and angular momentum. The proedure is followedfor the daughter nulei, in a asade through all possible deay sequenes. For exam-ple, the -ray spetrum for deay of a partiular state with exitation energy E1 andangular momentum J1 is given by

�(E1; J1; E) = �p(E1; J1)XL P(E1; J1; E; L); (48)
where P(E1; J1; E; L) is the probability of emission of a  ray with energy E andmultipolarity L. The ross setion for populating the partiular state with energyE1 and spin J1 is given by �p(E1; J1). In standard CASCADE alulations onlythe multipolarities M1 (magneti dipole), E1 (GDR), and E2 (giant quadrupole)are usually treated. Some extensions to CASCADE also follow the �ssion mode[24, 32, 126℄. One the exitation energy has fallen below the partile threshold,the deay asade deals only with  emissions. Suh model alulations have beenextensively explored by many authors. Hurst et al. have also explored the assumptionof equilibrated systems in inomplete fusion reations [138℄.While the various neutron studies have used a number of di�erent odes, theGDR studies have all used some version of CASCADE [23{32℄. Thus, it seemedprudent to use variations of CASCADE for the urrent work. CASCADE allows
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diret omparisons with prior GDR results without reating additional ompliationsdue to new variables and di�ering assumptions. This is important beause of themajor new onstraint in the urrent work that simultaneous measurements of bothneutrons and  rays were made. Many versions of CASCADE exist. The version usedhere was van't Hof's TIMCASC [32℄.This hoie was neessitated by a variety of fators. The standard CASCADEodes do not distinguish between deays from a nuleus that will end up as anevaporation residue and a nuleus that �ssions. This is learly insuÆient for theexperiments under disussion, as  rays were only measured in oinidene with�ssion. Additionally, most CASCADE odes do not follow the deay of the �ssionfragments, even though the probability for �ssion is alulated. While one other odedoes inorporate this (CASMASS [24, 126℄), it does so less eÆiently and somewhatshematially. It is obviously neessary to follow deay of the fragments, sinesystems like 16O + 176Yb and 4He + 188Os have relatively small �ssion ross setions.Furthermore, no other version of CASCADE has a self-onsistent implementation ofthe onept of time. It also has provision for a �ssion hindrane fator, in the formof a frition onstant (the term \" in Equation (4)) similar to the latest version ofCASMASS. The modi�ations made in produing TIMCASC were extensively testedand debugged by the authors to show that results from the ode were in aordwith prior versions. These modi�ations are disussed in detail in van't Hof's reentwork [32℄ and will only briey be desribed here.In order to restrit deay of ompound nulei to those destined to �ssion, thedeay asade in TIMCASC is performed in time-reversed fashion. Sine the ode is
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not of the Monte Carlo type, the various matries involved an be atually alulatedin any arbitrary order. The alulation is begun at the bottom of the deay asadefor the element with the lowest exitation energy Elow (not neessarily zero). It thenproeeds to higher exitation energies and higher masses until the initial ompoundsystem is reahed. Working through the asade in reverse fashion allows for a simpledetermination of paths leading to �ssion. Thus, a modi�ed S-matrix is alulated toobtain (as in the example above) the -ray spetrum for a partiular state that will�ssion at a later step in the asade; i. e.,

�(E1; J1; E) = �p(E1; J1)XL XJ2 P(E1; J1; E; L)QN(E2; J2): (49)
Here, E2 = E1 - E and J2 = J1 � L are the energy and the angular momentum ofthe nuleus after emitting the  ray, respetively. N is number of the urrent deaystep. The probability QN(E2; J2) that �ssion will our at a later stage N in thedeay asade is given by

QN(E2; J2) = Pf(E2; J2) +Xi XE3 XJ3 Pi(E2; J2)QN+1(E3; J3); (50)
where Pf is the probability that �ssion will our immediately after emission of the ray. For any other subsequent deay mode with probability Pi, a new state isformed with exitation energy E3 and angular momentum J3. Again the probabilityfor �ssion in a later step, QN+1(E3; J3), has to be alulated. The index i runs overall deay modes other than �ssion. At the last step in the asade QN(Elow; J) =Pf(Elow; J), thus allowing previous QN's to be alulated from this quantity and thevarious deay probabilities in a reverse manner.
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In addition to the modi�ed S-matrix alulations, a orresponding \T-matrix"(lifetime matrix) is also alulated. The lifetime depends upon the same variables asthe state and is onstruted from the deay width of eah state, as per Equation (17).Analogous to Equation (6), the total deay width �tot for a state with a partiularexitation energy and angular momentum is taken to be a sum of that state's variousdeay widths followed in the asade,

�tot = �n+ �p+ ��+ � + �f(t) (51)
for neutron, proton, � partile,  ray, and time-dependent �ssion deay widths,respetively. The time-dependene of the �ssion deay width omes about from theuse of the Kramers �ssion width (Equation (4)) and is of the form

�f(t) = �KRf (1� e�2:3t=�): (52)
Here, t is the time and � is the time required to reah 90% of the quasi-stationary�ssion ux aross the saddle point. The term � is expressed in terms of the fritiononstant  and nulear temperature T

�(; T ) = 12 ln(10EfT ) + 0:0112AT (53)
based on the work of Weidenm�uller and Zhang [37℄, and is alulated in the ode inunits of 10�21 seonds (zs). This is evaluated for every state (E,J).The time t that enters into Equation (52) is the sum of the time with whih aertain state (E,J) is populated. The time step belonging to the deay of the state(E,J) is de�ned by ombining Equation (17) with Equation (51) to yield

�t = �hPi�i+ �KRf (1� e�2:3(t+�t)=�) ; (54)
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whih must be solved iteratively, sine the �ssion width is time dependent. These arealulated for eah state in the asade. If a state is populated via di�erent deaypaths, the lifetime is averaged with the alulated ross setions as weighting fators.The deay of the fragments is followed by using the alulated �ssion rosssetions for every nuleus in the deay proess. Fragment mass distributions areassumed to be Gaussian using the width determined from the �ssion fragmentanalyses in the previous hapters. The harge distribution is alulated assumingequal fragment harge-to-mass ratios. Viola systematis are assumed, sine theymath well with the aforementioned fragment analyses. The fragments are assumedto have equal temperatures. The angular momenta of the fragments is determinedby a simpli�ed parameterization by Thoennessen et al. [23℄ based on a alulationby Shmitt et al. [139℄. The GDR entroids for the fragments are alulated as perEquation (19). The resulting -ray spetrum of eah fragment of given mass, harge,exitation energy, and angular momentum is then taken from a database of pre-alulated fragment spetra and weighted aording to its relative probability. This isdone for eah fragment produed in the deay asade. The spetra are aumulatedinto a total post-�ssion -ray spetrum for all fragments. This is eÆient whenperforming many alulations for a given ompound nuleus, suh as in the �ttingproedures desribed in the following setions. This entire fragment deay proedureis implemented as a post-proessor to TIMCASC. The program FFPOP is used toread the matries of �ssion ross setions produed by TIMCASC to produe the �nalpost-�ssion spetrum.
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V.5 TIMCASC Overview and -ray Considerations

Before going on to disuss the results of using these parameters, it is useful to
review the importane and impliations of eah parameter in turn. For the reations
studied here, a level density parameter of a = A=8 MeV�1 was used, as in previous
GDR studies [27℄. The default values for the di�useness of the angular-momentum
distribution of the ompound nuleus and the ratio of the level density parameter at
the saddle point to the level density parameter at equilibrium were used; i. e., 2�h and
1.0, respetively. Other standard values are available from systematis for the other
parameters, so only the remaining non-standard values will be disussed here.

A very important input parameter to any version of CASCADE is the fusion
ross setion. Sine some of the reations studied here do not have experimentally
determined fusion ross setions, the parameterization of Wilke et al. [81℄ has been
used to alulate the ross setions. Cheking the validity of these ross setions
against systems with similar beam energy, target, and projetiles yields reasonable
agreement. The atual values used for the fusion ross setions are listed in Table 3.
These fusion ross setions limit the absolute yield of the various deay modes in
TIMCASC and are thus important when omparing to experimentally observed -
ray multipliities.

As explained in the previous setion, a �ssion hindrane fator in the form of
the Kramers frition onstant  was introdued. This is another important input
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TABLE 17. Fration of the �ssion barriers used in TIMCASC for all systems as afuntion of .

 16O + 208Pb 16O + 176Yb 4He + 209Bi0.01 1.00 0.966 1.0230.04 1.00 0.975 1.0410.10 1.00 0.975 1.0400.40 1.00 0.960 1.0131.00 1.00 0.933 0.9652.00 0.97 0.905 0.9154.00 0.95 0.875 0.8607.00 0.93 0.850 0.81510.00 0.91 0.835 0.78820.00 0.88 0.810 0.74040.00 0.85 0.785 0.710

parameter for TIMCASC and also a�ets the yields from the various deay modes.Values ranging from as low as =0.01 to as high as =40 were used.The initial �ssion barrier heights used were in general 100% of the Sierkvalues [140℄ already in the ode. For eah value of , the barrier height was thenadjusted by a fator FFB to math the �ssion ross setion used in Table 3. Numerousalulations were performed to determine the orret FFB for eah  for eah systemto within 2 mb of the expeted values. For overdamped ases, this required anappreiable lowering of the barrier. For underdamped ases, a slightly higher barrierwas required. The fator FFB is listed for all systems at various values of the fritiononstant  in Table 17.
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The GDR in TIMCASC is treated as having two Lorentzian omponents E? andEk, whih serve to desribe spherial, prolate, and oblate on�gurations. The inputparameters for these are the only parameters allowed to vary in the �tting proess.The two entroids, their widths (�? and �k) and their frational strengths (S? andSk) are subjet to a hi-square �tting proedure against the experimental yield. Theinitial onstraints were that the relative strengths add up to 1; i. e. that 100% of theTRK sum rule was observed. This proved to be inadequate for the less �ssile systems,and the sum rule strength was also allowed to vary as a �tting parameter, whih willbe disussed in more detail in later setions of this hapter. The overall entroidenergy Een is related to the two omponents

Een = PiSiEiPiSi ; (55)
where Si is the strength of the ith omponent.Taking the widths to be some onstant fration  of the entroid energies ofboth omponents, the equation �i = E2i (56)
is used in the alulation of the width �i from  and Ei. Additionally, the shape ofthe system an be expressed as the nulear deformation �, whih is given by [32℄

� =r4�5 (E?=Ek)� 1(E?=(2Ek)) + 0:8665 : (57)
The values of the various �tting parameters were determined by a hi-square �ttingusing the ode MINUIT [141℄ whih used TIMCASC as a subroutine. Thus, bytaking advantage of the relationship between deformation and relative strength and
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TABLE 18. Input parameters used in TIMCASC for eah reation.

Reation Een (MeV) S?  �16O + 208Pb 12.0 0.0 to 1.0 0.03 -1.5 to 1.54He + 209Bi 12.1 0.0 to 1.0 0.03 -0.5 to 0.516O + 176Yb 12.7 0.0 to 1.0 0.03 -0.5 to 0.5
of the onstraints, the six parameters an be redued to four �tting parameters(Een, S?, , �). Only two of these were used, sine it was determined early inthe analysis that Een and  onverged to onstant values. Eliminating these two freeparameters speeded up the �tting proess. Also, the �ts were partiularly insensitiveto variations in  in the range of 0.01 to 0.09, whih are reasonable limits given theform of Equation (56). The quantity S? must neessarily be limited to the rangebetween 0 and 1, sine it and Sk are assumed to sum to the full strength (i. e., 1) ofthe TRK sum rule, given that no other frational strengths are onsidered. Beta wasinitially hosen to have a very large range of possible values (i. e., �1:5 < � < 1:5) toavoid biasing the �t and to understand the �tting routine's initial behavior at largedeformation for the 16O + 208Pb reation. This range was subsequently shortened to�0:5 < � < 0:5 for the other two systems. The ranges and values of the parametersused are summarized in Table 18. In the �nal analysis, the values for Een and were held onstant. The value for  was taken to be 0.03 for all reations, whileEen was 12.0, 12.1, and 12.7 for the reations 16O + 208Pb, 4He + 209Bi, and 16O+ 176Yb, respetively. This was done to redue the number of �tting parameters,both for its own sake and so that the alulations would run faster. Several earlier
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runs of the �tting proedure had indiated that Een and  onsistently onverged
to approximately those values. Furthermore, small hanges in those two parameters
did not signi�antly a�et the �ts, aording to the �2=N results. Note that the
preferred values for Een for these �ts were onsistently 1 MeV below that predited
by the empirial relationship given in Equation (1), mathing the observations of
Chakrabarty et al. [142℄. This is understandable sine that relation was taken for
GDR's built on the ground state rather than a variety of exited states as in these
systems.
V.6 Reproduing the Neutron Data with TIMCASC

While the above disussion has foussed on the -ray analysis, the neutron pre-
�ssion multipliity results were treated by varying the frition oeÆient  until the
experimentally observed number of pre-sission neutrons was obtained. Beause the
neutron multipliities varied only very slightly with deformation and other parameters
used in the GDR �ts, eah system was simply taken to form a spherial ompound
nuleus with ground-state GDR behavior.

The e�ets on �pre of varying the frition oeÆients are presented in Figure 54.The urves indiate the alulated values, while the points with error bars indiate
the experimentally determined values. A number of interesting features are readily
apparent. First, one noties that the alulated shapes for eah are quite dissimilar.
The most �ssile system (16O + 208Pb) exhibits an inreasing (though tailing o�) num-
ber of pre-sission neutrons with inreasing nulear frition, whereas the extremely
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non-�ssile system (4He + 188Os) has the opposite behavior. The two remaining sys-tems seem to fall between these two extremes, both starting o� at low values of �pre,then rising to some maximum before falling o� again. The experimentally observed�pre's are plotted either where the alulations ome losest to them or where they�rst fall within the experimental error. This serves to e�etively set ranges on thefrition oeÆient  for eah system. Table 19 presents these limiting values.
TABLE 19. Limits on frition oeÆients determined from neutron analysis.

Reation Experimental �pre Frition CoeÆient 16O + 208Pb 4.2 � 0.5 � 254He + 209Bi 4.8 � 0.5 7 { 2516O + 176Yb 4.8 � 0.5 10 { 304He + 188Os 4.4 � 0.5 5 { 20

Another interesting feature is the apparent leveling out of �pre at moderatelyhigh values of . This makes an absolute determination of the optimal fritionoeÆients problemati. While smaller errors in the experimentally determined valuesof �pre would help, it is apparent that this is only a small part of the problem. Otherworkers have also noted large ranges in frition oeÆients using the neutron method[13, 59℄. Other methods of determining frition oeÆients are neessary to morefully understand the impliations of inluding an inherently dynamial onept suhas nulear frition in statistial odes.
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V.7 Fit Results for GDR  raysThe user input parameters for this reation were previously listed in Table 18.The spetra produed from the �ts for 16O + 208Pb are ompared visually to theexperimental results in Figure 55. While the �t for  = 7 is learly the best, bothvisually and from its �2=N value (see below), the others for  = 4 and 10 are quitereasonable as well. This suggests that  for this reation ould be anywhere from4 to 10 with 7 being the most probable value. The slight struture visible in the = 2 ase around 10 MeV is most likely a ombined e�et of the extremely largedeformation with the relatively narrow ground-state GDR width. The quality of the�t for  = 7 provides the best value of the frition oeÆient for this reation. Thatvalue also agrees with muh of the other GDR -ray work to date, falling just belowthe middle of the range [24, 25, 26, 28, 31, 32, 34, 79, 80℄.The �nal �t values for the reation 16O + 208Pb are summarized in Table 20and the �2=N values are plotted in Figure 56. There is a lear minimum in �2=N at = 7. Note that the best �ts for the other values of  required superdeformed oblateshapes (� � 1:5, the lower limit of the initial �tting range), whih would be extremelyunexpeted for this system. Even the �nal value is a quite deformed shape (thoughprolate), with an axis ratio of about 3:1. This is higher than expeted, but not withoutsimilar preedent in suh analyses [31, 32, 126℄. It is also worth onsidering that thedeformation spae of the �ssioning system will be sampled by GDR emission all theway up until sission, whereas most models and preditions deal with the saddle pointexlusively. Still, quite possibly a smaller deformation would be required if a value of



141

1e-3

1e-2

1e-1

1e0

1e1

1e2

                        

   

   

 

O+Pb yield
gamma=2.0

   

   

   

   

   

   

                        

   

   

  

O+Pb yield
gamma=4.0

1e-3

1e-2

1e-1

1e0

1e1

1e2

6 8 10 12 14 16 18 20

Y
ie

ld
 (

a.
u.

)

Energy (MeV)

  

O+Pb yield
gamma=7.0

   

   

   

   

   

   

6 8 10 12 14 16 18 20

   

   

  

O+Pb yield
gamma=10.0
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TABLE 20. Fit results from MINUIT linked to TIMCASC for the reation 16O +208Pb.

 S? � �2=N0.1 0.9502 -1.4979 12.90.4 0.9581 -1.4995 10.11.0 0.9725 -1.4852 7.42.0 0.9695 -1.2574 6.74.0 0.3000 -0.3397 3.77.0 0.9140 0.5540 1.210.0 0.9260 0.6034 3.6
greater than 100% for the TRK sum rule had been used. However, the �t for 16O +208Pb was quite satisfatory and did not require arti�ial enhanement of the TRKsum rule. Suh measures were required for the other reations, and will be disussedlater in this setion. Also apparent in Table 20 is the fat that the values for S?are generally heavily weighted towards favoring the perpendiular omponent to theGDR -ray energy. This suggests either that an even lower Een should be allowedor, again, that a TRK sum rule strength greater than 100% should be used.The remaining reations, 4He + 209Bi and 16O+ 176Yb, are not listed in Table 20sine in these ases MINUIT was repeatedly aught in loal minima, regardless ofstarting values and step sizes. For 4He + 209Bi, this produed �2=N values no smallerthan 20. In the ase of 16O + 176Yb, the situation was even worse, with �2=N 's nosmaller than 70. Clearly, suh �ts are unaeptable. Samples of these for the tworeations are presented in Figure 57. The rather poor �ts shown are representative ofthe best results the �tting proedure MINUIT was able to give using the input values
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listed in Table 18. In order to investigate whether MINUIT was wholly at fault orwhether some other fator must be adjusted, quite a large number of alulationswere run in whih the separate parameters were varied by hand. This allowed arefultraking of the sensitivity of the �ts to the various individual parameters.Upon undertaking this proedure, it quikly beame apparent that MINUITwas not wholly at fault. A number of other parameters were varied before moreadequately �tting the experimental results. Finally, values greater than 100% for theTRK sum rule were used. This proved quite useful, and reasonable �ts were obtained.Previously, some investigators have used up to 160% of the sum rule [32, 143, 144,145℄. The sum rule strength is the strongest parameter for �tting the experimentallyobserved spetrum, with the frition oeÆient  following and the deformation �as lose seonds. The failure of the �ts in the GDR region suggests that the sumrule might exeed 100%. It should be noted that strengths greater than 100% havebeen noted by other authors [32, 146℄. Deviations from the sum rule are generallyattributed to olletive e�ets suh as quasi-deuteron formation (the TRK sum ruleignores these). It is not lear from the present results why these less �ssile systemswould inrease the strengths. However, there is essentially no other GDR -ray dataassoiated with �ssion for similar systems. Further work is needed to larify thesituation.The alternate �tting method used four �tting parameters: the nulear deforma-tion �, the frition oeÆient , the TRK sum rule strength, and the entroid energy ofthe GDR of the �ssioning system Een. They were varied as follows: �0:5 � � � 0:5,
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2 �  � 20, and 1:1 � TRK � 1:5, with Een varying from 1.5 MeV below the groundstate GDR energy to 0.5 MeV below. The proedure was to run all ombinations ofeah, extrat the �2=N , and inspet eah �t visually to ensure meaningful �ts.Sample �ts for 4He + 209Bi and 16O + 176Yb are shown in Figures 58 and 59,respetively. The plot in the lower right of eah �gure is the best obtainable �t,while the other three are the results of other parameter sets giving poorer �ts. The�nal parameters are indiated in eah plot, where \beta" is the deformation onstant�, \TRK" denotes the multiplier of the TRK sum rule, \E" is short for Een, and\gam" denotes the frition oeÆient extrated. The �2=N for eah �t is plotted asa single point near the y axis in eah plot. In both �gures, it is apparent that noparameter set was able to reprodue all of the yield of GDR  rays. While allowingthe TRK sum rule strength to vary helped, the experimental spetra were still notreprodued even with a 50% inrease. Inreasing the TRK sum rule further mighteventually �nd some parameter set that would �t the data muh better. This howeveris undesirable sine for these reations one expets to observe little if any exess insum rule strength.In all ases, the alulations for the 4He + 209Bi system fail to explain the highestenergy portion of the spetrum. Possibly this is due to an internulear bremsstrahlungomponent in the data. Suh omponents have been reported for lighter systems as asigni�ant ontributor for photon energies above 16 MeV [147℄. For heavier systems,it is reasonable to expet that bremsstrahlung might inuene the spetrum at stilllower energies sine the GDR ontribution ours at lower energies.
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148

1e-3

1e-2

1e-1

1e0

1e1

1e2

                        

   

   

 

O+Yb yield
beta 0.3, TRK 1.3, Ec 13.2, gam 20

chisq/N

   

   

   

   

   

   

                        

   

   

  

O+Yb yield
beta 0.0, TRK 1.3, Ec 12.7, gam 10

chisq/N

1e-3

1e-2

1e-1

1e0

1e1

1e2

6 8 10 12 14 16 18 20

Y
ie

ld
 (

a.
u.

)

Energy (MeV)

  

O+Yb yield
beta 0.3, TRK 1.5, Ec 12.7, gam 20

chisq/N

   

   

   

   

   

   

6 8 10 12 14 16 18 20

   

   

  

O+Yb yield
beta 0.3, TRK 1.5, Ec 12.2, gam 20

chisq/N

FIG. 59. Fits for 16O + 176Yb using various TRK strengths.
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In ontrast, for 16O + 176Ybthe �ts do not reprodue the data very well inthe viinity of the region between the statistial and GDR portions of the spetrum.No reasonable variation of parameters removed this problem. The origin of thisdisrepany is unknown.Nevertheless, the �ts in these two �gures are far better than in Figure 57, thoughit was not possible to obtain the quality of �t seen for the 16O + 208Pb alulations.The �2=N values for these �ts where only half as large as those obtained when usingMINUIT linked to TIMCASC. Using the best �ts as a starting point allows someestimates of the time sale for �ssion to be made.

V.8 Time Sale Extration from TIMCASC CalulationsComparing TIMCASC with the data led to a ouple of options for determiningthe average �ssion lifetime of the ompound systems. Sine TIMCASC keeps trakof both the time sales of eah step in the asade and their ross setions, anoverall �ssion time sale for any given set of input parameters an be extrated ina straightforward manner. This is diretly appliable to the neutron and -ray �tsdisussed in the previous setions.Sine TIMCASC reports the �ssion ross setions and the average �ssion timefor eah nuleus in the deay hain, the average �ssion time for a partiular nuleusi produed in the deay asade is given by
tf;i = PE�;J �f(E�; J)(t(E�; J) + �t(E�; J))PE�;J �f(E�; J) ; (58)

with t and �t de�ned as in Equation (54). Taking a nuleus whih emitted a wholenumber x neutrons before �ssioning, the average �ssion time �xn;f would therefore
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be alulated in a straightforward manner. For a non-integer number of neutrons,interpolation (linear or exponential, as appropriate) between the two anking whole-neutron evaporation time sales is all that is required. This is preisely the neutronmethod of determining �ssion time sales.Taking a weighted average of tf;i's over the total �ssion ross setion gives thetotal average �ssion time sale,

�f;tot = Pi�f;itf;iPi�f;i ; (59)
where �f;i denotes the �ssion ross setion for nuleus i in the deay asade. Valuesfor �f;tot are strongly inuened by long �ssion times from a tail of long-lifetime deayswith small, but �nite, ross setions. While this perhaps more rigorously representsa true average lifetime for �ssion, it is less desirable for omparison with previouswork than the neutron method sine it is so strongly inuened by a small frationof the alulated �ssion ross setion. It is important to realize that in dealing with�f;tot's, the alulations are very sensitive to small errors in ross setions, sine justthe slightest overestimate of a ross setion for a very long-lived state in the asadean drastially a�et the alulation. The neutron lok (i. e. �xn;f) is not a�etedby later paths for �ssion and is not weighted by a tail of long-lifetime �ssion events.In omparison with the total average �ssion time sale given by Equation (59), itis perhaps better onsidered as a \most probable" value for the �ssion time salerather than an average. The neutron lok also orresponds diretly to the previousneutron time sale analyses. Furthermore, it is diretly omparable to those GDR-ray studies whih linked the GDR analysis to the neutron lok [27℄. The remaining
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TABLE 21. Fission time sales determined by neutron analysis. The �f;tot is theaverage time sale, while �xn;f is the value from the neutron lokmethod.

Reation  �f;tot (zs) �xn;f (zs)16O + 208Pb 20 170 � 30 105 � 104He + 209Bi 10 293 � 35 72 � 716O + 176Yb 20 49 � 10 112 � 124He + 188Os 10 18 � 5 31 � 4
TABLE 22. Fission time sales as determined using the GDR -ray �ts. The � 'shave the same signi�ane as in Table 21.

Reation  �f;tot (zs) �xn;f (zs)16O + 208Pb 7 93 � 27 67 � 104He + 209Bi 20 253 � 35 45 � 916O + 176Yb 20 37 � 9 84 � 16
work using the GDR method has used a number of other means, largely unspei�ed,for produing the �ssion time sales. Van't Hof and o-workers are the only ones tohave reported �f;tot values [32℄.The results of both methods are given in Tables 21 and 22. The values for used in Table 21 are taken as those 's whih either ame losest to reproduingthe experimental �pre(e. g. for 4He + 209Bi and 16O + 176Yb) or whih interepted thelow end of the unertainty in the experimental �pre(e. g. for 16O + 208Pb and 4He +188Os). These 's are also lose to the mid-range of the values listed in Table 19 for allbut the 16O + 208Pbase. For 16O + 208Pb, the  hosen is at the lower limit sine no
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upper limit was determined. Note that for both �f;tot and �xn;f in the neutron analysis(Table 21), the least �ssile system has the shortest �ssion time sale. Beause of thediret omparability of the neutron lok and the unertainty with regards to thetail of long-lifetime events in the total average �ssion time sale, �f;tot, the remainingdisussion will only deal with �f;tot.Some general observations an be made from the extrated time sales for eahsystem. Both the neutron analysis and the GDR -ray analysis show that for theoxygen-indued reations, the system with higher angular momentum (16O + 176Yb)has the longer lifetime. Also, the oxygen-indued reations take longer to �ssion thando the helium-indued reations. The 4He + 209Bi system �ssions nearly 1.5{2 timesfaster than either of the two oxygen-indued reations. From the �xn;f value for theneutron method, one sees that the 4He + 188Os system �ssions three times faster thanthe 16O + 208Pb system, depending upon whih lok is used.Another important observation is the fat that the neutron analysis does notgive a onsistently faster time sale for �ssion than the GDR analysis. In the aseof 16O + 208Pb, this is to be expeted given that the neutron data were only �ttedsuessfully with somewhat higher frition oeÆients than were neessary for theGDR analysis. Larger frition oeÆients require longer time sales by their verynature. This is not addressed in previous works using either of the two methods norin works disussing di�erenes between the two. Still, while the GDR -ray methodworkers have all used some version of CASCADE, the neutron method workers havegenerally used statistial model odes other than CASCADE. This points to ode
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dependeny in the alulations, perhaps arising from di�erent implementations ofeither the frition oeÆient itself or of the onept of time.For the 4He + 209Bi and 16O + 176Yb systems, the values for  are not the maindetermining fator in the quiker time sale, sine their 's are either longer or thesame as for the neutron method. The di�erene arises from statistial onsiderations;i. e., raising the TRK sum rule inreases its deay width relative to both neutronevaporation and �ssion. This has the e�et of making GDR deay before �ssion morelikely, taking away more exitation energy and making �ssion less likely at later steps.Therefore, �ssion at later deay steps is less favored and the apparent �ssion timesale is lowered.Still, perhaps the most striking feature of the time sales of these two analysesarises from the reversal of the trend that GDR -ray analysis produes longer timesales for �ssion than does neutron analysis of time sales (see Chapter I). Previousresults point to time sales produed from neutron analyses that are on average threetimes quiker than those arrived at via GDR -ray analysis. This is obviously notborne out here.The time sales for the two types of analyses are also muh loser than expeted.The di�erenes are only 33%, whih while within the error bars of the data andanalytial method, is probably an indiator of how di�erent the two methods samplethe evolution of the �ssioning system. Previous works, as disussed in Chapter I,point to time sales produed from neutron analyses that are on average three timesshorter than those arrived at via GDR -ray analysis. However, in omparisonsmade between those previous works it is important to note that the di�erent analyses
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not only disussed di�erent reations, but also used di�erent statistial model odes,di�erent experimental data sets, and di�erent data redution methods. The use inthe urrent work of the same statistial model ode, the same data redution, andthe same set of experimental data for these two disparate methods has thus provento be quite a determining fator in evaluation of the previous disrepanies betweenthe two methods.

The general result from all four systems, using both loks and both analyses,is that fusion-�ssion reations must take plae on the order of 10�19 seonds. Thisis wholly onsistent with the previous works disussed in Chapter I. It also supportsthe idea that fusion-�ssion time sales are a general property of exited systems anddo not vary wildly for moderately di�erent entrane hannels.
As also disussed in Chapter I, the �ssion time �f is expeted to be the sum ofa variety of terms; i. e.,

�f = �form+ �sadd+ �sis+ �a: (60)
The present results and analysis do not allow for a separation of the seond two terms.However, some rude estimates of the �rst and last terms are o�ered by the �xn;f'slisted in Tables 21 and 22. Note that �xn;f is onsistently lower for the 4He-induedreations. On average, �xn;f = 92 � 24 zs for all the 16O-indued reations. Inontrast �xn;f = 49 � 12 zs for the 4He-indued reations. If the entire di�erene isdue to ompound nuleus reations, one obtains �form = 43 � 26 zs. In other works,�form ombined with �sadd into a quantity �D, the transient delay time or �ssion delay.



155
Values reported for �D for the types of systems studied here have been in the rangeof 20{110 zs [8, 148℄, whih is quite onsistent with the above estimate of �form.The quantity �a an be estimated by omparing the �xn;f using the twoseparate methods. This yields �a = 38 � 14, 27 � 11, and 28 � 20 zs for 16O +208Pb, 4He + 209Bi, and 16O + 176Yb, respetively. The overall average is 31 � 26 zswhere the errors have been ombined in quadrature. This is about three times as longas alulations of the time required for the fragments to reah 90% of their asymptotiveloity [117℄. Still, the theoretial time for aeleration falls within the large errorbars on �a from these results, making it impossible to draw any inferenes aboutompliations arising from the dynamis at sission.Given the large error bars, the above estimates must be regarded as very rude.Moreover, it should be pointed out that the estimates relied on alulations usingquite di�erent 's and negleted the fat that the saddle point shapes are expetedto be quite di�erent for the various systems. This suggests that additional work isneeded to larify the situation. In that regard, it would be very useful to obtain bothneutron and GDR -ray data for other light- and heavy-ion reations.
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CHAPTER VI

SUMMARY OF RESULTS
In this dissertation, the �ssion time sales were explored for several reations:133 MeV 16O + 208Pb, 104 MeV 4He + 209Bi, 133 MeV 16O + 176Yb, and 104 MeV4He + 188Os. The hoie of these widely di�erent systems was motivated by severalimportant fators.First, the resulting ompound systems are quite di�erent. This is expeted toprodue quite di�erent saddle point shapes. In the �rst two reations, �ssion is ahighly important proess. The opposite is true for the latter two reations. This isreeted in their saddle and sission point on�gurations. These two ritial pointsfor the two �ssile systems are predited to our at very di�erent deformations, whilethese points should be nearly oinident for the lighter systems. Comparison of thetwo types of systems ould provide a measure of any �ssion time delay before thesaddle point.Seond, use of both light and heavy ion projetiles provides insight into theinuene of angular momentum on the �ssion lifetimes. Beause of the low �ssilitiesof the last two reations, �ssion is expeted to be on�ned to windows entered atthe highest angular momenta. It is also important to note that the 16O + 176Yb and4He + 188Os reations produe the same ompound system but with di�erent angularmomentum.Third, the system 16O + 208Pb have been extensively studied in other work,thus allowing one to tie the urrent data with previous studies.
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Two very di�erent tehniques were employed in the measurements. In oneapproah, the number of pre- and post-�ssion neutrons were used to lok the overall�ssion time. In the seond method, GDR  rays from the ompound system wereinvestigated to provide independent time sales.In all ases, oinident �ssion fragments were deteted using two PPAC'smounted in lose geometry; neutrons were measured using eight large liquid sin-tillation detetors from the so-alled DEMON array. The  rays were deteted using144 elements from the U. S. National BaF2 Array. Usable neutron data were obtainedfor all four reations. Distint GDR -ray bumps were observed for all the systemsexept 4He + 188Os. Unfortunately, the low �ssion ross setion for the latter sys-tem made it impossible to obtain adequate statistis during the alloted running time,whih was over a month.The �ssion fragment masses and TKE's were reonstruted from the PPACevents. The results were in aord with systematis. After orreting for thethresholds and detetor eÆienies, pre- and post-�ssion neutron multipliities wereextrated using moving soure �ts. The -ray response was determined using the-ray shower program EGS.A qualitative analysis of the data showed that the GDR  rays were insensitiveto both exit hannel mass asymmetry and TKE. This implies that the �ssion timesale does not depend on the �nal mass split and that most of the  rays were emittedby the ompound system (i.e. before �ssion). Similarly, �pre was insensitive to theexit hannel mass asymmetry. The value of �tot does exhibit a TKE dependene, butthis is expeted due to energy onservation.
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The �ssion time sales were extrated from the neutron data using the odeTIMCASC. For 16O + 208Pb, 4He + 209Bi, 16O + 176Yb, and 4He + 209Bi thisanalysis gave �ssion time sales of 105 � 10 zs, 72 � 7 zs, 112 � 12 zs, and 31� 4 zs, respetively. Ranges for the frition oeÆient  were also extrated from theneutron analysis and were determined to be approximately O+Pb > 25, 7 > He+Bi< 25, 10 > O+Y b < 30, and 5 > He+Os < 20, respetively.Using the same statistial model ode and parameters, similar time sales wereextrated using GDR -ray �ts. For the same systems in order, the analysis yielded�fiss = 67 � 10 zs, 45 � 9 zs, and 84 � 16 zs, while no value ould be determined forthe 4He + 188Os system due to poor statistis. The orresponding frition oeÆientswere 7 � 3, 20 � 10, and 20 � 10, respetively.Comparison of the time sales indiate that �form = 43 � 26 zs while�a = 31 � 26 zs. Further investigation into light- and heavy-ion reations shouldyield greater insight into these values. It would also be interesting to perform ex-periments with somewhat heavier projetiles (e. g. 28Si, 32S, and 40Ar) to furtherinvestigate the e�ets of higher angular momentum upon the �ssion time sale.Using the same experimental tehniques and analysis proedure reverses thedisrepanies between the two methods for determining �fiss. Hopefully furthermeasurements will help in deiphering the various time sales in more detail.
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APPENDIX A

ALTERNATE SEMI-CLASSICAL DERIVATION OF TST
From semi-lassial statistial mehanis, the probability of �nding a system ina partiular point in phase spae is [134℄d6nNN = e�H=Tdq1: : :dp3n=�h3nR : : : R e�H=Tdq1: : :dp3n=�h3n ; (61)

where n is the number of degrees of freedom, N is the number of systems, and H isthe Hamiltonian.For a system with one degree of freedom (reation oordinate, or �ssion mode),the rate �dNdt at whih the system passes through a surfae S is obtained byintegrating Equation (61) over dq2: : :dp3n where p1 takes only position values. Ifwe an write H = H 0+ p212m; (62)
then Equation (61) yields

�dNdt = Nm1h Z 10 p1e p212m R : : : R e�H=Tdq1: : :dp3n=n3n�1R : : : R e�H=Tdq1: : :dp3n=n3n ; (63)
sine dq1dt = m1dp1dt : (64)
Integrating over p1 yields �dNdt = Th R : : : R `R : : : R : (65)
Now the phase spae integrals an be identi�ed with partition funtions of the formZ : : : Z e�H=Tdv �XE !(E)e�E=T (66)
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where dv is the di�erential in oordinates and momenta and !(E) is the degeneray.It is well known that !(E)e�E=T is a sharply peaked funtion of E and the!(E) an be replaed by the level density [ref MQuarrie℄. Thus

�dNdt = NTh �f�CN : (67)
Also, �dNdt = N� = N� = N��h ; (68)
giving � = �f2��CN : (69)

If there is a barrier at the saddle, Bf, then
H 0 = H 00+ Bf (70)

and one obtains �f = T2�e�Bf=T : (71)
Note that this is of the same form as is used in Equations (8){(10).Equation (71) does not properly aount for the zero of potential energy, whihmeans that the limits of p1 are not 0 to 1. Proper aounting for these limits gives[135℄ �f = h!eq2� e�Bf=T : (72)
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