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2SynopsisThe domain of nulear physis enompasses the whole range of questions startingfrom the mirosopi behaviour of many body quantum systems to the marosopibehaviour of the stars. While doing so one deals with the study of exitation anddeay of nulei in the two dimensional spae of exitation energy (EX) and angularmomentum (J). With heavy-ion ollisions it is now possible to study the exited nuleiof a variety of hoies in a wide range of EX and J by varying the Z and A of theprojetile and target nulei. In a heavy-ion ollision di�erent types of reations takeplae suh as elasti, inelasti, and transfer of nuleons for larger impat parameters todeep inelasti and fusion for the smaller impat parameters. The fusion reation leadsto ompound nuleus formation where omplete amalgamation of projetile and targettakes plae. Depending on the projetile bombarding energy, the ompound nuleus(CN) has a ertain amount of initial exitation energy and a broad J distribution. TheCN deays to the ground state by sequential emission of several partiles and  rays,whih are governed by the statistial properties of nulei in the deay proess. In aseof heavier CN, where �ssion deay ompetes with partile emission, the dynamiale�ets play an important role along with the statistial ones in understanding thegross properties of the deay proess. The �rst part of the present thesis deals withthe statistial aspets in the deay of medium heavy ompound nulei, in partiularthe spin dependene of the nulear level-density. In the seond part of the thesis, thedynamial aspets involved in the nulear �ssion deay are addressed.The nulear level-density (NLD) is one of the basi statistial parameters whihplays ruial role in determining the deay hannels of the exited nuleus. Pratialappliations of the NLD are quite widespread in various phenomena suh as nulear�ssion, deay of exited nulei by partile evaporation, prodution of elements in stel-lar proesses, et. From the theoretial point of view, the NLD ontains importantinformation not only on the statistial aspets, but also the mirosopi features of



3an exited nuleus. It is a key ingredient in the alulation of reation ross setionsusing the framework of Hauser-Feshbah (HF) theory of ompound nulear reations[1, 2℄. Appliations of HF theory require global knowledge of nulear level densitiesas a funtion of EX and J . This is best served by using a phenomenologial level-density funtion, known in the literature as bak-shifted Fermi-gas (BSFG) formula[3, 4℄. The phenomenologial desriptions mainly ignore the residual interations ofnuleons exept for pairing whih is partly taken into aount by the bak-shift-energy[3, 4℄. There are two fundamental parameters in the BSFG formula whih are tunedto reprodue the experimental data and they are the level-density parameter, `a' andthe spin ut-o� parameter, �2 [3, 4℄. In the Fermi-gas model, the level-density pa-rameter `a' is related to the single partile level-density around the Fermi surfae, gvia a = �2g=6 = �2A=4�f , where �f is the Fermi energy [4℄. Aording to this rela-tion, it is expeted that the parameter `a' should vary smoothly with A. However, itis seen experimentally from the neutron resonanes data that there is a onsiderabledeviation from a onstant value [5℄, implying the presene of unaounted mirosopifeatures in the Fermi-gas assumption. These mirosopi e�ets have been identi�edwith the inuene of single partile shells prevailing at low exitation energies. Manyphenomenologial improvements [6, 7℄ have been arried out for the level-density pa-rameter to aount for the shell e�ets. The spin ut-o� parameter in the Fermi-gasmodel, is determined aording to �2 = hm2i gt = =t=~2 where hm2i is the averageof the squares of the single-partile spin projetions, t is thermodynami temperature,and = is the nulear moment of inertia [4℄. Sine the thermodynami temperature t,is diretly related to the level-density parameter `a', the unertainty in the determi-nation of �2 is not only beause of the parameter =, but also the parameter `a' itself.Experimentally, �2 an be determined only from spin distribution of low-lying disretelevels [8, 9℄. These measurements orrespond to a low value of ompound nulear spinof � 5~. At higher exitation energies and angular momenta the exlusive determi-nation of the ut-o� parameter beomes problemati due to higher level densities and



4the absene of the reliable observables sensitive to this parameter. In the absene ofreliable experimental information on angular momentum distribution of levels over awide range of J to validate �2, the Fermi-gas model values are used as suh in reationross setion alulations.At high exitation energies and spins, the major soure of information about thenulear level-density is obtained from partile-evaporation spetra in heavy-ion fusionreations analyzed in the framework of the phenomenologial desriptions involvingthe level-density parameters `a' and �2 [10{15℄. The moment of inertia, = requiredin determination of �2, an be obtained with a good extent of auray at higherexitation energies from rotating liquid drop model [16℄, and thus the unertaintyin the ut-o� parameter �2, remains dominantly due to the parameter `a'. Therefore,information about the parameter `a' at high EX and J beomes ruial. The exitationenergy dependene of the parameter `a' has been investigated earlier from partileevaporation measurements for a wide variety of exited nulei [14, 15℄. The level-density parameter `a' determined from these measurements is an averaged quantityover a range of exitation energies and angular momenta [10, 11℄. The studies of thelevel-density parameter `a' with angular momentum seletion are very few [17℄ and asa result the value of `a' is essentially unknown in high angular momentum domains fora great majority of nulei. Therefore, it is important to arry out these investigationsand this forms the basis of �rst part of the present thesis work.We have developed a method for extrating the inverse level density parameter(K = A=a) as a funtion of angular momentum from -ray fold gated �-partile evap-oration spetra in heavy-ion fusion reations. The measured -ray multipliity foldgated �-partile evaporation spetra are least squares �tted with statistial model al-ulations using the ode PACE2 [18℄. The parameter K is obtained as a funtion ofangular momentum at an average exitation energy around 35 MeV for a number ofnulei in the shell region of Z � 50 and in mid-shell region of Z � 70. Around the



5the shell losure region of Z=50, the `gross' K value (summed over all J) is seen tobe in the range 9.0 - 10.5 MeV, whih is within liquid drop model estimate [19℄. Thevariation of K as a funtion of angular momentum in the range of 5 to 30~ for theshell losure region, shows several interesting features not aounted by the shell andangular momentum orreted values of K used in PACE2 alulation [19℄. However, inthe mid-shell region the average value of K is 8.2 � 1.1 MeV [20℄, and remains essen-tially onstant around the average value in the angular momentum range of 15 to 30~[20℄. The present results for nulei in shell losure region and in the mid-shell regionwould serve as important inputs for mirosopi theories to understand the statistialproperties of nulei in di�erent mass regions.In ase of heavy ompound nulear systems (Z ' 80 and A ' 200) populated inheavy-ion reations, �ssion ompetes with partile emission and the dynamial e�etsbeome important along with the statistial ones. The dynamial e�ets in nulearollisions have also been reognized in the pre-equilibrium emission and in the multi-fragmentation in a large number of studies [21℄. But all of these proesses proeed ona rather fast time sale. The manifestation of the dynamis on longer time sale, e.g.,the �ssion time sale is of partiular interest. The �ssion dynamis between saddle tosission has been of ontinued interest and is an important question that has reeivedmuh attention over the years. It is still debated whether �ssion is an adiabati (fast)or dissipative (slow) proess. Various probes suh as neutrons, harged partile [22{24℄, GDR  rays [25℄ and FF kineti energies [26℄ have been employed to address theabove question. These experimental observations indiate that nulear motion fromompound nuleus to the sission point is over damped and energy dissipation during�ssion is essential to understand the �ssion dynamis. However, at the time of sissionthe atual tearing up of the nek joining the two nasent �ssion fragments is still notlearly understood. A suitable probe sensitive to sission point needs to be employedto address the sission mehanism.



6In heavy-ion indued fusion-�ssion reations, neutron and harged-partile (mainlyproton and �-partile) emission is observed to take plae from various stages, namely(i) the �ssioning ompound nuleus (presission), (ii) the aelerated �ssion fragments(postsission), and (iii) lose to sission (rupture) point between the main two �ssionfragments termed as ternary emission or near sission emission (NSE) [22, 23, 27, 28℄.The ternary emission events of the �ssion proess are very muh sensitive to the sissionon�guration and therefore an provide information about the rupture proess of thenek. In low energy �ssion (thermal neutron indued, photo-, and spontaneous �ssion)detailed investigations have been arried out for the ternary emission and are welldoumented in various review artiles [26, 29, 30℄. These investigations show that 90%of ternary harged partiles are �-partiles whih are also alled as long range alphas(LRA) in order to di�erentiate from less energeti alphas from radioative deays.From low energy �ssion experiments, it is observed that the ternary harged partilesexhibit harateristi energy and angular distributions resulting from strong fousingof the partiles by the Coulomb fores of the nasent �ssion fragments. From theseharateristi features of ternary �-partile emission, it is onluded that in low energy�ssion the near sission emission is a dynamial proess [29℄.Near sission �-partile emission in heavy-ion reations has been studied only for alimited number of target-projetile systems due to the omplexity of measurements andthe analysis proedure [23, 27, 28, 31{33℄. Some of the heavy-ion results do not agreewith dynamial emission of ternary � partiles [23, 27℄. In the work of Ref. [21℄ it hasbeen shown by measurement of relative ternary emission probabilities of intermediatemass fragments (3�Z � 20) as a funtion of initial exitation energy that the ternaryemission is a dynamial proess even at higher exitation energies. But, later on ithas been suggested by Moretto et al: [34℄ that the results obtained in the above workare onsistent with statistial emission. Thus, at higher exitation energies, it is stillnot lear whether the NSE mehanism is a statistial evaporation or dynamial or aombination of both. There is no systemati study for the NSE over a large �ssility (x)



7range in heavy-ion indued fusion-�ssion reations. Study of near sission emission of�-partiles an provide information on the sission point harateristis of the �ssioningnuleus (suh as nek radius, elongation of sission on�guration, kineti energy of the�ssion fragments at the time of sission, et.) and is important from the point ofunderstanding the olletive �ssion dynamis. In the seond part of the present thesis,we desribe the measurements of �-partile energy spetra in oinidene with �ssionfragments for the systems of 11B (62 MeV) + 232Th (Z2/A=37.14) and 12C (69 MeV)+ 232Th (Z2/A=37.77) in a wide range of relative angles with respet to FF emissiondiretion. The measured spetra are �tted with moving soure model alulations toextrat the �-partile multipliities orresponding to di�erent emission stages of thefusion-�ssion proess. The obtained results in 11B+ 232Th reation have been analyzedalong with data from literature over a wide range of exitation energy (ECN) and�ssility (x) of the ompound system to develop the systemati features of pre�ssionand near-sission emission as a funtion of �-partile emission Q-value and Z2=A ofthe ompound system.The fration of near-sission multipliity (�nse) is observed to be nearly sameat around 10% of the total presission multipliity (�pre + �nse) for various systemsover a wide range of Z2=A and exitation energy suggesting that the near sissionemission of �-partiles is a statistial proess in heavy-ion indued �ssion reations[35℄. It is seen that presission �-partile multipliity (�pre) normalized to E2:3CN showa systemati linearly inreasing trend with �-partile emission Q-value [35, 36℄. Theabove observations indiate that the �-partile emission from the nek is a statistialdeay proess at higher exitation energies, in ontrast to low energy and spontaneous�ssion where the nek-emission is a dynamial or fast proess. Therefore, it an beinferred that nulear olletive motion during sission exhibits a hange over fromsuper-uid to visous nature with inreasing exitation energy.In ase of 12C (69 MeV) + 232Th reation, the �nse appears to be anomalously en-



8haned with respet to the above systematis [37℄, indiating that there is some othersoure of �-partile emission in 12C + 232Th reation in addition to pre-, post, andnear sission emission stages. At the same time, in the two-dimensional partile iden-ti�ation plot, a high energy omponent of varying intensity depending on laboratoryangle is also observed whih orresponds to summed energy of two � partiles enteringthe detetor simultaneously (2�-events from 8Be breakup). From these irumstantialevidenes and also from transfer produt angular distributions measured earlier for thepresent reation [38℄, we have identi�ed the new soure of enhaned �nse in the 12C(69 MeV) + 232Th reation, as due to a single �-partile entering the partile detetorfrom 8Be transfer produt breakup [37℄. Aounting this soure in the analysis, theextrated �pre and �nse are in agreement with the above systematis [35, 37℄.The researh work arried out and ompiled here in the form of thesis has beenpublished in peer reviewed journals [19, 20, 35{37, 39℄. An overview of the thesisontent grouped under six hapters is as follows:Chapter 1:The hapter begins with a preamble about some of the important features of theompound nuleus. Further, this hapter is divided into two parts orresponding tostatistial and dynamial aspets of the exited nulei. The �rst part begins with anoverview about the statistial aspets of ompound nuleus populated in heavy-ionreations. Further, the onept of the nulear level-density is introdued followed bya desription of di�erent methods, experimental as well as theoretial, of determiningthe nulear level densities. After skething a literature overview about the level-densityparameters, the motivation for the �rst part of the thesis is desribed. In the seondpart of the hapter, after providing an overview about the saddle to sission dynamis,an introdution to the ternary �ssion is outlined, desribing the harateristi featuresof the near-sission emission in low energy �ssion. At the end, the present understand-ing of the near sission �-partile emission in heavy-ion indued reations is disussed



9to provide the motivation for the seond part of the thesis work.Chapter 2:This hapter desribes performane harateristis of various radiation detetors usedto arry out the experiments disussed in the present thesis work. Following detetorshave been used; (i) For harged partile: Si-surfae barrier and CsI(Tl)-Si(PIN), (ii)For  rays; BGO and BaF2 sintillation detetors, and (iii) For �ssion fragments; 32-strip silion and a position sensitive gas ionization hamber telesope. In partiular,the CsI(Tl)-Si(PIN) detetor has been haraterized quite rigorously for pulse heightand timing response of �ssion fragments and  rays. The hapter also disusses twopartile identi�ation tehniques applied in the thesis work. Further, a brief desriptionabout the preparation of the targets used in the present thesis work is outlined. At theend, a brief introdution to the BARC-TIFR Pelletron aelerator faility at Mumbaiis presented.Chapter 3:The hapter is divided into two parts. The �rst part begins with the methodology ofthe -ray multipliity fold gated �-partile evaporation spetra measurement. It dis-usses di�erent experimental aspets inluding bakground subtration from �-spetra,detetor energy alibration, validation of the BGO setup, et. It also disusses aboutthe extration of �rst two moments of the -ray multipliity distribution, the angularmomentum arried away by the evaporated �-partile, the CN residue average angularmomentum, and the onversion proedure of eah -ray fold value to a orrespond-ing average angular momentum. The seond part, �rst introdues the statistial modelode PACE2 followed by desribing the method of alulating angular momentum gated�-partile spetra using the ode. It also disusses the least squares �t method usedto extrat the inverse level-density parameter K, by omparing the experimental datawith the PACE2 preditions. Finally, the results on level-density parameter K obtainedfor ompound nulear systems around the shell losure and in the mid-shell regions are



10disussed.Chapter 4:The hapter begins with the methodology of the �-partile measurement in oini-dene with �ssion fragments at di�erent relative angles with respet to the fragmentemission diretion in 11B (62 MeV) + 232Th (Z2/A=37.14) and 12C (69 MeV) + 232Th(Z2/A=37.77) reations. Further, this hapter deals with the moving soure analysiswhih is used to disentangle the di�erent omponents of the �-partile multipliity.Finally, the results obtained for both the �ssioning systems are ompared.Chapter 5:The hapter is divided into two parts. The �rst part begins with the statistial modelalulations using the ode JOANNE2 to reprodue the presission �-partile multiplii-ties for both reations. The systematis of pre- and near-sission emission is developedusing the present results along with available data from literature over a wide rangeof Z2=A and the exitation energy of the ompound system. In the seond part ofthe hapter, the anomalous results obtained in the 12C indued �ssion are explained interms of transfer-breakup proess.Chapter 6:This hapter gives a brief summary of the researh work arried out in this thesis alongwith a future outlook.
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Chapter 1Introdution
1.1 Preamble to nulear physisFrom the time immemorial, mankind has pondered over questions like, \what is thenature of the universe? What are its onstituents?". Over the years emerging answershave been forming the ore of human knowledge. The persistent zeal of the urioushuman mind to unraveling the ultimate struture of the physial world around us haslead to many new disoveries starting from Dalton's atomi piture of the matter andthen subsequent disovery of radioativity by Henri Bequerel to J.J. Thomson's dis-overy of eletron during the last deade of 19th entury. A major breakthrough amewhen Rutherford disovered the atomi nuleus during 1906{1911 at the universityof Manhester whih laid the foundation of the new �eld alled `nulear physis'. Insubsequent years when protons and neutrons were identi�ed as the onstituents of thenuleus, it enthralled and provoked the human mind to arry out further investiga-tions. It is now realized that the proton and neutron are not the elementary partiles,as they exhibit signature of �nite internal struture. With the advanements in the�eld of sophistiated aelerators and detetors, and at the same time sound theoretialdevelopments, the present understanding has been that the elementary partiles areleptons, quarks and the fore arrying gauge bosons.In the journey from atom to the elementary partile, the physiists from all over32



Chapter 1: Introdution 33the world have devoted a major fration of time to understand the exoti phenomenathat the atomi nuleus exhibits. The dense nuleus that lies at the enter of everyatom and arries more than 99.9% of the atomi mass in a 10�12 fration of its volumeis a quantum system with a �nite number of strongly interating fermions of two kinds:proton and neutron (together known as nuleons). In nulear systems, all the funda-mental fores hold sway{from the strong interations that operate as nuleon-nuleonfores to form the basi building bloks-the hadrons, to the weak interations that giverise to beta deay and initiate stellar burning, the eletromagneti interations thatlimit the stability of heavy nulei towards �ssion, and the gravity that onstrains thestruture of neutron stars. Thus, simultaneous manifestation of all the fundamentalfores makes the atomi nuleus one of the rihest and hallenging quantum systems.So far it has not been possible to even desribe the atomi nulei having a few nuleonsfrom the �rst priniple starting from bare nuleon-nuleon interation. Various modelshave been employed to understand theoretially the di�erent nulear phenomena ob-served experimentally. The short range and saturation properties of the nulear foresmake the nulear uid to behave like an inompressible drop of liquid. The liquid dropmodel (LDM) of the atomi nuleus has been proposed by George Gamow and thendeveloped by N. Bohr and J. A. Wheeler to explain many ground state properties ofnulei. This is a rude model that does not explain all the properties of the nuleus,but does explain the spherial shape of most nulei and roughly predits the bindingenergies and masses of the nulei. Measurements of the binding energy of atomi nuleishow systemati deviations with respet to those estimated from the LDM. In partiu-lar, some nulei having ertain values for the number of protons and/or neutrons (Z orN = 2, 8, 20, 50, 82, and 126) are more tightly bound together than predited by theLDM. Moreover, at these Z and N values nulei show a disontinuous hange in variousproperties suh the nuleon separation energy, apture ross setion, et. Nulei withthese Z and N numbers are alled singly/doubly magi nulei. These observationslead to assume the existene of a shell struture of nuleons within the nuleus, like



Chapter 1: Introdution 34that of eletrons within an atom. In order to explain these magi numbers, a shellmodel was developed in 1949 following independent work by several physiists, mostnotably E. P. Wigner, Maria Goeppert-Mayer and J. H. D. Jensen, who shared the1963 Nobel Prize in Physis for their ontributions. In this model it is assumed thatnuleons are in motion in a mean �eld potential modi�ed by the spin-orbit interationof the individual nuleons. The shell model not only explains the speial behavior ofthe magi nulei, but also predits other properties with some suess, in partiularspin, parity, and magneti moments of nulei in their ground states, and to some extenttheir exited states as well. Furthermore, the observation of the olletive phenomenaexhibited by the nulear quantum many body system adds to the diversity of nulearphysis. Hene, numerous models have been formulated sine the ineption of the sub-jet to understand the various nulear phenomena. Nulear systems ranging from a fewnuleons (deuterium, 3He) to 1057 partiles (neutron stars), exhibit almost all of thediverse phenomena harateristi of mesosopi systems. In understanding the diversenulear phenomena, though a remarkable progress has been made, muh remains stillto be understood. This progress has been driven by new theoretial insights, improvedexperimental failities, inreased omputational power, and aess to new isotopes witha large exess of neutrons or protons away from the beta stability region.Understanding the origin, struture, and evolution of baryoni matter in the uni-verse lies lose to the heart of nulear physis. Approximately 7000 nulei are believedto be bound by the strong and eletromagneti interations having half-lives longerthan 1 miroseond (i.e., bound to rapid-proton, neutron, alpha, and �ssion deays).Of this total, only approximately 300 are stable, with lifetimes in their ground statessuÆiently long (>1 billion years). At the most basi level, more than 50% of thenulei in the nulear hart still remain to be disovered and haraterized.The quest for deeper insight into the origin and stability of nulei implies studyingthe exoti regions in the nulear hart, espeially those lose to the \drip lines". Of



Chapter 1: Introdution 35partiular interest in this subjet of researh are the so-alled magi nulei. It has beenpredited by numerous theoretial models that for exoti nulei lose to the drip lines,the nature of shell-losure hanges quite drastially in omparison to nulei lose tothe line of stability. The study of the exoti nulei with radioative ion beam (RIBs)failities has opened an exiting avenue to look up to some of the ruial issues in theontext of both nulear struture and astrophysis.On the other extreme of the nulear hart, an \island of stability" of super-heavyelements (SHE), has been predited by maro-mirosopi nulear theories when ap-proahing the losed spherial shells of Z �114 and N �184. Synthesis of super-heavyelements in the laboratory is one of the most hallenging problems in nulear physis.So far the synthesis of elements up to Z =118 has been possible using heavy-ion fusionreations. E�orts are on to synthesize still heavier elements in various laboratories allover the world suh as GSI, Berkeley and Dubna. This journey of exploration of thenulear hart is full of exitement and hallenges.Another open problem in nulear physis is the identi�ation and haraterizationof phase transitions suh as the liquid-gas and quark gluon plasma, whih have beenpredited theoretially. Study of hot and dense nulear matter is important fromastrophysial proesses point of view suh as supernovae explosions and neutron starsdynamis.Collisions between two heavy nulei (heavy-ion ollisions) provide an avenue tostudy the exited nulei of a variety of hoies in a wide range of exitation energy (EX)and angular momentum (J). In heavy-ion ollisions, measurement and subsequentanalysis of outgoing partiles provide the information on the nulear properties in thetwo dimensional spae of EX and J . Complete understanding of the diverse nulearphenomena using the stable beams around the stability line of the nulear hart, is a\stepping-stone" in the journey of nulear hart exploration.
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Figure 1.1: Shemati representation of di�erent types of heavy-ion reations as afuntion of impat parameter, `b' [1℄.1.2 Heavy ion ollisionsNuleus-nuleus ollisions at moderate bombarding energies exhibit a broad spetrumof reation types ranging from diret proesses to fully equilibrated ompound nu-lear formation. Due to the small de Broglie wave length, heavy-ion ollisions anbe approximated by the semi-lassial piture, where the trajetories of the ollisionsdepend on initial onditions suh as the impat parameter, relative veloity, Z andA of the olliding nulei, as well as the long range Coulomb and short range nulearfores ating between them. It is ustomary to use the impat parameter `b' or theorbital angular momentum ``' to distinguish between di�erent reation proesses. Theimpat parameter is the enter to enter distane of the target and projetile nuleiwell before the ollision. At a given impat parameter `b', the entrane hannel orbitalangular momentum is ~̀ = ~b � ~p, where ~p is the momentum of the inident projetilein enter-of-mass frame. Fig. 1.1 shows the lassi�ation of di�erent reation proessesas a funtion of impat parameter, `b' [1℄.



Chapter 1: Introdution 37For very large values of `b', a negligible overlap of the olliding nulei ours, andinteration takes plae mainly through the Coulomb �eld. These proesses inludeRutherford sattering, elasti sattering, and Coulomb exitation. The elasti satter-ing data have been extensively used to derive the internulear potential by means ofoptial model analysis [2℄. In Coulomb exitation, the eletromagneti fores betweenthe two interating nulei exite the low lying exitations [3℄.For grazing ollisions, the most likely outome is that the nulei will satter elas-tially, or the proess may involve internal exitation to the intrinsi states of theinterating nulei (inelasti sattering) [4℄. For small overlapping enounters, nuleonsmay be exhanged, either in suessive steps or as lusters resulting in both energy andangular momentum transfer from the relative motion into internal degrees of freedom(transfer reations) [5℄. For loser impats, the two nulei may partially oalese for ashort time before separating again. During these ollisions, a notieable dissipation ofavailable kineti energy and angular momentum takes plae into the internal degreesof freedom of the reation partners. The outgoing reation partners have relativelygood memory of the entrane hannel parameters suh as the mass, harge, et. Dur-ing these so alled deep inelasti ollisions, the omposite system may undergo someamount of rotation before reation partners (dominantly projetile and target like) re-separate [6℄. In ase of more entral ollisions, the two nulei fuse together, where thetotal exitation energy and angular momentum is equilibrated inside the ompoundnuleus.1.2.1 Compound nuleus formationThe nulear reations at moderate energies (typially less than 30 MeV/nuleon) anbe lassi�ed in terms of a time sale [4, 7℄. At one extreme, for \diret interation"proesses, the time interval between partile inidene and partile emission is losein magnitude to the time sale of transit of a nuleon aross the nuleus (� 10�22 s).



Chapter 1: Introdution 38On the other extreme, for \ompound nulear" proess, the partile emission is greatlyretarded where the time sale is � 10�19 to 10�16 s. There are indiret experimentalevidenes that for a partiular reation produt, both types of proesses our simul-taneously with substantial ross setions. Although it is rarely possible to measurethe involved times diretly, but there are indiret experimental arguments whih anbe exploited to disriminate CN proesses from the diret ones. The most onviningevidene is provided by the observation of the reation produts with masses near tothat of the CN [4℄. The other arguments are based on the fat that diret proessestend to have the memory of the entrane hannel whereas ompound nulear proessesdo not. Therefore, measurement of energy and angular distributions of the reationproduts helps in disriminating these two distint proesses [4, 7℄.The fusion reation followed by CN formation an be onsidered as the most dis-sipative phenomenon observed in heavy-ion reations. In this proess, all the nuleonsof the projetile and target are involved and the available kineti energy is ompletelytransformed into the intrinsi exitation energy of the ompound system and all theinitial angular momentum an be transformed into spin of the fused nuleus (the CN)[4℄. Therefore, with a suitable ombination of projetile and target nulei and withvarying beam energy, a variety of hoies of the exited nulei in a wide range of EXand J an be populated through heavy-ion fusion reations. One of the unique as-pets of the heavy-ion fusion reations is assoiated with the high angular momentumwhih an be imparted to the CN, o�ering the possibility of studying various nulearphenomena in high angular momentum domains.The expression `ompound nuleus' has a meaning that depends on the ontext [7℄.The initial impetus for ompound nulear theory of nulear reations omes from theobservations of narrow resonane widths in slow neutron absorption experiments wherethe ompound nuleus is exited to disrete, sharp, resolved, and quantized energylevels and exists long enough for the mode of deay to be independent of formation. In



Chapter 1: Introdution 39order to explain the long lifetimes (� 10�16s) whih these states implied, Bohr suggested[8℄ that the inident partile and target nuleus ombine to form the ompound nuleusin whih the available exitation energy is shared among all the nuleons, and thus along time, before enough energy is onentrated on one partile so that it an be re-emitted from the CN. The typial resonane spaing in the slow neutron experiments isof the order of 15-16 eV and it is around 106 times smaller than the single partile levelspaings whih is a suÆient evidene that the ompound nulear formation involvesmany degrees of freedom.In the framework of medium energy heavy-ion nulear reations, the projetileand target amalgamate ompletely to form the ompound nuleus (CN) in an energyregion where enormous number of overlapping energy levels are exited. This proess isreferred to as omplete fusion. Therefore the notations `ompound nulear formation'and `fusion' are used interhangeably. In the fusion proess, the projetile and targetnulei pass through the fusion barrier (VB) resulting from repulsive eletrostati mutualCoulomb, entrifugal, and attrative nulear fores. In the partial waves expansionformalism the fusion ross setion is [9℄;�fus(E:m:) = �k2 `=1X̀=0 (2`+ 1)T`; (1.1)where, T` is the fusion transmission probability for orbital angular momentum `. Clas-sially, the phenomenon of fusion an our at enter-of-mass energy (E:m:) only aboveVB. In this lassial sharp ut-o� model, it is assumed that the T` = 1 for ` < `f andzero otherwise, where `f is the ritial angular momentum of entrane hannel belowwhih fusion may our [9℄. In this approximation,�fus(E:m:) = �k2 `=`fX̀=0 (2`+ 1) � �k2 `2f ; (1.2)By inserting `f~ =p2�(E:m: � VB)RB and k =p2�(E:m:)=~ in the Eq. (1.2) (where� is the redued mass of the projetile and target nulei) we get the well known lassialformula for the fusion ross setion as [9℄;
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�fus(E:m:) = (�R2B �1� VBE:m:� if E:m: > VB0 if E:m: < VB (1.3)Classially, it is the fusion barrier whih prevents the ompound nulei to be pop-ulated with lower exitation energies using heavy-ion fusion reations. However, fromthe stand point of quantum mehanis, fusion is possible even for E:m: < VB due tothe proess of quantum mehanial tunneling [4, 9℄. The nuleus-nuleus potentialof the interating nulei plays signi�ant role in determining the shape of the fusionbarrier and hene the value of the fusion ross setion. Di�erent models have beenemployed to reprodue the experimental fusion ross setions, the simplest one is theone-dimensional barrier penetration model where the potential is the funtion of onlyrelative distane between the interating nulei. The fusion proess being a tunnelingphenomenon, the strong interplay between nulear struture and the reation is ob-served at energies around the Coulomb barrier [10{12℄. Partiularly, the systemativariation of fusion ross setion below and around the Coulomb barrier has revealedthe involvement of various other degrees of freedom suh as relative orientations, exi-tations, exhange of nuleons, et. [13{15℄. Using oupled hannel alulations (CCFUS[16℄, CCDEF [17℄, CCFULL [18℄), these internal degrees of freedom have been taken intoaount to a good extent in reproduing the experimental fusion ross setions. Asfar as the present thesis work is onerned, the beam energies are above the Coulombbarrier and hene no ambiguity in the results due to the fusion proess.1.2.2 Compound nuleus deayThe CN populated at high exitation energies in the heavy-ion fusion reations havevery short lifetime (10�21 to 10�20 s) in omparison to the CN populated through slowneutron absorption [4, 7℄. The main features of these reations an be understoodin omplete analogy to traditional onept of the CN, negleting the possibility ofpre-equilibrium emission. The populated CN is assumed to be fully equilibrated with
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Figure 1.2: Shemati illustration of possible deay modes of a ompound nuleus (CN)formed at a unique high exitation energy ECN and over a broad range of spins J , withpopulation ross setion of d�dJ [19℄. Di�erent deay paths suh as partile (n, p, �)emission, -ray emission, and �ssion are skethed.respet to all degrees of freedom and haraterized by its total mass, harge, energy, andangular momentum. The CN has a ertain amount of exitation energy ECN dependingon the projetile beam energy and fusion Q-value and a broad J-distribution as shownin the upper half of the Fig. 1.2. One the CN is formed, its deay is ompletelydetermined by the statistial weights of various possible �nal states, forgetting thepast history of the formation proess exept for the demand of the onservation laws[20, 21℄. This essentially means that the ross setion (�) assoiated for the reationA(a; b)B an be written as;�(a+A �! B + b) = �(a+A �! C�)P (C� �! B + b) = �(a+A �! C�)�C��!B+b� ;(1.4)where �(a + A �! C�) is the ross setion for populating the CN, C� and P (C� �!B+ b) is the probability for the CN to deay into a partiular hannel (B+ b) whih isequal to the ratio of partial width (�C� �! B+ b) to the total width (�) of CN deay.



Chapter 1: Introdution 42The CN deays to the ground state by sequential emission of several partiles (n,p, and �-partile) and  rays, whih are governed by the statistial weight fators [20{22℄. With less probability, the exited CN may also dissipate its energy and angularmomentum by emitting d, t, 3He and high energy  rays (giant resonanes). In the aseof heavier CN, �ssion deay also ompetes with partile and -ray emission as shownin the Fig. 1.2. The branhing ratios for di�erent deay modes at a given exitationenergy depend on the angular momentum distribution of the CN. In order to illustratethe orrelation between angular momentum and deay of the CN, the possible deaypaths of de-exitation for a medium heavy CN (A � 200) in exitation energy versusangular momentum plane are shown shematially in the Fig. 1.2 (taken from Ref.[19℄). The aessible part of the plane is bounded by the yrast line whih onnetsthe states of lowest energy for eah angular momentum J . At suÆiently high angularmomentum, lowering of the �ssion barrier makes the �ssion to be the most suitabledeay path of the CN. If the CN does not undergo �ssion, partile emission beomesfavorable by whih the CN lose a major part of the exitation energy, but only a smallfration of the angular momentum. Thus the evaporation of partiles gives a steepdesent towards the ground state as shown in Fig. 1.2. When the exitation energy ofthe CN redues below the partile emission threshold, -ray emission takes over. Theremaining exitation energy and angular momentum are then dissipated by a series ofeletromagneti transitions whih proeed initially as a \statistial asade" towardsthe yrast line, and eventually through a sequene of low energy yrast  rays to theground state as shown in the Fig. 1.2. These yrast  rays arry the major frationof the angular momentum of the CN. Sine the partile emission results with a smallhange in the CN angular momentum, the measurement of these multipliity  raysan provide information about the initial J-distribution of the CN.



Chapter 1: Introdution 431.3 Statistial aspets in the study of ompoundnulear deayThe statistial model whih relies on the assumption of equilibrium, rests on the premisethat all the deay hannels that are \open" are, on the average, equally likely to bepopulated [20{22℄. By an open hannel we mean a partiular �nal state, spei�ed byall the quantum numbers, whih an be reahed from the initial state without thehindrane of any barrier penetration. If a entrifugal, Coulomb or other type of barrieris present, the probability of population of that hannel is simply redued by the barrierpenetration probability. The statistial model thus says that probability of deay toa partiular hannel is inversely proportional to the number of open hannels. Asmentioned earlier, various deay modes are possible, for onveniene these modes anbe put into three ategories viz -ray emission, partile evaporation, and the �ssion.The average total deay rate R(Ei; Ji) from the initial state of exitation energy Eiand angular momentum Ji is the sum of all the possible transitions that depopulatethe level [22℄; R(Ei; Ji) = R +Revap +R�ssion; (1.5)where R , Revap, and R�ssion are the average deay rates at whih an ensemble of om-pound nulei deay to �nal state (Ef ; Jf) via -ray emission, partile evaporation, andthe �ssion, respetively. Here, we will fous only on partile evaporation to understandthe statistial deay of the CN. Consider an ensemble of ompound nulei in thermalequilibrium with energies Ei to Ei + dEi and angular momentum Ji, the evaporationdeay rate an be written as [22℄;RevapdE =X� Xj;s Z Ei�S��=0 R�(Ei; Ji;Ei � S� � �; j; s)d�: (1.6)where the running variables �, j, and s stands for the partile type, angularmomentum, and intrinsi spin, respetively. S� and � are the separation energy and



Chapter 1: Introdution 44the kineti energy of the partile, respetively. The probability that the CN will deayto hannel x is [22℄; P (Ei; Ji; x) = R(Ei; Ji; x)R(Ei; Ji) : (1.7)Hene the ross setion for the population of a given hannel, x may be written as;�(x) =XJi �(Ei; Ji)P (Ei; Ji; x): (1.8)where, �(Ei; Ji) is the so alled inverse reation ross setion for prodution of equi-librated ompound nuleus with exitation energy and angular momentum Ei and Ji,respetively [22℄. In essene, we are utilizing the reiproity theorem to simplify theformulation with the approximation that in CN reation, a + A �! C� �! B + b,the reation ross setion �(a + A �! C�) is equal to �(b + B �! C�). Ignoringthe fat that the residual nuleus B may be left in the exited state, for pratial al-ulations of inverse reation ross setion the residual nuleus B is assumed to be inground state. Furthermore, minor di�erene between total reation ross setion andompound nulear formation ross setion is negleted [7℄.The rate of deay for an ensemble of ompound nulei in thermal equilibrium withenergies Ei to Ei + dEi and angular momentum Ji that emits partile � with kinetienergy �, spin s, orbital angular momentum l, and leaving the residual nulei in the�nal state with the exitation energies Ef to Ef + dE and spin j, an be written as[22℄; R�(Ei; Ji;Ef ; j; s) = 1h jj+sjXS=jj�sj Ji+SXl=jJi�SjTl(�) �(Ef ; j)�(Ei; Ji)dE; (1.9)where, Ef = Ei � S� � �. In the Eq. (1.9), the Tl(�) is the optial model transmissionoeÆient for the formation of ompound nuleus in a time reversed reation of theemitted partile and the residual nuleus with exitation energy Ef and angular mo-mentum j. �(Ei; Ji) and �(Ef ; j) are the level densities of the initial and �nal states.For relative deay widths of di�erent partiles, the initial level densities will be thesame, it is the density of �nal states whih ontrols the ompetition among di�erentdeay modes.



Chapter 1: Introdution 45Equations (1.5) - (1.9) forms the basis of Hauser-Feshbah (HF) theory of thestatistial deay of the ompound nuleus. The quantities, level-density and transmis-sion oeÆients of Eq. (1.9) play signi�ant role in the statistial deay of the CN. Inthe ontext of present thesis work we will fous on the level-density in the subsequentsetions.1.4 Nulear level-densityNulear level-density (NLD) de�nes the number of energy levels per unit energy atany exitation energy, EX , is a harateristi property of every nuleus [23℄. Fromthe experimental observations, it is seen that at high exitation energy more than onenuleon an be exited to the higher orbits and hene a widespread mixing of di�erentJ� on�gurations results in rapidly inreasing nulear density. In a typial example,for A = 100, even a few MeV exitation energy may give rise the level-density of theorder of 106 MeV�1 [22℄. The NLD is a funtion of various onstant of the motion,e.g., exitation energy, angular momentum, parity, isospin, et. As disussed in theprevious setion, the NLD is one of the basi statistial parameters whih plays ruialrole in determining the deay hannels of the exited nuleus. It is a key ingredientin the alulation of reation ross setions using the framework of Hauser-Feshbah(HF) theory of ompound nulear reations [7, 21, 22, 24℄. Hene, the knowledge ofnulear level densities of various nulei is a ruial input in various �elds/appliationsthat inlude:� Design of nulear reators, ADSS, and radioative-ion beams (RIBs):The neutron apture ross setions as well as the yields of di�erent radio-nulideprodued in the nulear reators depend ritially on the NLD. An importantapplied �eld where the NLD information is quite important is the aelerateddriven sub-ritial system (ADSS) whih an be used for energy prodution aswell as transmutation of nulear waste in hybrid reators. Design of ADSS re-



Chapter 1: Introdution 46quire preise knowledge of di�erent nulide prodution ross setion in order topredit the amount of radioative isotopes produed inside the spallation target.Further, in order to explore the outer regions of the nulear hart beyond theline of stability, espeially those lose to the so alled proton and neutron driplines, researhers need beams of unstable (radioative) nulei. Model preditionsof the yields of radio-nulides far from stability are needed to optimize experi-mental onditions for the prodution of these beams. An improved knowledge ofnulear level densities will signi�antly improve the auray of statistial modelalulations used in these appliations [25℄.� Nuleosynthesis: In astrophysial environments, explosive nulear burning pro-dues a variety of nulei spanning almost whole the nulear hart. Experimen-tally, very few reation rates are measurable, espeially at the energies of astro-physial interest. In order to predit the relative abundane of di�erent nulei inastrophysial environments, the preise knowledge of nulear level-density is anessential input [26℄.� Struture of nulear �ssion barrier: To understand �ssion barrier struture,experimentally, �ssion ross setion are measured as a funtion of energy aroundthe barrier. The level-density values play ruial role in determining the barrierstruture from these measurements.� Nulear mediine: To optimize prodution of radioative isotopes for therapeu-ti purposes reation ross-setions are needed. These depend on Level Densities.Apart from our pratial needs, the theoretial study of NLD provides a funda-mental insight into the mirosopi features of an exited nuleus. The knowledge ofNLD provides information about the internal struture of any nuleus, whih deter-mines the manner in whih the nuleus partiipates in a physial proess. The nulearlevel-density �(E; J) of an exited nuleus is the number of energy levels lying between



Chapter 1: Introdution 47energy E and E+dE at an angular momentum value J . Sine the nulear energy levelat angular momentum J has 2J + 1 degenerate magneti states with projetion M onthe quantization axis, thus !(E; J) = (2J + 1)�(E; J) is the state density ounting allthe (J;M) on�gurations.The alulation of a nulear level-density at energy E, amounts to determining thenumber of di�erent ways in whih individual nuleon an be plaed in the various single-partile orbitals, suh that the exitation energy lies in the range of E and E + dE. Itis thus a ombinatorial problem, in whih physis is ontained in the spei�ation ofthe single partile orbitals if the nuleons are non-interating and require orretion ofthe residual interation if they do interat. There are three main methods of obtainingthe level-density from the single partile levels [22, 23℄;1. Thermodynamial or statistial approah: The thermodynamial or statis-tial approah is one of the oldest and the most eÆient method whih will bedisussed in the next setion.2. Combinatorial method: The Combinatorial methods relies on large omput-ers, where di�erent on�guration are generated by yling the oupation numberof eah of the single partile level over its all allowable values. The levels are thensorted out in terms of partile number, exitation energy, angular momentum,and any other possible quantum number. One of the advantage of suh a methodis the exat ounting of the energy levels. But the disadvantage is that even afterusing large omputers, theses alulations are limited to small exitation energiesdue to rapid inrease of the level density with the exitation energy and the leveldensities are handled in a numerial manner.3. Spetral distribution method: To understand the onept of this methodfor alulating the NLD, it would be insightful to begin with the distributionof eigen values also referred to as the density funtion or the density of states.



Chapter 1: Introdution 48The distribution of shell model states with �xed angular momentum projetionM for many fermions in a large but �nite set of single-partile states interatingwith two nuleon fores, is lose to a Gaussian. Hene we an alulate theseshell model state densities without having all the eigen states exatly but bydiretly alulating the �rst few moments (entroid, width, skewness, et.) ofthe Hamiltonian for a �xed value of M [27, 28℄. These shell model level densitiesare essentially based on a �nite spetrosopi spae. Beyond some exitationenergy �E, higher single-partile states should be inluded. Hene the shell modellevel densities oinide with the atual level-density of the system up to theexitation energy �E. This method has been quite suessful in prediting EXand J dependene of the NLD for lighter nulei in a narrow region of EX and J .1.4.1 Thermodynamial or statistial approah to alulatethe NLDIn this tehnique, the basis (single partile levels) are the same as used in the om-binatorial methods. It di�ers only in the mathematial tehnique used to obtain thelevel-density. Statistial mehanis provides a framework for relating the mirosopiproperties of individual partiles (nuleons) to the marosopi bulk properties (orthermodynamial properties) suh as entropy, temperature, volume, et. [29℄. Thoughthe number of nuleons within the nuleus are not adequate for the statistial mehan-is to be appliable, it is the large value of the NLD whih justi�es to use the statistialmehanis for deduing the various marosopi properties of the nuleus. Thus, it isreasonable to develop thermodynami onepts suh as temperature and entropy, fornulear systems.Bethe [30℄ and Weisskopf [31℄ did pioneering work in introduing the oneptof a nulear temperature. An individual nuleus is one of the Nature's most perfetexamples of an isolated system. Equilibrium within the exited nuleus is linked loselyto the nulear temperature. We invoke the fundamental quantities of the statistial



Chapter 1: Introdution 49mehanis and their inter-links to de�ne the nulear temperature. Let us onsider awhole ensemble of isolated nulear systems. Let �(E;N) speify the number of statesof a given system with �xed volume and partile number N that lie in the viinity(�E) of energy E. It immediately follows that [31℄;�(E;N) = !(E;N)�E; (1.10)where !(E;N) is the density of states in the viinity �E of energy E. The entropy ofthe system S(E;N) is given by;S(E;N) = ln�(E;N) = ln!(E;N) + ln�E: (1.11)With these quantities, the de�nition of temperature provided by statistial mehanisis [29, 31℄; 1T = �S(E;N)�E = � ln!(E;N)�E = 1! �!(E;N)�E ; (1.12)here we have taken �E to be independent of E. Thus the nulear temperature, T givesthe information about the hange of density of states with exitation energy.Now let us ome to the main motivation of alulating the density of states usingmathematial tehniques of statistial mehanis, where a grand partition funtionontains all the essential information. Let the nuleus is de�ned by its number ofneutrons N , protons Z and energy E, then the grand partition funtion an be writtenas [23℄; e
 = XN 0 ;Z0 Z !(E 0; N 0; Z 0) exp(�NN 0 + �ZZ 0 � �E 0)dE 0; (1.13)where �N , �Z, and � are the Lagrange multipliers assoiated with the partile numberand energy. Of partiular signi�ane is the quantity t = 1=� whih is ommonlyknown as the statistial or thermodynamial temperature. In the Eq. (1.13), the!(E 0; N 0 ; Z 0) represent the density of states. Thus the grand partition funtion isthe Laplae transformation of the density of states whih an be obtained by inversetransformation employing some mathematial tools. In addition to the number of pro-tons, neutrons and total energy, by introduing the total magneti quantum number,



Chapter 1: Introdution 50M in the Eq. (1.13), the angular momentum dependene of the density of states anbe obtained. In order to alulate the analyti expression for the state density, it isthe grand partition funtion whih depends on nulear models.System of non interating fermions:If we approximate the isolated nulear system to be onsisting of non-interatingfermions (Fermi gas model), the partition funtion an be easily evaluated. Let theonstants of motion are the neutron and proton numbers N , Z, the energy E, and theprojetion of angular momentum M . In this ase an approximate expression for thestate density is obtained to be [23℄;!(E;N; Z;M) = !(E;N; Z)exp(�M2=2�2)p2��2 ; (1.14)where !(E;N; Z) is the total state density. The quantity �2 is alled the spin uto� parameter, determines the width of the M distribution. Bethe suggested thatdependene of the nulear level-density on angular momentum (J) an be obtained inthe following way [23℄;�(E;N; Z; J) = !(E;N; Z;M = J)� !(E;N; Z;M = J + 1) (1.15)or�(E;N; Z; J) = � � ddM !(E;N; Z;M)�M=J+1=2 ' 2J + 12p2��3!(E;N; Z) exp ��(J + 1=2)22�2 �(1.16)Thus, for a nulear system of non-interating fermions, we an get an analyti expres-sion for the exitation energy and angular momentum dependent nulear level-density ifthe total state density, !(E;N; Z;M) is known to us. There are some highly simpli�edases where the total state density an be alulate analytially.Equidistant Fermi gas model:If we further simplify the system of non interating fermions in whih the single partilelevel spaing derease with square root of energy to the ase where all the single partile



Chapter 1: Introdution 51levels are equidistant, the total density of states for a gas of two omponents neutronsand protons is alulated to be [32℄;!(E;N; Z) = p�12 exp(2paE)E5=4a1=4 (1.17)where a = �2g=6 and g is the sum of neutron and proton single partile level densitiesof a Fermi gas evaluated at the Fermi Surfae, �f . Thus the nulear temperature isgiven by [22℄; 1T = � ln!�E = � aE�1=2 � 54E ; (1.18)The nulear temperature is roughly the average energy per exited nuleon aroundthe Fermi surfae. In the limit of large exitation energies, the thermodynami temper-ature 1t = dSdE =p(a=E) beomes equal to the nulear temperature T [22℄. By insertingthe total state density from Eq. (1.17) into the Eq. (1.16), we get the expression of thenulear level-density as [22, 23℄;�(E; J) = 2J + 112 pa� ~22=�3=2 1E2 exp�2paE � (J + 1=2)22�2 � (1.19)where �2 = hm2i gt = =t=~2 where hm2i is the average of the squares of the single-partile spin projetions, t is thermodynami temperature, and = is the nulear momentof inertia [23℄. In the ontext of Erot << E, where Erot = ~22=J(J + 1) is the rotationalenergy, the Eq. (1.19) is written in the ompat form [33℄;�(E; J) = 2J + 112 pa� ~22=�3=2 1E2 exp�2pa(E � Erot�: (1.20)The exitation energy and spin dependent level-density given by the Eq. (1.20) ismost widely used in the statistial models, with some suitable adjustment of the pa-rameters. The interpretation of the exponential fator exp �� (J(J+1)2�2 � in the Eq. (1.19)is that the energy in the form of rotation is unavailable for random exitation of thesystem and therefore does not ontribute to the \intrinsi" level-density.In this Fermi gas piture, the parameter `a' is only a funtion of the mass numberA of the exited nuleus; a = �2g6 = �2A4�f � A=15: (1.21)



Chapter 1: Introdution 52This simple estimate does not yield the experimentally determined mass dependene,the experimental values of the parameter `a' at lower exitation energies are system-atially larger than the alulated by the Eq. (1.21) and at higher exitation energiesthese two values are of similar magnitude. These disrepanies have been attributedto the di�used nulear surfae and e�etive nuleon mass in the nulear medium [34℄,there are many other experimental observations whih deviates from the equidistantFermi gas model of the nulear level-density [22, 23℄.1.4.2 NLD beyond the Fermi gas piture: PhenomenologialdesriptionThe Fermi gas formalism of the nulear level-density is too simplisti whih does notinlude the very important nulear aspets suh as the shell e�ets, pairing orretions,and the e�et of nulear deformation [22, 35, 36℄. A vast amount of experimental a-urate data from slow neutron resonane have been available from where experimentalabsolute values of the nulear level densities an be obtained at an exitation energyaround 8 MeV [37, 38℄. The Fermi-gas piture explain only the average trend of thenulear level densities as a funtion of exitation energy and mass number.Sine the level-density parameter is diretly related to the single partile density garound the Fermi surfae, shell model piture of the nuleus reveals that there are largegaps just above the major shells, we therefore expet marked deviations in the value ofthe parameter `a' around the losed shells at moderately low exitation energies. Fromompilation of neutron resonane data it is seen that on the average the parameter`a' inreases with the mass number A, but rapidly derease near the shell losures.These systemati deviations imply the presene of unaounted mirosopi featuresin the Fermi-gas assumption. These mirosopi e�ets have been identi�ed with theinuene of single partile shells prevailing at low exitation energies. However the shelle�ets present in the ground state or at low EX , are seen to wash out with inreasingEX [39℄. Many phenomenologial improvements [40{47℄ have been arried out for the



Chapter 1: Introdution 53level-density parameter to aount for the shell e�ets.Within the Fermi gas piture it is assumed that the nuleons are non-interating,but the short range strong nulear fore among the nuleons should de�nitely lead tosome residual interations. In partiular, the paring interation will alter the energydependene of the density of levels. The e�et of pairing is to partially blok levels nearthe Fermi surfae suh that unpaired nuleon an not oupy them, thus reduing thedensity of levels [22℄. These pairing e�ets are prominent only at lower values of EXand J . In the phenomenologial desriptions of the nulear level-density, the pairingis partly taken into aount by the bak-shift-energy (alulated from odd-even nuleimass di�erenes) [47℄.The Fermi gas model of nulear level-density also does not take into aount thee�et of deformation. The e�et of deformation on level-density is three fold: (i) thespaing and order of single partile levels depend on the shape of the nulear potential,and therefore, the density of single partile levels at the Fermi surfae depends on thedeformation [22℄. (ii) introdution of new levels assoiated with olletive degrees offreedom, i.e., the rotational and vibrational levels, whih inrease the intrinsi level-density [37, 48, 49℄. This e�et is termed as the olletive enhanement of the NLD.(iii) The inrease of moment of inertia due to deformation should redue the rotationalenergy at a given J , thus enhaning the intrinsi exitation energy available for exi-tations [50℄. Thus, the deformation e�et on the NLD is quite ompliated, but thedeformation being a shell e�et whih washes out with inreasing exitation energy,these e�ets are more prominent at low exitation energies.A survey of literature would lead to a vast amount of theoretial studies, thathave been dediated to inorporate the observed shell e�ets [40{46℄, pairing e�ets[47, 51{54℄, and the olletive enhanement [37, 48, 49℄ . Various shemes based onphenomenology have been proposed to reprodue the experimental data mainly ob-tained from neutron resonane [23, 37, 41, 47℄. One of suh sheme is the Bak Shifted



Chapter 1: Introdution 54Fermi Gas (BSFG) model [47℄ in whih the expression for the EX and J dependentNLD is almost similar to the Fermi gas formalism exept for: (i) the pairing is partlytaken into aount by the bak-shift-energy, (ii) the level-density parameter `a' is mod-ulated to take into aount for the shell e�ets. The BSFG model have been quitesuessful in reproduing the experimental data mainly at lower values of EX and J ,with suitable tuning of the level-density parameter, `a' and the spin ut-o� parameter,�2 [23, 47℄.Here it is worth to mention that in the literature, the mirosopi approaheshave also been pursued [40, 54{61℄ to reprodue the experimental data regarding theNLD with an auray ompeting with BSFG type suessful model. Unfortunately,all these mirosopi approahes have limited suess only in the narrow region of theEX and J . For higher values of EX and J , one has to depend on the phenomenologialdesription of the NLD.1.4.3 Experimental tehniques to determine the NLDVarious experimental tehniques have been enabling us to extrat the information aboutthe NLD [23℄. Sine the majority of the data are analyzed with in the phenomenologialdesription of the NLD, where various parameters are tuned, the prime motivation ofgathering more and more experimental data is to redue the unertainties in the �ttedparameters.Neutron and harged partile resonane:The earliest and most extensive soure of information on absolute value of the NLDame from the low energy neutron resonane (s-wave) data [37, 38, 62, 63℄ at anexitation energy just exeeding the neutron binding energy. In this approah theexat ounting of the levels is possible for almost all stable nulei of the entire perioditable. But at the same time, disadvantage is that it is limited to narrow region of spinand exitation energy of the nuleus to be studied. Similar to the neutron resonane,



Chapter 1: Introdution 55the harged partile resonane has also enabled us to extrat the NLD, but only forlight and medium mass nulei due to the presene of Coulomb barrier [23, 64, 65℄.The study of harged partile resonane gives level-density information for a numberof nulei for whih neutron resonane spetrosopy an not be studied.Inelasti sattering and nulear reations:The neutron and harged partile resonanes give the NLD information of the om-pound nulei. The experimental information about the variation of the NLD withEX and J in residual nulei an be obtained from inelasti sattering and various nu-lear reations [23, 66, 67℄. The typial nulear reations whih have been employed are�p; p0�, �n; n0�, ��; �0�, and �p; �0�. Although the energy resolution [1 -10 keV℄ ahievedin these measurements is order of magnitude poorer than the partile resonanes ex-periments, however, the information obtained from this tehnique in onjuntion withpartile apture resonane data gives a more ritial test of the phenomenologial pre-sriptions of the NLD.Measuring the exitation funtion of the isolated levels:Sine the ross setion for the formation of an isolated level in the residual nuleus isgoverned by the ompetition of deay probability through this hannel to that for allother hannels, it was pointed out by Erison [21℄ that measurement of the exitationfuntion in ompound nulear reations for an isolated level of a residual nuleus angive the exitation energy dependene and absolute measurement of the NLD. However,this tehnique su�ers from the exponentially dereasing ross setion with energy ofa single partile level and the possible admixture by diret reation proess, still theinformation about the exitation energy dependene has been helpful to improve thephenomenologial presription of the NLD [23℄.Erison utuation width analysis [68℄:With inreasing exitation energy of the CN, the average spaing between the nulear



Chapter 1: Introdution 56levels beomes omparable or larger than the average width of the levels. In suh asethe measured nulear reation ross setion utuates as a funtion of well de�nedbeam-energy. The average width of the CN energy levels an be obtained from theorrelation funtions of the utuating ross setions of the di�erent ompound nulearreations. This average width of the CN is related by statistial theory to the sum ofpartial widths of all the exit hannels. Thus, if we an get information on the exithannels from other measurements, the level-density of the CN at a high exitationenergy of around 20 MeV an be obtained. For a long time this was the only tehniqueto get the NLD at energy around 20 MeV.Measuring the NLD from partile evaporation spetraThe tehniques disussed above give absolute value of the NLD but they are limited tothe lower values of exitation energies and angular momenta. At high EX and J , themajor soure of information about the nulear level-density is obtained from partile-evaporation spetra in heavy-ion fusion reations. Aording to Hauser-Feshbah (HF)theory of ompound nulear reations [21, 22, 24℄, the shapes of the energy and an-gular distributions of evaporated partiles are mainly governed by the the EX and Jdependene of the NLD. Thus, from partile evaporation measurements, however, wean not get the absolute values of the level densities, but its variation as a funtion ofEX and J an be studied for a large variety of nulear systems and most importantlyin a wide range of EX and J [34, 50, 69{73℄.The slope of the high energy part of the spetra is diretly related to the averagenulear temperature and hene the level density parameter `a'. More hard energyspetra orrespond to the high value of the temperature implying a slow variation ofthe NLD with EX and hene a low value of the parameter `a'. To further illustrate thislet us onsider two nulei of mass number A=150 and 200, if both have same EX=50MeV, the slope of the partile spetra for A=200 will be more steep than A=150. Thusthe partile spetra an provide the information about the level-density parameter `a',



Chapter 1: Introdution 57but averaged over a range of exitation energy.The eÆient detetion methods for harged partiles in omparison to the neutronsmakes them superior probes. In ase of harged partile emission (proton and �-partile) the high energy part well above the emission barrier is free from barrierpenetration unertainties related to the hoie of the transmission oeÆients requiredto alulate the inverse reation ross setion. Hene, by analyzing the only high energypart of the harged partile spetra one an study the EX and J dependene of theNLD without any ambiguity due to barrier penetration fators.This tehnique has two drawbaks [50℄: (i) the partile evaporation spetrum is aresult of multi-step deay leading to a average NLD, however by tagging the residualnuleus of well de�ned mass and harge this problem an be surmounted. Otherwisealso, if we restrit to the high energy part of the spetra, the partile evaporation isalmost lose to the �rst hane deay of the CN populated at not too high an exitationenergy. (ii) due to this multi-step deay proess, the soure veloity is not unique inthe seond and the following steps, only an average enter-of-mass partile spetruman be alulated from the measured laboratory spetra.1.5 Angular momentum dependene of the NLD:Motivation of the �rst part of the thesisThe angular momentum, J dependene of the NLD has been a ompliated and leaststudied topi. The general feature of the J-dependene of the NLD at a given EX is abroad bump due to the multipliative fators (2J +1) and exp �� (J(J+1)2�2 �, whih yielda maximum NLD at a J-value whih inreases slowly with EX [69℄. The fator (2J+1)orresponds to the inreasing sub-levels at eah J and hene the inreasing NLD. Butat the same time, with inreasing J the rotational energy Erot = ~22=J(J + 1) willinrease with orresponding redution in the intrinsi exitation energy hene reduingthe NLD. Thus, these two multipliative fators (2J + 1) and exp �� (J(J+1)2�2 � results



Chapter 1: Introdution 58in a modi�ed Gaussian-shaped J dependene of the NLD. The width of this Gaussianfuntion is determined by the spin-ut o� parameter �2. It is the shape of yrast linewhih determine the inrease of rotational energy as a funtion of J and hene thewidth �2. At a given EX , the entire exitation energy will be loked in the rotationalenergy at a ertain larger value of the J whih will yield zero NLD, justifying thenotation \spin ut-o� parameter" for �2.The spin ut-o� parameter in the Fermi-gas model, is determined aording to�2 = hm2i gt = =t=~2, where hm2i is the average of the squares of the single-partilespin projetions, t is thermodynami temperature, and = is the nulear moment ofinertia [23℄. Sine the thermodynami temperature, t is diretly related to the level-density parameter `a', the unertainty in the determination of �2 is not only beauseof the parameter =, but also the parameter `a' itself. Experimentally, �2 an bedetermined only from spin distribution of low-lying disrete levels [74, 75℄. Thesemeasurements orrespond to a low value of ompound nulear spin of � 5~. At higherexitation energies and angular momenta, the exlusive determination of the ut-o�parameter beomes problemati due to higher level densities and the absene of thereliable observables sensitive to this parameter. In the absene of reliable experimentalinformation on angular momentum distribution of levels over a wide range of J tovalidate �2, the Fermi-gas model values are used as suh in reation ross setionalulations.As disussed earlier, at high exitation energies and spins, the major soure ofinformation about the nulear level-density is obtained from partile-evaporation spe-tra in heavy-ion fusion reations analyzed in the framework of the phenomenologialdesriptions involving the level-density parameters `a' and �2 [34, 69{73℄. The momentof inertia, = required in determination of �2, an be obtained with a good extent ofauray at higher exitation energies from rotating liquid drop model [76℄, and thusthe unertainty in the ut-o� parameter �2, remains dominantly due to the parameter



Chapter 1: Introdution 59`a'. Therefore, information about the parameter `a' at high EX and J beomes ruial.The exitation energy dependene of the parameter `a' has been investigated earlierfrom the partile evaporation measurements for a wide variety of exited nulei [34, 73℄.The level-density parameter `a' determined from these measurements is an averagedquantity over a range of exitation energies and angular momenta [71, 72℄. The stud-ies of the level-density parameter `a' with angular momentum seletion are very few[77℄ and as a result the value of `a' is essentially unknown in high angular momentumdomains for a great majority of nulei. Therefore, it is important to arry out theseinvestigations and this forms the basis of �rst part of the present thesis work. Sinethe �-partile spetra are more sensitive to yrast line than the protons, they provide abetter sope to understand the J-dependene of the parameter `a'.1.6 Statistial versus dynamial aspets of �ssionAs disussed earlier, in statistial deay of the heavy CN, �ssion is also a ompetinghannel along with partile and -ray emission [22℄. Unlike partile and -ray emission,�ssion is a quite omplex proess. During the �ssion proess, the nulear many-bodysystem evolves through a large sale rearrangement of the nuleons and subsequentlydivides into two fragments of more or less equal masses [78, 79℄. The splitting ofa nuleus into two �ssion fragments is termed as binary �ssion. The �ssion proesshas been of ontinued interest starting from its mysterious disovery by Hahn andStrassmann [80℄ during 1939 in attempts to populate trans-uranium elements to thepresent ontemporary physis of super heavy element formation where �ssion playsruial role in determining the survival probability of the super heavy nuleus [81℄.The liquid drop model (LDM) provided the �rst qualitative piture of the �ssionproess, whih has been developed over the years by Bohr and Wheeler [82℄, Swiateki[83℄ and others [84℄. During the omplex nulear �ssion dynamis, various degrees offreedom suh as the elongation (deformation), mass asymmetry, et. are involved in
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Chapter 1: Introdution 61There are two landmark points during the �ssion proess: saddle point and sissionpoint. The maxima in the potential energy urve along the deformation axis is alledthe �ssion saddle point and its height with respet to the ground state representsthe �ssion barrier. Beyond the saddle point the potential energy dereases and atsome stage, alled the sission point, the nuleus divides into two fragments and theirmotion is governed by the mutual Coulomb repulsion between them. Although the�ssion barrier height is muh smaller than the total energy released in �ssion, it is the�ssion barrier whih plays signi�ant role in deiding the many harateristi propertiesof the �ssion proess suh as the spontaneous deay probability, �ssion ross setion,�ssion fragment angular distribution, et. [78℄. The �ssion barrier height dereases asa funtion of �ssility (a deisive parameter) of the �ssioning nuleus. The �ssility, x isde�ned as [88℄; x = Z2=A50:883[1� 1:7826I2℄ ; (1.22)where Z and A refer to the �ssioning nuleus and I = (A � 2Z)=A is the measure ofneutron exess. Larger �ssility implies less stability against �ssion and saddle pointshapes are lose to the equilibrium ones, whereas the nulei with lesser �ssility aremore stable against the �ssion having similar shapes for saddle and sission points.1.6.1 Statistial �ssion deay widthThe �ssion deay rate (or �ssion width) is oneptually di�erent from partile and -rayemission widths, where density of states in residual nuleus determines the respetivedeay widths [22℄. In ase of �ssion, as suh there is no residual nuleus. Despitethese apparent di�erenes, the �ssion an be treated in a manner almost analogousto the light harged partile emission [22℄ for whih the deay width is expressed byEq. (1.9). The transmission oeÆient of Eq. (1.9) an be taken to be unity, if thetotal available energy is in exess of the �ssion barrier and zero otherwise (sharp-ut-o� approximation). This is a good approximation in heavy-ion indued fusion-�ssionreations. Following the Eq. (1.9), Bohr and Wheeler [8℄ formulated �rst quantitative



Chapter 1: Introdution 62desription of the �ssion deay width (�BW ) based on non-visous liquid drop model;�BW = 12��(ECN) Z ECN�Bf0 ��(ECN � Bf � �)d�; (1.23)where ECN, Bf , and � are the ompound nuleus initial exitation energy, the �ssionbarrier height, and the kineti energy at the saddle point. The term ��(ECN �Bf � �)is the level density at the saddle point, where most of the available energy has goneinto the deformation and the available energy for intrinsi exitation and hene thedensity of intrinsi levels may be quite small. This is illustrated shematially in theFig. 1.4 (taken from Ref. [22℄), where the notation `�' refers to the di�erent type ofpartiles suh as neutron, proton, �-partile, et. and B� is the separation energy ofthe partile. A simpli�ed expression for �ssion deay width is obtained if the leveldensity is approximated by the Fermi gas model where �(E) � exp(2paE), E = aT 2and with the ondition ECN >> Bf ;�BW = T2� exp(�Bf=T ); (1.24)where a and T are the level-density parameter and the nulear temperature, respe-tively. This desription yields just the statistial �ssion width depending on nuleartemperature and �ssion barrier without invoking the dynamial features of the nulear�ssion. The �ssion width derived from liquid drop based transition state model hasbeen quite suessful in explaining �ssion deay rates in low energy �ssion. But, thepiture beomes more ompliated with inreasing exitation energy, where Bohr andWheeler �ssion width fails in explaining the �ssion deay rates [89, 90℄.1.6.2 Dynamis of nulear �ssion: Nulear VisosityUnderstanding the dynamis of nulear �ssion from equilibrium to the sission pointhas reeived onsiderable attention over the years. It has been debated whether �ssionis an adiabati (fast) or dissipative (slow) proess [78℄. Various experimental probes[90℄ and at the same time various models [91{94℄ have been explored to understand
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Figure 1.4: Shemati diagram showing the ompound nulear �ssion as a statistialdeay. Notation `�' refers to the di�erent type of partiles suh as neutron, proton,�-partile, et. and B� is the separation energy of the partile.the �ssion dynamis. A spate of experimental data from heavy-ion �ssion studieshave resulted in the interesting observations of unexpetedly large presission yields ofneutrons [88, 90, 95℄, harged partiles [96{98℄, GDR  rays [99℄ from the ompoundsystem before �ssion. The standard statistial model underestimates the presissionyield of partiles and  rays, the disrepany being larger at higher exitation energies(� 40 MeV ) [90℄. These observations led one to think that suÆient time is notavailable for partiles to evaporate prior to �ssion. In other words, the �ssion widthalulated on the basis of phase spae argument is overestimated by the statistialmodel at higher exitation energies. Sine at lower exitation energies, the �ssionwidth is quite small and does not a�et the partile emission width, the standardstatistial model alulations hold good in lower exitation energy regime.This realization motivated one to look beyond the statistial model and arry outmore rigorous alulations of �ssion width invoking the dynamial e�ets whih slow



Chapter 1: Introdution 64down the �ssion proess. The need for slowing down mehanism naturally suggests oneto onsider the e�et of nulear frition (visosity) on �ssion lifetime [89, 90℄. The `non-visous' liquid drop based transition state model does not invoke any dynamial featureand hene independent of the nulear frition (or visosity). It is however interestingto note that it is mentioned in the addendum of Bohr's paper [100℄ that `non-visous'uid an hardly be maintained in view of the lose oupling between the motions ofthe individual nulear partiles". Kramer took up this point [91℄ and presribed the�ssion deay width as �Kr = Kr�BW , where �BW is the Bohr and Wheeler �ssionwidth and Kr is the Kramer's fator. The fator Kr = hp1 + 2 � i, where  = �2!ois frition oeÆient, � is the dissipation oeÆient, and !o is the potential urvatureat the saddle point. The Kramer's idea emerged as a suessful tool in explaining theheavy-ion �ssion ross setions.Contributions to nulear visosity may arise from either nuleons olliding with amoving potential wall (wall and window one-body model) or from two-body ollisions(as for ordinary uids) between the nuleons [89, 90, 101{103℄. The \two-body (orshort mean free path)" dissipation mehanism is ontraditory to the \one-body (orlong mean free path)" mehanism, in whih the exhange of energy between olletiveand mirosopi degrees of freedom proeeds through ollisions of the partiles witha moving boundary of the system. One-body dissipation has the opposite e�et onthe presission dynamial path ompared to ordinary two-body visosity whih shiftsthe dynamial path toward inreased fragment elongation. This ours beause nekformation is a proess that involves large veloity gradients and that is onsequentlyhindered by two-body visosity [102℄. In ontrast, one-body dissipation shifts thedynamial path towards a more ompat on�guration. Understanding of the preisenature and magnitude of the nulear visosity and hene the energy dissipation during�ssion, remains one of the interesting aspets in nulear physis. The temperaturedependene of the nulear visosity is the ontemporary physis interest extending upto the nulear matter produed in relativisti heavy-ion ollisions (RHIC) [104℄.



Chapter 1: Introdution 651.7 Probes to understand the nulear visosity dur-ing �ssionIn order to hoose the suitable probe to understand the nulear visosity, we andivide the entire evolution from equilibrium to the sission point into three regions: (i)from equilibrium to the saddle (or pre-saddle), (ii) saddle to sission, and (iii) duringrupture of the nek (during sission). The inuene of dissipation during these stagesof �ssion an be drastially di�erent. The strength and nature of nulear dissipationmight be di�erent at equilibrium deformation, the saddle, and the sission point, i.e.,shape dependent [90℄. It is the saddle to sission motion whih is very sensitive tothe nature (one-body versus two-body) and the magnitude of the nulear visosity.Nulear dissipation might also be temperature dependent [90℄. If the visosity is verylarge whih would result in over damped motion during the �ssion, the hot ompositesystem would take more time to reah the saddle point on�guration and ools downby emitting more partiles and  rays ompared to the normal (non-visous) motion.Due to this ooling e�et, some of the nulei whih would otherwise have proeededto �ssion, may not be able ross the �ssion barrier. This leads to an enhanement inthe evaporation residue (ER) ross setion and redution in the �ssion ross setion.Thus, the study of ER (or �ssion) exitation funtion an provide the informationabout the nulear visosity, but only in pre-saddle region. Following probes have beenemployed to gain information about the nulear visosity in the full dynamial regionfrom equilibrium to the sission point:1.7.1 Fission fragment kineti energyAs mentioned above, the nulear visosity plays ruial role in determining the �s-sion fragment shapes at the sission point and hene the kineti energy of the �ssionfragments (FFs). By examining the FF kineti energy in a large �ssility range, someinsight about the nulear visosity may be obtained. In low energy �ssion, the visosity



Chapter 1: Introdution 66e�ets are buried under the single partile e�ets (suh as the shell and pairing e�ets).Therefore, FF kineti energy data an not provide the information about the nulearvisosity in low energy �ssion. However, at high exitation energies where the singlepartile e�ets are relatively small and most probable mass division is into two equalmass fragments, it ould be onsidered as a suitable probe.For heavy-ion �ssion, Davies et al: [101, 102℄ have ompared the alulated andexperimental most probable FF kineti energies for the �ssion of nulei over a widemass range. The results alulated for non-visous ow agree with the experimentalvalues for light nulei but are higher than the experimental values for heavy nulei.This disrepany may be removed either by two-body or by one-body dissipation, butthe detailed manner in whih this ours is di�erent in the two ases.The �nal translational kineti energy of the �ssion fragments at in�nity may bedeomposed oneptually into the ontribution that is aquired prior to sission andthe remaining ontribution that is aquired from the sission point onwards due tomutual Coulomb repulsion [102℄. For light nulei, the relatively small distane betweenthe saddle and sission points means that the presission kineti energy is always small.However, for heavy nulei the relatively large distane between the saddle and sissionpoints leads to a substantial presission kineti energy when the hydrodynamial owis non-visous. This presission kineti energy is redued either by two-body or one-body dissipation. The two-body visosity leads to a more elongated sission shape, thepostsission kineti energy would be lesser in this ase than the non-visous ow if vis-osity oeÆient � is assumed to be in�nite. The experimental FF kineti energies arereprodued satisfatorily in terms of two-body visosity when the visosity oeÆient� has the value [101, 102℄;� = 0:015� 0:005 TP = (9� 3)� 10�24 MeVse=fm3 (1.25)where TP termed as the terapoise. For omparison, the visosity of water is 1.002p (entipoise) at 20ÆC, whih is less than the above nulear visosity oeÆient by a
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Figure 1.5: Mean FF kineti energy hEKi as a funtion of the Coulomb parameter(Z2=A1=3)CN of the �ssioning ompound nuleus. The solid line represent the mostreent �t to the data (Viola systematis [105℄).fator of �1012.Beause the one-body dissipation leads to more ompat sission shape, postsis-sion kineti energy is large. The ombined e�et of the dereased presission kinetienergy and inreased postsission kineti energy �t the experimental data of FF ki-neti energies. Thus experimental FF kineti energy data are explained by both theone-body and two-body dissipation mehanisms, whih learly indiate that the re-prodution of �ssion fragment kineti energy alone is not suÆient to understand themagnitude and nature of nulear visosity.Moreover, as mentioned earlier, most of the available exitation energy of the�ssioning nuleus is lost prior to sission via partile or -ray emission, the FF kinetienergy remains almost onstant with varying exitation energy of the nuleus. Fig. 1.5depits a plot of the most probable kineti energy release hEKi vs. the Coulombparameter Z2=A1=3, in the rest frames for a large number of �ssioning systems over arange of exitation energies. The solid line is a result of the least squares linear �t to
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Figure 1.6: Dependene of the neutron evaporation time on exitation energy of theemitting system. The mean evaporation time of the ith neutron in a asade areshematially indiate by �i, taken from Ref. [90℄.the data whih leads to the relation [105℄:< EK >= (0:1189� 0:0011) Z2A1=3 + 7:3(�1:5) MeV; (1.26)where Z and A refer to the �ssioning nuleus. This seemingly simple expression isommonly referred to as the Viola systematis [105℄. Thus, the FFs kineti energydata spanning a wide range of exitation energies are just determined by the param-eter Z2=A1=3, leaving no sope to extrat the temperature dependene of the nulearvisosity.1.7.2 Presission neutron or harged partile emissionPrior to sission, an exited heavy-nuleus an deay by sequential emission of neu-trons or harged partiles. Measurement of evaporated harged partile and neutronmultipliities emitted during the �ssion proess have been used as a \lok" to allowestimation of the dynamial �ssion time sale [90, 95℄. This quantity is ritially de-pendent on the magnitude of nulear visosity. The basi idea of this method is tomeasure the number of evaporated light partiles prior to and post the sission point.



Chapter 1: Introdution 69The mean evaporation time for one partile (either neutron or any harged partile),de�ned as �p = ~=�p, where �p is the partile deay width and is an exponentialdereasing funtion of the instantaneous exitation energy of the emitting system asshown in the Fig. 1.6 as a typial example for the ase of neutron emission (from Ref.[90℄). The partiles are assumed to be emitted sequentially from the exited nuleus,with an inreasing mean time between emissions as the available exitation energy de-reases. The presission lifetime of the �ssioning nuleus an be estimated by summingthe emission times of the presission partiles in an event [95℄;�pre = MpreXi=1 �p;i = MpreXi=1 ~�p;i : (1.27)whereMpre is the presission partile multipliity. Eq. (1.27) forms the priniple ofpresission partile lok. Presission partiles an be distinguished from the postsis-sion ones by examining their angular distributions relative to diretion of motion of theemitting soure. Suh measurements have shown that at lower exitation energies and�ssility, agreement with statistial model alulations using standard parameters anbe obtained but at higher exitation energies and/or �ssility, the experimental yieldsexeed signi�antly those alulated with statistial models [95℄. This an be explainedin quite general terms. In the statistial model desribed above, the time sale for �s-sion at a ertain step ith in the evaporation hain an be de�ned as �stat = ~=�itot where�itot = �if + �ip. Due to higher exitation energies and/or �ssility, the time sale �statan beome very short (10�22 s or less). It is not realisti to expet a omplex olletivephenomenon suh as the nulear �ssion to our on suh a short time sale. Indeed,lassial hydrodynamial alulation for a nuleus without any �ssion barrier and on-sidering `non-visous' nulear uid, show that it takes several 10�21s for the nuleusto move from saddle to sission on�guration. In the realisti ase, in addition to thetime delay due to large sale rearrangement of nuleons, the e�et of nulear visosityis to slow the motion towards the sission point. A longer saddle to sission time willresult in a higher presission partile multipliity, thus the latter quantity an be used



Chapter 1: Introdution 70to gain information on nulear visosity in a rather diret way. Further, the e�et ofvisosity is to delay the onset of �ssion, due to time delay in establishing the equilib-rium population at the saddle point. Sum of the time delay before the onset of �ssionand the saddle to sission transit time, both of whih depend on visosity, is desribedas the dynamial �ssion time sale. The di�erene of dynamial �ssion time sale withrespet to the statistial �ssion time sale (�stat) is referred as the �ssion-delay [95℄.In last several years extensive measurements have been arried out for presissionneutron and �-partile multipliities with the motivation mainly to extrat the �ssiontime sales and gain information about the nulear visosity. In 1986 Gavron et al:[106℄, Hinde et al:, [107℄, and Zank et al: [108℄ explained the exess multipliity intheir measurements in terms of redued nulear dissipation oeÆient (�). Gavron etal: arrived at an upper limit of � � 5 � 1021 s�1 for the redued nulear dissipationoeÆient. Zank et al: obtained a visosity oeÆient, � to be 0.1 TP assuming two-body visosity whih orresponds to a total �ssion time of 30-120 zs (1 zs = 10�21 s)to explain the exess neutron multipliity. Hinde et al: explained the exess neutronmultipliity in their measurement as arising from the delayed onset of �ssion with adelay time (ompared to standard statistial model) of 70 zs or a slow saddle-to-sissiontransition of 30 zs. In summary, all dedued dissipation oeÆients are onsistent withan over damped motion of a �ssioning nuleus.As far as presission harged partile emission is onerned, despite their low mul-tipliities they o�er some advantages over neutron emission suh as; (i) easy detetionand (ii) very sensitive to the deformation of the emitting soure. The presission �-partile multipliities (�pre) have been measured for a variety of ompound nulearsystems. In the work by Ikezoe et al: [98℄, the exess multipliity ould be explainedin terms of deformation of the �ssioning nulei. Before reahing the sission point,the nuleus deforms ontinuously and this leads to a lowering of the emission barrierfor harged partile emission. This redution in the barrier enhanes harged partile



Chapter 1: Introdution 71emission. But, their work did not onsider hanges in the partile binding energiesarising due to deformation. In 1991 Lestone et al: [109℄ have pointed out this fatand shown that �ssion has to be onsidered bloked for �60 zs in order to explain theresults of their measurement of presission harged partile multipliity.Later on, the presission neutron, proton, and � partile multipliities have alsobeen measured simultaneously for some of the systems to improve the knowledge of�ssion time sale [97, 98, 110℄. Thus, substantial e�orts have been made, both exper-imentally and theoretially, but the preise nature and magnitude of nulear visosityremains one of the major problems as yet unsolved in nulear physis. So far thereexist no lear experimental evidene from presission partile yields on temperaturedependene of nulear visosity. The diÆulty is simply due to the fat that at hightemperature the ooling time by light partile evaporation is onsiderably smaller thanany harateristi time for olletive motion. In other words, with inreasing exita-tion energy the neutron deay time dereases exponentially, therefore, if we inreasethe exitation energy, aordingly neutron multipliity inreases, leaving no sope tostudy the temperature dependene of the nulear visosity [90℄.1.7.3 GDR--ray emissionVery similar to above desribed presission partile multipliity, the emission of high-energy  rays from the giant dipole resonane (GDR) exited in the hot �ssioningompound nuleus prior to sission has been used as a probe to gain new insights intothe properties of nulear dissipation [99℄. This tehnique beame available after it wasrealized in the mid-1980s that the GDR of a hot nuleus ould be measured easily andafter its properties were established systematially as a funtion of nulear mass andtemperature. In the ase of partile emission, the deomposition between pre- andpost-sission omponents is obtained by their angular orrelations with respet to theemitting soure. In the ase of GDR  rays, the �ssion fragment ontribution must



Chapter 1: Introdution 72be subtrated arefully from the total spetrum. The GDR in the hot nuleus emits rays aording to the strength funtion;F (E) = 2:09� 10�5NZA :S: �GDRE4(E2 � E2GDR)2 + �2GDRE2 ; (1.28)where N , Z, A refer to the �ssioning nuleus, S is the lassial sum rule strength,E and �GDR are the GDR -ray energy and width, respetively. It is the �GDRwhih is very sensitive to the deformation and hene play ruial role in deomposingthe total GDR yield into pre- and post-sission omponents. The GDR energies areessentially una�eted by temperature (� 3%) and an thus be taken from ground-statesystematis. Thus the GDR lok has several advantageous features: (a) the simpliityof the GDR strength funtion and the absene of truly free parameters; (b) the fat thatits rate does not depend on transmission fators; () the GDR vibrational time sale ~!= 10 - 15 MeV, whih is muh faster than all �ssion time sales and thus ensures that thestrength funtion follows the evolving deformation of the �ssioning nuleus; and (d) thesensitivity of the GDR strength distribution and the -ray �ssion angular orrelationto the deformation of the nuleus at the time of -ray emission. The presission GDR-ray multipliity has been determined for a variety of ompound nulear systems.It is seen that similar to presission partile multipliities, the presission GDR -ray yield also exeeds the standard statistial model preditions, indiating the �ssionhindrane. Aording to this probe the dissipation sets in rather rapidly at nulearexitation energies above >40 MeV, depending somewhat on the reation and massof the ompound system. These exitation energies orrespond to ompound nuleustemperatures of T � 1.3 MeV. In addition, the GDR lok demonstrates that abovethis temperature, strong dissipation is present inside the barrier, with a dissipationonstant i = 10( �3), as well as outside the saddle, with o = 5 ( � 1 ) [99℄. Thus themass motion is strongly over damped everywhere. Majority of the data are onsistentwith a two-body visosity inside the saddle and one-body visosity outside the saddle.



Chapter 1: Introdution 731.8 Near-sission emission (ternary �ssion)Employing above probes the e�et of nulear visosity inside and out side the saddlehas been understood to a good extent. However, at the time of sission, the atualtearing up of the nek joining the two nasent �ssion fragments is still not learlyunderstood. Moreover, the probes mentioned above are not suitable in a wide energyregime from spontaneous �ssion to the heavy-ion �ssion. A suitable probe sensitive tosission point needs to be employed to address the above questions. Ternary �ssionpresents a good hoie for studying the nulear visosity at sission in the wide energyregime [90℄. The energy spetra and angular distributions of the ternary partiles showthat they are generated lose to the sission (rupture) point, between the two main�ssion fragments. Ternary �ssion is thus often referred to as near-sission emission(NSE). Using the NSE as a probe, the sission point harateristis suh as the kinetienergy of the FFs, nek radius, FF separation, et. an be determined. The kinetienergy at sission point arries important information about the transition from saddleto sission and energy dissipation during this transition. Thus the NSE an provide theinformation not only during the sission proess but also during the desent from saddleto sission. In the present work, the NSE has been used as a probe to gain insight aboutthe nulear visosity. In low energy �ssion (spontaneous, thermal neutron, and photo-�ssion) detailed investigations have been arried out for the ternary �ssion [78, 111, 112℄and their harateristis are disussed briey here.1.9 Charateristis of near sission emission in lowenergy �ssionInvestigations from low energy �ssion show that 90% of ternary partiles are the �-partiles whih are also alled as long range alphas (LRA) in order to di�erentiate fromless energeti alphas from radioative deays. Other partiles suh as triton, deuteron,and proton have signi�antly lower probability of emission in ternary �ssion. There is



Chapter 1: Introdution 74a very rare proess that generates a third light harged fragment lose to the diretionof motion of the main two �ssion fragments. This is often alled polar emission. Todistinguish the dominant ternary-�ssion proess from the rare polar emission, they aresometimes referred to as equatorial ternary �ssion (ETF) and polar ternary �ssion(PTF), respetively [113℄. In this thesis work, we have studied mainly the ETF forunderstanding the �ssion dynamis. Their various harateristis from low energyternary �ssion are disussed in following sub-setions.1.9.1 Probability of ternary harged partile emissionProbability of di�erent ternary harged partile emission is losely related to the av-erage energy ost (E) of the near sission emission. The larger the value of E, thesmaller the expeted likelihood for the partile emission. Halpern [111℄ gave a simplis-ti formulation of the energy ost aording to whih the average energy required forremoving a partiular third partile from one of the binary fragments and plae it inthe midway between the two fragments will be;E = B +�V +Ke (1.29)where B refers to the binding energy of the third partile in the mother fragment, whihan be alulated using the experimental masses. In Eq. (1.29),Ke is the average kinetienergy with whih the third partile is born, whih is a model dependent parameter.�V is average Coulomb potential energy (V ) di�erene between the orrespondingbinary and ternary on�gurations;�V = V (Ternary:Con�guration)� V (Binary:Con�guration): (1.30)To alulate the value of �V , in the Halpern's desription it is assumed that for givenbinary fragments of harges Z1 and Z2, the third fragment Z3 appears midway betweenZ1 and Z2 in the orresponding ternary on�guration as shown in the Fig. 1.7(a). Inthis �gure the partile Z3 has been taken entirely from Z2 and displaed the residual
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Figure 1.7: (a) A diagram to show how muh larger the inter-partile Coulomb energyis in a ternary on�guration than the orresponding binary on�guration. The thirdpartile (Z3) is removed from one of the binary fragments (Z2) and plaed at a pointmidway between Z1 and Z2 while the residual fragment (Z2-Z3) is displaed slightly inorder to keep the enter-of-mass at the same plae for both on�gurations. (b) Themeasured relative yields of various ternary partiles as a funtion of energy ost (E)in the �ssion of 235U with slow neutrons. The yields are given as perentages of the�-partile yield. Both the �gures are taken from Ref. [111℄.fragment (Z2-Z3) so that the enter-of-mass of the entire system has not moved, whihleads to: �V = �Z2Z3d + Z1Z34d � e2; (1.31)where d is half of the enter-to-enter distane of two fragments in their binary on�g-uration as shown in the Fig. 1.7(a). Eq. (1.31) reveals that as the third partile hargeinreases, the Coulomb ontribution to the energy ost inreases and it remains samefor di�erent isotopes of a given element. The energy ost for �-partile and proton aresimilar, beause redution in binding energy of �-partile in the mother fragment isompensated by redued �V of hydrogen isotopes. Assuming Ke = 2 MeV, Halpern[111℄ alulated the E for various ternary harged partiles observed in 235U(n, f) re-



Chapter 1: Introdution 76ation, and plotted the relative yields as a funtion of E as shown in the Fig. 1.7(b). Itis seen that other than hydrogen isotopes all the third partile yields are following thedereasing trend with inreasing energy ost. The disrepany of hydrogen isotopesfrom the trend is least for the heaviest triton (a fator of ten from its plae).However, it may be noted that the above model is an oversimpli�ation of thereal situation. It does not inlude nulear-fore, fragment deformation, and �nal stateinteration e�ets in the alulation of the energy ost.1.9.2 Energy distributionsThe observed ternary harged partile energy spetra are nearly Gaussian in shape. Thesimplest interpretation of the Gaussian shape is that the �nal energy of the emittedternary partile is determined by the relatively independent initial variables suh asthe position, diretion, and kineti energy with whih it was born. In the low energy�ssion it is observed that the peak (or mean) energy of a given third harged partiledereases with inreasing mass as shown in the Fig. 1.8(a) for He-isotopes [111, 112℄.The peak energy of the ternary �-partile is onstant between 15-16 MeV irrespetiveof the Z and A of the �ssioning nuleus as shown in the Fig. 1.8(b). The shape ofthe sission on�guration and the kineti energies of the FFs at the time of sissionplay signi�ant role in the determination of the �-partile �nal energy. It should benoted here that the �nal energies of the ternary � partiles are muh less than theenergy ost, E. The width (FWHM) of the ternary �-partile is quite large (�10MeV) whih results from the dispersion in the initial onditions. Similar to the peakenergy the energy-width is also nearly onstant for all the �ssioning nulei.Sine experimentally we measure the �nal energies of the FFs as well as the har-ateristis of the third partile, using inverse trajetory alulations the sission pointparameters an be determined. If it is assumed that at the time of sission the FFs areeither stationary or moving very slowly and the initial kineti energy of the � partile
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Figure 1.8: (a) Energy distributions of the ternary He-isotopes produed in the �ssion of234U [111℄. Peak energy [in (b)℄ and width (FWHM) [in ()℄ of the energy distributionsfor the ternary � partiles produed from various �ssioning systems in low energy�ssion [spontaneous �ssion (SF), thermal neutron (nth), and photo-�ssion℄, taken fromRefs. [78, 111, 112℄.is very small (say 2 MeV), then it is observed that the alulated asymptoti kinetienergies of the � partiles are muh larger than the experimentally observed values.The large omputed values are essentially beause the third partile is so muh lighterthan the FFs that they aquire a large omponent of potential energy if they are given aslight start. The di�erene between experimental and alulated values indiate aboutthe large kineti energy of the FFs at the time of sission. Aording to the two-bodyvisosity, the kineti energy of FFs at the sission point inreases with the �ssility[102℄, reduing the Coulomb potential energy to be taken away by the �-partile. Thisresults in onstant peak energy of the ternary � partiles for all the �ssioning nulei.However, from trajetory alulations [114{117℄ no unique set of sission point param-eters ould be obtained mainly beause of larger number of sission parameters andlimited amount of experimental information relevant to the sission on�guration.1.9.3 Angular distributionsSimilar to the energy distribution, the angular distribution of the ternary �-partilesis Gaussian in shape [111, 112℄. For the symmetri �ssion, the Coulomb fores exertedby the two nasent FFs on the third harge partile will make it to be emitted pref-
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Figure 1.9: Cartoons depiting the ternary �ssion proess. In symmetri �ssion (a),anellation of the sission-axis parallel omponents of the Coulomb fores on theternary partile (FA and FB) exerted by the two equal mass fragments A and B, givesrise the harateristi angular and energy distributions of the ternary � partiles. Inase of asymmetri �ssion (b), the unequal Coulomb fores make the angular distribu-tion to peak at an angle slightly less than 90Æ with respet to the sission axis.erentially perpendiular to the sission axis as shown shematially in Fig. 1.9(a). Inthe low energy �ssion, sine the mass distribution is asymmetri the Coulomb foreexerted by the heavy fragment is more than the light fragment whih results in morethan 90Æ with respet to the heavy fragment and less than 90Æ with respet to light frag-ment [Fig. 1.9(b)℄. In the low energy �ssion, the angular distributions for all the lightharged partiles follow the similar trend as observed for the �-partiles. In ternary�ssion, a orrelation between average kineti energy of the �-partile and the angle ofemission has been observed. The kineti energy of the �-partile inreases as the anglehanges away from the most probable one. Conversely, this e�et an be desribed asbroadening of the angular distribution for �-partiles with energies onsiderably abovethe average energy [118, 119℄.The width of the angular distribution is attributed to position and momenta ofthe partiles at the time of sission. The broader the angular distribution, the largerthe separation between the main FFs at sission and larger their kineti energy at
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Figure 1.10: Near sission �-partile multipliity (�nse) as a funtion of Z2=A [in panel(a)℄ and �-partile emission Q-value (Q�) [in panel (b)℄ from low energy �ssion data.that time. There is still some disagreement among experimenters about the widths ofthese distributions. The most detailed measurement for 252Cf gives the FWHM of the�-partile angular distribution as 32.5Æ [120℄. There is another measurement, however,whih gives only �0.7 of this value [115℄. There are also two measurements of thedistributions from the slow neutron �ssion of 235U, one with emulsions and the otherwith ounters, resulting the FWHM to be 29Æ and 20Æ, respetively [111℄. To furtherompliate the piture, the angular distribution in the �ssion of 238U with protons isfound to be about 50% wider than that from the spontaneous �ssion of 252Cf [121℄.1.9.4 Dependene of the ternary �-partile yield on Z2=AFrom the ompilation of all the low energy �ssion data, it is observed that �-partileyield inreases almost linearly with the �ssility parameter Z2=A and �-partile emis-sion Q-value (Q�) as shown in the Fig. 1.10(a) and (b), respetively. This observationis onsistent with the idea that the ternary yield is dependent on the amount of defor-mation at the time of sission. Liquid drop model alulations have shown an inreasein the deformation energy at the sission with inreasing Z2=A [78, 112℄. This is dueto the fat that with inreasing �ssility, the saddle shapes are lose to the equilibriumshape and hange in potential energy between saddle and sission points inreases.
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Figure 1.11: Exitation energy dependene of the ternary light harged partiles fromlow energy �ssion. The dashed and dash-dot lines are shown to guide the eye.This behavior is onsistent with the visous strething of the nulear system duringsaddle to sission motion, more preisely it indiates about the presene of two-bodyvisosity during saddle to sission motion whih favors the strethed sission on�g-uration. Sine Q� also inreases with Z2=A, the �nse values in low exitation energy�ssion appears to be inreasing with Q�.1.9.5 Exitation energy dependene of the ternary �-partileyieldThe exitation energy dependene of the ternary �-partile yield is observed to befairly weak in the region of 6 - 20 MeV as shown in the Fig. 1.11. But at the same timeit has also been onlusively established that the ternary yield in thermal or 1-MeVneutron indued �ssion (orresponding ECN = 6 - 8 MeV) is less than in spontaneous�ssion of the same �ssioning nulei [122{124℄. This behavior suggest that there mightbe a minimum in the �-partile yield if measured at various energies in the intervalof 1 to 20 MeV as indiated by the dashed line in the Fig. 1.11. This possibility is



Chapter 1: Introdution 81supported by the studies of light harged partile indued �ssion, where one �nds thatternary �-partile yield inreases very slowly with the exitation energy above 15 MeVup to 30 MeV as shown in the Fig. 1.11. In any ase, the �-partile yield dependsonly weakly on exitation energy in the range of 6 - 20 MeV. Perhaps this behavior isonneted with the observation that average fragment kineti energies are essentiallyindependent of the initial exitation energy.1.9.6 Possible models to explain ternary �ssionThe models whih are suessful in desribing binary �ssion are diÆult to apply forternary �ssion. In the binary �ssion models the introdution of third partile is notforeseen. Various models have been attempted to understand the harateristis of theternary �ssion data observed from low energy �ssion. All the models an be groupedinto the three ategories: (i) statistial models (ii) dynamial models, and (iii) ombi-nation of both.1.9.6.1 Statistial evaporation of the ternary partilesAs disussed earlier, energy dissipation takes plae during the �ssion from olletivedegrees of freedom to the internal exitations of nuleons. Therefore at the time ofsission some exitation energy is available whih gets transferred to the �ssion frag-ments in binary �ssion. One an argue that similar to ompound nulear evaporation,the ternary harged partiles are also evaporated at the time of sission [111℄. Therelative probability of ternary �ssion over binary �ssion is dominated by the fatorexp (�E=T ), where E is the mean energy ost of emitting a third partile and T isthe nulear temperature (Boltzman fator) at the time of sission. As mentioned ear-lier, the energy ost E for �-partile is �20 MeV and the nulear temperature T � 1MeV. These values imply the ternary �-partile yield to be order of magnitude smallerthan the experimentally observed results. The Boltzman fator implies the steep ex-itation energy dependene whih is ontraditory to the experimental observation of



Chapter 1: Introdution 82weak exitation energy dependene. Moreover, the observation of onstant peak en-ergy of the ternary �-partile irrespetive of the Z and A of the �ssioning system, isinonsistent with a statistial emission mehanism in whih emission barriers follow astandard Z dependene. Therefore, standard statistial evaporation an be ruled outat least in low energy ternary �ssion. This has led many authors to onlude thatternary �ssion is a dynamial proess and not assoiated with an evaporative proessin low energy �ssion.1.9.6.2 Dynamial emission of the ternary partilesHalpern suggested that if the approah from saddle to sission is non-adiabati thenthe energy stored initially in distortions an be transferred non statistially to a thirdpartile at the time of sission [78℄. Aording to this model [111, 125℄, the nek joiningthe two nasent fragments ollapses suddenly (very fast) and a light harged partilein the nek region feels a rapid hange in the nulear potential energy. This rapidhange in the nulear potential an result in the gain of an individual partile. A slowollapse of the nek would warm up the whole nuleus and the only possibility remainis the statistial emission and there would be trouble in aounting for the emissionrates as disussed above. But if the nek ollapse is fast enough, there are small but�nite hanes for individual partiles to aquire suÆient energy from rapidly hangingnulear potential in the region between the two fragments to �nd themselves free andunbound.However, the initial suggestion of Halpern has not been used to obtain a quantita-tive desription of ternary �ssion, but qualitatively main features of ternary �-partileemission from low energy �ssion are onsistent with this model, for example: (i) thelinear inrease of �-partile yield as a funtion of Z2=A of the �ssioning system isonsistent with liquid drop model alulations for dynamial emission of �-partilesnear the sission on�guration as the gain in potential energy from saddle to sissioninreases with Z2=A [78, 112℄, (ii) the weak exitation energy dependene of the �-



Chapter 1: Introdution 83partile yield is in favor of the dynamial model, (iii) onstant mean energy of the �partiles also favors the dynamial model.Over the years, many other dynamial models have been developed with a mo-tivation to understand the ternary �ssion observables quantitatively. These inludemodels involving an extension of the theory of partile emission from atinide groundstates to a rapidly evolving system in the last phase of the �ssion proess, double-nekrupture, and other dynamial models reviewed in Ref. [126℄. Although eah of thesedynamial models has had limited suess in reproduing some of the features observedin the experimental data, no satisfatory simultaneous reprodution of a large amountof experimental data has been ahieved.1.9.6.3 Combination of statistial and dynamial emissionA ombined statistial and dynamial model of ternary �ssion has been reently intro-dued by Lestone [113, 127℄. In this model, statistial theory is used to alulate theprobability that the partiles are evaporated from the nulear surfae with insuÆientenergy to surmount the Coulomb barrier. These quasi-evaporated partiles exist be-tween the nulear surfae and the Coulomb barrier for a short period of time beforereturning to the nulear uid. Potential ternary partiles are �rst quasi-evaporatedinto the region surrounding the presission nek material. Then, due to the rapid ol-lapse of the nek material, quasi-evaporated partiles above the nek-rupture loationexperiene a rapid rise in their nulear potential and are ejeted perpendiular to thediretion of the main fragments via a purely lassial proess. This partile emissionmehanism an be viewed as a oupling of the sudden approximation �rst suggested byHalpern and partile evaporation, and has been used to explain many of the propertiesof 235U (nth, f) ternary �ssion [113℄. However, others have suggested that the las-sial onepts used in the ombined statistial and dynamial model are invalid, andthat the results are not onsistent with an evaporative proess ourring in low-energyternary �ssion [113℄.



Chapter 1: Introdution 841.10 Ternary emission in heavy-ion �ssion: Moti-vation of the seond part of the thesisIn heavy-ion indued fusion-�ssion reations, neutron and harged-partile (mainly pro-ton and �-partile) emission takes plae from various stages namely from the �ssioningompound nuleus (presission) and from the aelerated �ssion fragments (postsis-sion) [96, 97℄ as shematially shown in the Fig. 1.12. Presission neutron and hargedpartile emission spetra and multipliities provide important information on the sta-tistial and dynamial aspets of the fusion-�ssion proess [96, 97℄. The presissionneutron multipliity, �pre has been shown to have a linearly inreasing dependene onthe ompound nuleus exitation energy (ECN) [88, 128℄, whereas presission harged-partile multipliities inrease non-linearly with ECN [98, 128℄. Although there havebeen many studies on presission �-partile emission in heavy-ion indued fusion-�ssionreations [96{98, 129{132℄, a global systematis is yet to be developed. In ase of �-partile emission, it is observed that partiles are also emitted very near the nek regionin the �ssion proess just before sission, akin to the ternary �ssion events in low en-ergy �ssion [129{133℄. This part of presission �-partiles emitted near the nek regionis termed as near sission emission (NSE). Although there have been many studieson presission �-partile emission in many heavy-ion indued fusion-�ssion reations[96{98, 129{132℄, a global systematis is yet to be developed. In low energy �ssion,NSE is a dominant hannel [78, 111, 112℄ and exhibits harateristi energy and an-gular distributions orresponding to strong fousing of the partiles by the Coulomb�eld of the fragments, as disussed earlier. The features of the NSE observed in lowenergy �ssion have been understood qualitatively with sudden nek ollapse dynamimodel suggested by Halpern [111℄. However, the validity of suh a model has not beenproven at elevated exitation energies and over a wide range of Z2=A of �ssioning nuleitypially enountered in heavy-ion indued fusion-�ssion reations.In the work by Lestone et al: [97℄, it is observed that the NSE �-partile yield
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Figure 1.12: Shemati illustration of the di�erent stages of the partile emission inheavy-ion indued �ssion.



Chapter 1: Introdution 86inreases quite strongly with inreasing exitation energy around 75 MeV whih isompletely in ontrast to the observation of a weak exitation energy dependene inlow energy �ssion. The observations by Sowinski et al: [130℄ of similar NSE �-partileyields for two projetile-target systems with similar exitation energy but widely di�er-ent Z2=A values are also against dynamial emission of the �-partile yields. Whereas,in the work of Ref. [134℄ it has been shown by measurement of relative ternary emissionprobabilities of intermediate mass fragments (3�Z � 20) as a funtion of initial exita-tion energy that the ternary emission is a dynamial proess even at higher exitationenergies. But, later on it has been suggested by Moretto et al: [135℄ that the resultsobtained in the above work are onsistent with statistial emission. Thus, at higherexitation energies, it is still not lear whether the NSE mehanism is a statistialevaporation or dynamial or a ombination of both.Understanding of the near sission emission mehanism an provide informationon the sission point harateristis of the �ssioning nuleus and is important fromthe point of understanding the olletive �ssion dynamis. In partiular, investigationof near sission emission in a wide energy range from spontaneous �ssion to heavyion �ssion, an provide insight about the nulear visosity in saddle to sission regionand during the sission itself. Extensive systemati study are available in low energy�ssion but there are no systemati studies so far in heavy-ion indued fusion-�ssionreations for the NSE over a large �ssility (x) range. Therefore, it is important toarry out systemati study of presission and near-sission �-partile multipliities andthis forms the basis for the seond part of the present thesis work.1.11 Outline of the thesisThe �rst part of the thesis deals with the study of the statistial aspets of ompoundnulei, where �-partile evaporation spetra and -ray multipliities have been mea-sured for various target-projetile systems orresponding to residual nulei in the shell



Chapter 1: Introdution 87region of Z �50 and mid-shell region of Z �70 with exitation energy of 30-40 MeV.The high energy part of the evaporation spetra have been analyzed using the statisti-al model ode PACE2 [136℄ to derive values of the inverse level-density parameter (K).Angular momentum dependene of the inverse level-density parameter is investigatedusing -ray multipliity data. The parameter K is obtained as a funtion of angularmomentum at an average exitation energy around 35 MeV for a number of nulei.Around the shell-losure region of Z=50, the `gross' K value (summed over all J) isseen to be in the range 9.0 - 10.5 MeV, whih is within liquid drop model estimate[137℄. The variation of K as a funtion of angular momentum in the range of 5 to30~ for the shell-losure region, shows several interesting features not aounted by theshell and angular momentum orreted values of K used in PACE2 alulation [137℄.However, in the mid-shell region the average value of K is 8.2 � 1.1 MeV [138℄, andremains essentially onstant around the average value in the angular momentum rangeof 15 to 30~ [138℄. The present results for nulei in shell-losure region and in the mid-shell region would serve as important inputs for mirosopi theories to understand thestatistial properties of nulei in di�erent mass regions.The aim of the seond part of the thesis is to investigate the dynamial aspetsinvolved in nulear �ssion. Measurements of �-partile energy spetra in oinidenewith �ssion fragments are arried out for the systems of 11B (62 MeV) + 232Th (Z2=A= 37.14) and 12C (69 MeV) + 232Th (Z2=A = 37.77) in a wide range of relative angleswith respet to FF emission diretion [139, 140℄. The measured spetra are �tted withmoving soure model alulations to extrat the �-partile multipliities orrespondingto di�erent emission stages of the fusion-�ssion proess. In ase of 12C (69 MeV) +232Th reation an extra soure of �-partile emission other than pre-, post-, and near-sission emission stages, is observed whih is attributed to 8Be breakup in �-transferindued �ssion reations [140℄.The obtained results from 11B (62 MeV) + 232Th reation, have been analyzed



Chapter 1: Introdution 88along with the data from literature over a wide range of exitation energy (ECN) and�ssility of the ompound system to develop the systemati features of pre�ssion andnear-sission emission as a funtion of �-partile emission Q-value and Z2=A of theompound system. It is seen that presission �-partile multipliity (�pre) normalizedto E2:3CN show a systemati linearly inreasing trend with �-partile emission Q-value[139℄. The fration of near-sission multipliity (�nse) is observed to be nearly sameat around 10% of the total presission multipliity (�pre + �nse) for various systemsover a wide range of Z2=A and exitation energy suggesting that the near sissionemission of �-partiles in heavy-ion indued �ssion is a statistial proess [139, 141℄.This is in ontrast to low energy and spontaneous �ssion where the nek-emission is adynamial or fast proess. Therefore, it an be inferred that nulear olletive motionduring sission exhibits a hange over from super-uid to visous nature with inreasingexitation energy.CsI(Tl)-Si(PIN) detetors used in these experiments for harged partile mea-surements are haraterized for various aspets [142℄. The energy dependene of thesintillation light output for FFs has been studied by degrading the energies of the FFsprodued from a 252Cf soure in P-10 gas at di�erent gas-pressures. The light outputfor both the heavy and light mass groups inreases linearly in the energy interval 0.2to 0.9 MeV/A and for the heavy mass fragments it is more than that for light massfragments at a given energy. Time response of the detetor has also been investigatedand the time resolution for  rays is determined to be 134 �3 ns.The struture of the thesis is as follows;1. Chapter one introdues the historial preamble and the physis motivation ofthe researh work desribed in this thesis.2. Chapter two desribes performane harateristis of various radiation dete-tors used to arry out the experiments of the present thesis work. The hapteralso disusses two partile identi�ation tehniques applied in the thesis work.



Chapter 1: Introdution 89Further, brief desriptions about the target-preparation and the BARC-TIFRPelletron aelerator faility at Mumbai, are presented.3. Chapter three is divided into two parts. The �rst part desribes in detailthe methodology to determine the -ray multipliity and fold gated �-partilespetra. The seond part, introdues the statistial model ode PACE2 followedby a desription of the method for alulating fold-gated �-partile spetra usingthe ode. It also disusses the least squares �t method used to extrat the inverselevel-density parameter K. Finally, the results on level-density parameter Kobtained for ompound nulear systems around the shell-losure and in the mid-shell regions are disussed.4. Chapter four begins with the methodology of the �-partile measurement inoinidene with �ssion fragments at di�erent relative angles with respet to thefragment emission diretion in 11B (62 MeV) + 232Th (Z2=A = 37.14) and 12C(69 MeV) + 232Th (Z2=A = 37.77) reations. Further, this hapter deals withthe moving soure analysis whih is used to disentangle the di�erent omponentsof the �-partile multipliity. Finally, the results obtained for both the �ssioningsystems are ompared.5. Chapter �ve is divided into two parts. The �rst part begins with the statis-tial model alulations using the ode JOANNE2 to reprodue the presission�-partile multipliities for both reations. The systematis of pre- and near-sission emission is developed using the present results from 11B (62 MeV) +232Th reation along with available data from literature over a wide range ofZ2=A and the exitation energy of the ompound system. In the seond part, theanomalous results obtained in the 12C indued �ssion are explained in terms oftransfer-breakup proess.6. Chapter six gives a brief summary of the researh work arried out in this thesisalong with a future outlook.



Chapter 2Detetion tehniques andinstrumentation
2.1 IntrodutionDetetors, signal proessing eletronis, thin targets, radioative soures, and aeler-ators are the essentials in the study of experimental nulear physis. Partiularly thedetetors along with assoiated eletronis form the bakbone of the nulear experi-ments. The radiation detetor is a devie used to detet, trak, and/or identify thepartiles produed in nulear reations. Over the years, radiation detetors have gonethrough an amazing evolution in size, faster time response, better energy resolution,enhaned position sensitivity, stability, resistivity to radiation damage, and ost e�e-tiveness. Advanes in the utting edge tehnologies in the �eld of nulear materialsand eletronis, have been stimulating the parallel development of various type of so-phistiated detetors. In the present thesis work, a variety of detetors have been usedand their harateristis are disussed briey in the present hapter. However, theCsI(Tl)-Si(PIN) detetors have been disussed in details sine these detetors are har-aterized quite rigorously for their use in harged partile measurements. The partileidenti�ation tehniques used in the thesis work, are also disussed. A brief desrip-tion about target preparation tehniques and di�erent radioative soures used in thepresent work is also presented. All the experimental investigations were arried out90



Chapter 2: Detetion tehniques and instrumentation 91Table 2.1: Various parameters of 252Cf spontaneous �ssion, from Ref. [78, 143{147℄.hALi �(AL) hAHi �(AH) hTKEi �(TKE)MeV MeV108.5 � 0.1 7.1 � 0.1 143.5 � 0.1 7.1 � 0.1 185.9 � 0.5 11.6 � 0.1hELi �(EL) < EH > �(EH) Mn1 M2MeV MeV MeV MeV105.7 � 0.2 5.8 � 0.1 80.2 � 0.2 8.5 � 0.1 3.8 7 { 101 From Ref. [78℄.2 From Refs. [144{147℄.using 14UD BARC-TIFR Pelletron aelerator faility at Mumbai. A brief desriptionabout the aelerator faility is presented in the present hapter.2.2 Radioative souresThe radioative soures with the known parameters suh as the half-life, energy ofthe emitted radiation, branhing ratio, et. play an important role in the study ofexperimental nulear physis. Partiularly, the haraterization and alibration of thedi�erent detetors are performed using various radioative soures. A brief desriptionabout the soures used in the present thesis work is as follows;(i) 252Cf for �ssion fragments: Californium is a radioative metalli atinide,the sixth transuranium element. The element was �rst made at the University of Cal-ifornia, Berkeley in 1950 by bombarding 248Cm with � partiles and was named asalifornium. Its deay half-life is 2.645 years and dominantly deay via �-emission(96.908%) and remaining by spontaneous �ssion [148℄. Although, �ve disrete �-partile energies are observed, only two of them dominate i: e:, 6.118 MeV (81.6%)and 6.075 MeV (15.2%). The �ssion fragments (FFs) produed from spontaneous �s-sion of the 252Cf an be grouped into two ategories aording to their masses andenergies, the light (L) and heavy (H) mass groups. The various aspets of the eah
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1300 1500 1700 1900 2100 2300 2500Figure 2.1: The �-partile energy spetrum from 228;229Th soure taken from Ref. [149℄.mass group, suh as the average masses(hALi and hAHi), energies (hELi and hEHi)and their varianes; mass varianes (�(AL) and �(AH)) and energy varianes (�(EL)and �(EH)), are listed in the Table 2.1 (from Ref. [143℄).The average total kineti energy released in the �ssion proess (hTKEi) and itsvariane �(TKE), mean number of neutrons (Mn) and  rays (M) emitted per binary�ssion, are also listed in the Table 2.1 (from Ref. [143℄). In this thesis work, 252Cfhas been used to validate the BGO setup used for -ray multipliity measurements,to investigate the light output response of the CsI(Tl) detetor for FFs, and testing ofvarious gas detetors.(ii) 241Am-239Pu and 228;229Th for � partiles: Many unstable heavy nuleiattain the stability by �-deay where ertain amount of energy (Q-value) is releaseddepending on mass di�erene of the parent and daughter nulei. The �-deay an leadto any of the exited state of the daughter nuleus (EX), and aordingly the �-partile
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(b)Figure 2.2: Deay shemes from Ref. [148℄; (a) for 137Cs whih emits predominantly a-ray of energy 661.7 keV. (b) for 60Co whih emits predominantly two simultaneous rays of energies 1173.2 and 1332.5 keV.kineti energy is observed to be E� = Qe� [1� 4:0=A℄, where Qe� = Q� EX , and A isthe mass number of the parent nuleus. Both 241Am as well as 239Pu emit � partilesof various disrete energies but only few of them are dominant. In ase of 241Am, thedominant energies are 5.486 MeV (84.8%) and 5.443 MeV (13.1%), whereas in the aseof 239Pu these are 5.155 MeV (70.77%), 5.144 MeV (17.11%), and 5.105 MeV (11.94%)[148℄. The half lives of 241Am and 239Pu are 432.6 years and 24110 years, respetively[148℄. In the ase of 228;229Th soure, the disrete energies of the � partiles as shownin the Fig. 2.1 are due to further �-deay of the short lived daughter produts [149℄.The half-life of 228Th is 1.912 years whih is muh smaller than that of 229Th for whihit is 7340 years [148℄. In the present work, we have used 241Am-239Pu and 228;229Th�-soures to haraterize and alibrate various harged partile detetors.(iii) 137Cs and 60Co soures for  rays: The majority of the unstable nuleiwhen emit an �- or �-partile, the daughter nulei are usually left in the exitedstates whih ome to ground states by emitting  rays of disrete energies in theomplete analogy to the atomi X-ray emission. We have used 137Cs soure whihemits predominantly a 661.7 keV -ray as shown in the Fig. 2.2, for setting up theenergy thresholds, estimating the ross-talk probability, and determining the eÆienyof the BGO setup. The 60Co soure whih emits predominantly two simultaneous 



Chapter 2: Detetion tehniques and instrumentation 94rays of energies 1173.2 and 1332.5 keV as shown in the Fig. 2.2 (from Ref. [148℄), hasbeen used to measure the time resolution of the CsI(Tl)-Si(PIN) detetor using the -oinidene method.2.3 DetetorsIn the present work, various types of the detetors have been employed suh as; (i) Gasdetetors - ionization hambers, (ii) Semiondutor detetors- Si-surfae barrier and Si-strips, and (iii) Sintillation detetors - CsI(Tl), BGO, and BaF2. A brief desriptionabout these detetors is presented here. Detailed harateristis of the detetors havebeen doumented in various referene books [150, 151℄.2.3.1 Gas detetorsThe gas detetors are the simplest and easiest devies used for radiation detetors. Thestriking features of the gas detetors in omparison to other type of detetors are theversatility of onstrution in various on�guration, variation in thikness by seletingappropriate gas pressure, and immunity to the radiation damage. The simplest form ofa gas detetor is essentially a parallel plate apaitor in whih the region between theplates is �lled with a gas suitable for ionization when a radiation passes through it. Asionizing radiation passes through the gas volume, it dissipates some or all of its energyin ollisions with the gas moleules, and thus reates eletron-ion pairs. In the abseneof the eletri �eld between the plates, the motion of eletrons and positive ions wouldbe random, and they would eventually reombine to form neutral moleules. However,when a voltage is applied between the plates, the eletrons are aelerated and aquirea net drift veloity in the diretion of the anode plate. Likewise, the positive ionsaquire a net veloity in the diretion of the athode plate. The spae harge resultingfrom the reation of the eletron-ion pairs and their subsequent motion within theeletri �eld, auses an indued eletri urrent at the eletrode plates. This indued



Chapter 2: Detetion tehniques and instrumentation 95

Applied Voltage (V)

P
u

ls
e 

A
m

p
lit

u
d

e 
(a

rb
. 

u
n

its
)

VI VII VIII VIV

Geiger-Muller 
Region

Proportional 
Region

Limited
Prop.
Region

Ionization 
Region

I IV VIIIII

2 MeV

1 MeV

Figure 2.3: The di�erent regions of operation of a pulse mode gas detetor. The pulseamplitude is plotted for two di�erent energies of the radiation, taken from Ref. [150℄.urrent ontinues to ow until all of the harge has been olleted. Measurement ofthe indued urrent or voltage pulse provides the detetor signal.Behavior of the gas detetor varies as a funtion of applied eletri �eld. Withall other parameters being �xed (detetor geometry, gas type, pressure, et.) the gasdetetors exhibit di�erent harateristis in the di�erent domains of the applied �eld asshown in the Fig. 2.3 (from Ref. [150℄). Fig. 2.3 shows the pulse amplitude as a funtionof the applied �eld, displaying the di�erent regions of the gas detetor operation suh as,Ionization, Proportional, Limited Proportional, and the Geiger-Mueller (GM) region.In the present work, we have used the gas detetors operated in the pulse modeionization region, hene we will fous on the harateristis of the pulse mode ioniza-tion hambers only. For the ionization hambers, the olletion time of the massivepositive ions is about 1000 times larger than that for eletrons, therefore, the ioniza-tion hambers are operated in the eletron sensitive mode to avoid the pulse-pileup. Inthis mode, a time onstant is hosen that is intermediate between eletron and the ionolletion times. The amplitude of the pulse reets only the drifts of eletrons and
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Figure 2.4: Shemati diagram of a parallel plate, pulse mode gridded gas-ionizationhamber.have muh faster rise time. However, the amplitude of the pulse beomes sensitive tothe initial position of the interating radiation in the hamber. The use of a griddedhamber overomes this shortoming to a large extent.2.3.1.1 Gridded gas ionization hambersA simple parallel plate gridded ionization hamber has been designed to understand theharateristis of the ionization region. Shemati geometry of the hamber is shownin the Fig. 2.4, where retangular opper plates at as anode and athode. A Frishgrid with 95% transmission is plaed between anode and athode. P-10 gas (90% Ar+ 10% CH4 mixture) is used in ontinuous ow mode within the hamber. The gaspressure is kept onstant at around 500 mbar. The athode is grounded and the gridis maintained at an intermediate potential of the two eletrodes. In the transversegeometry, the eletri �eld in the athode-grid and grid-anode regions is normal tothe planes of athode, anode, and the gird. An �-soure is plaed in front of theentrane window of the hamber suh that the � partiles are inident perpendiularto the eletri �eld in the athode-grid region as shown in the Fig. 2.4. Eletrons and
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(Thick detector)(Transmission detector)Figure 2.7: Shemati diagram of telesopi arrangement of �E and E detetors, where�E is a transmission type thin detetor and E is a thik detetor.inreasing VA. The values of RO-VG are mentioned at the bottom of eah panel in theFig. 2.6. The �-partile energy spetra are also obtained using a 241Am-239Pu soureat di�erent VG and VA values. The best energy resolution for � partiles of energiesaround 5 MeV is obtained to be 118 keV for VG =225 V and VA =475 V.The gridded gas ionization hambers have shown their potential use in not onlyenergy but also the partile identi�ation and angle measurements, speially for heavyfragments. In the subsequent setions, fragment identi�ation and their position infor-mation using a gas ionization hamber have been disussed.2.3.1.2 �E{E TelesopeIdenti�ation of di�erent reation produts is one of the primary requirements in thestudy of experimental nulear physis. Energy loss measurement is one of the eÆienttehniques employed for this purpose. This tehnique is based on the fat that fordi�erent partiles of the same energy, the spei� energy loss (dE/dx) on passingthrough a material are di�erent. In this tehnique, the partiles are �rst allowed totraverse through a thin transmission type detetor, where partial energy (�E) is lostand remaining energy of the inident partile is deposited in the thik E-detetor,hene it is referred as �E - E tehnique. The thikness of the �E detetor is hosenvery small in omparison to the partile range. Shemati diagram of this telesopiarrangement of �E and E detetors is depited in the Fig. 2.7. The dE/dx of harged



Chapter 2: Detetion tehniques and instrumentation 100partile passing through a medium is desribed by the well known Bethe-Bloh formulawhih an be approximated for a non-relativisti partile as [150℄;dEdx / MZ2effE ; (2.1)where M is the mass of the ion with inident energy E and harge Zeff . Theenergy loss in the transmission detetor is obtained by [150℄;�E = Z xt0 dEdx dx; (2.2)where xt is the detetor thikness. The produt E � dEdx is a measure of MZ2eff , thusdi�erent parabolas in the �E vs. E plot orrespond to di�erent partiles as shown inthe Fig. 2.8(a) obtained using the silion detetor telesope (�ESi - ESi) in a heavy-ionreation. The total energy of the inident partile is obtained from the sum of pulseheight signals from �E and E detetors. Employing Si-detetors in this tehnique,an exellent separation is obtained only for lower Z values (Z � 10) with a suitablethikness of the �E detetor. For larger Z, the di�erent ombinations of M and Zvalues may lead to the same MZ2eff , thus rendering the method unsuitable [150℄.Combination of gas ionization hamber as a �E-detetor and a thik E-detetor(either gas or any other suitable) makes a hybrid telesope whih an provide a verygood separation between heavy fragments and light harged partiles. By tuning thegas pressure, the energy loss in the �Egas-detetor an be varied and the telesope anbe made suitable to di�erent mass ranges of the fragment [152, 153℄. We have used�Egas vs. Egas telesopes to separate the �ssion fragments and light harged partiles.To ahieve this goal in a simplest way, the anode plate of the above desribed ionizationhamber was segmented into two parts orresponding to �E and E. At P-10 gaspressure of 150 mbar and voltage settings of VA=400 V, VG= 200 V, and athode =-10 V, response of this simplest gas ionization telesope is shown in the Fig. 2.8(b)for �ssion fragments produed from 252Cf soure, where a lear separation between
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Figure 2.10: (a) A two-dimensional spetrum of �E1 vs. �E2 using 252Cf �ssionsoure obtained from position sensitive ionization hamber having a three slit maskat the entrane window. The notations `1', `2', and `3' orrespond to the three slitopenings. (b) The orresponding position spetrum using the Eq. (4.2) (see text).The anode plate made of Cu-plated �ber glass is splitted into two trapezoidal partsof length 45 mm (�E) and 90 mm (E). A strethed 1.5 �m thik mylar foil is �xedon a window frame and supported by a Ni mesh having 95% transmission. The ativearea of the window is (42 � 12 mm2) whih enables an angular overage of 30Æ for thedetetor distane of 8.5 m from the target.The �E part is further divided into two segments �E1 and �E2 as shown inFig. 2.9 (b) in suh a way that the average dE/dx is almost equal in both the regionsfor the FFs entering the entral line of the detetor. The FFs, passing at any otherangle will lose energies proportional to their path lengths in �E1 and �E2 regions.The position information is derived by using the harge division method for the signalsolleted by the �E1 and �E2 setions. The detetor has been tested using a 252Cfspontaneous �ssion soure. At P-10 gas pressure of 140 mbar and voltage settings ofathode = -50 V, grid = +125 V, and anode = +250 V, the detetor operates in theionization region. The position parameter is de�ned as [156℄;x = �E1 �Kg�E2�E1 +Kg�E2 ; (2.3)where Kg is a ratio of eletroni gains of �E1 to �E2, and was measured to be 2.25



Chapter 2: Detetion tehniques and instrumentation 104during the detetor haraterization. The parameter x is proportional to the FFsposition and is related to the sattering angle. Position resolution has been measuredby attahing a mask of three slits eah of 2 mm width and 10 mm separation in frontof the detetor window. For this masked entrane window, the �E1 vs. �E2 plot andextrated position information are shown in the Figs. 2.10(a) and (b), respetively. Inthe Fig 2.10(a), the three-slits openings are denoted by `1', `2', and `3' whih orrespondto three peaks in position spetrum as shown in the Fig 2.10(b). The position resolutionis determined to be 1.1 mm whih translates to �1Æ of angle resolution whih is quitegood for studying the angular distribution of FFs in heavy-ion reations.2.3.2 Semiondutor detetorsThe semiondutor-detetors have wide spread appliations in various �eld suh asmedial imaging, spae, partile and nulear physis researh, et. In partiular, theadvanement in the semiondutor detetor tehnology has revolutionized the researhin the �eld of nulear and partile physis by virtue of their better energy resolution,fast timing response, and ompat geometry.The basi operating priniple of semiondutor detetor is analogous to gas ion-ization hambers. Instead of the gas, the medium is now a solid semiondutor. Thepassage of ionizing radiation reates eletron-hole pairs instead of eletron-ion pairs,whih are then olleted by an eletri �eld. In a semiondutor material the band-gapbetween the valene band and the ondution band is small � 1 { 2 eV. Therefore, theadvantage of semiondutor material, is that the average energy required to reate aneletron-hole pair is around 10 times smaller than that for gas ionization. Thus, thenumber of harge arriers produed for a given energy deposited in a semiondutormaterial is a order of magnitude larger than gas ionization hambers, resulting in bet-ter energy resolution. Beause of their high density, the semiondutor detetors areompat in size and hene very fast timing response. The most suitable semiondutor
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(b)Figure 2.11: Shemati, (a) and real, (b) views of typial Si-surfae barrier detetors.materials that are used to fabriate these detetors are the silion (Si) and germa-nium (Ge), whih are haraterized by the band-gap of 1.115 and 0.665 eV (at roomtemperature) [150℄, respetively. The major drawbak of these detetors is that be-ing rystalline material, they have greater sensitivity to radiation damage whih limitstheir long term use.For harged partile detetion, Si is the most widely used semiondutor materialbeause it has advantage of room temperature operation and wide availability. Thedepletion region (ideal for radiation detetion) in Si may be reated in a number of wayswhih result in a number of di�erent type of Si-detetors suh as the di�used juntiondiode, surfae barrier, ion-implanted diode, and lithium drifted silion (Si(Li)), et.Eah type of Si-detetor have ertain merits and de-merits, therefore depending onthe appliation a suitable seletion is made. We have used Si-surfae barrier detetorsfor light harged partiles and a 32-strips Si-detetor with a delay-line read-out for�ssion fragment measurements. In the present hapter we will disuss briey aboutonly Si-surfae barrier detetors and the 32-strips Si-detetor is disussed in a laterhapter.The Si-surfae barrier detetors (SBD) rely on the juntion formed between asemiondutor and ertain metal, usually n{type silion with gold or p{type Si with



Chapter 2: Detetion tehniques and instrumentation 106aluminum [150, 151℄. In most ommerially available SBDs, the n{type silion is oxi-dized on one side and oated with a thin gold layer to form thin p{type material and aretifying eletrial ontat. The other side of n{type material is oated with aluminumfor eletrial ontat. Reverse bias is applied with positive voltage on the n{type sidethrough the aluminum ontat. The juntion is mounted in an insulating ring withmetalized surfaes for eletrial ontats, as shown in the Fig. 2.11(a). Typial trans-mission type and thik Si-detetors are shown in the Fig. 2.11(b). The SBDs an befabriated with varying thikness from 10 �m to 2 - 5 mm. The thin SBDs an be fullydepleted by applying suitable reverse bias voltage, the depletion zone extends throughthe entire thikness of the silion wafer. The fully depleted detetors are very usefulas transmission detetors to be used for partile identi�ation in �E-E telesopes asdisussed in the previous setion.2.3.3 Sintillation detetorsThe sintillation detetors make use of the fat that ertain material emit a smallash of light, i.e., a sintillation when struk by an inoming nulear radiation. Thesesintillations an be onverted into eletrial pulses when the sintillator is oupledto an eletroni light sensor suh as a photomultiplier tube (PMT) or a photodiode,whih an be analyzed subsequently to extrat the information about the inidentradiation. The sintillators exhibit various desired properties required in radiationdetetion suh as high density, fast timing response, low ost, radiation hardness,prodution apability, and durability of operational parameters.The sintillators an be grouped into two ategories viz. the inorgani sintillatorssuh NaI(Tl), CsI(Tl), BGO, BaF2, et., and the organi sintillators suh the plasti,anthraene, stilbene, et. [150, 151℄. The organi sintillators are haraterized byfast timing response (2 - 30 ns), low density, and large signal non-linearity due tolarge ionization quenhing. In the study of nulear physis, the organi sintillators



Chapter 2: Detetion tehniques and instrumentation 107
Scintillation
Photons

Activator
excited states

Activator
ground states

Valence band

Conduction  band

B
an

d 
G

ap

Figure 2.12: Shemati energy band struture of an ativated inorgani sintillator,taken from Ref. [150℄.are mostly used for neutron detetion, where an exellent disrimination of  rays anbe obtained. Whereas, an inorgani sintillator exhibits spei� features whih makesthem attrative for a spei� appliation in the �eld of nulear physis. The NaI(Tl)is one of the oldest detetor whih produe maximum light output when oupled to aPMT among all the inorgani sintillators. However, for harged partile measurementsthe CsI(Tl) oupled with photodiode is superior to NaI(Tl) as disussed in the followingsetions. In present thesis work, the CsI(Tl) has been haraterized quite rigorouslyand used for harged partile measurements.The CsI(Tl) and NaI(Tl) are the rystals of the alkali halides ontaining smallamount of thallium as an ativator. The basi sintillation mehanism in these mate-rials depends on the disrete energy states determined by the rystal lattie as shownin the Fig. 2.12. The energy deposited by the inident radiation in the rystal resultsin the exitation of an eletron from valene band to the ondution band. In thepure rystal (without Tl ativator), the emission of photon due to eletron transitionfrom ondution band to valene band, is an ineÆient proess beause of self absorp-tion. Moreover, the typial band-gap of a pure rystal is too high whih would make
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Figure 2.13: The emission spetra of several ommon inorgani sintillators along withthe response urves for two widely used PMTs, taken from Ref. [150℄.the resulting photon muh beyond the visible region, where most of the PMTs andphotodiodes have good spetral sensitivity.The Tl ativator in alkali halides redues the self absorption and enhanes theprobability of visible photon emission. The ativator reates speial site within thelattie almost in the middle of the band-gap of the pure rystal as shown in the Fig.2.12. As a result, the eletron de-exitation takes plae now through these new energystates within the forbidden gap. This transition results in a visible photon emissionand serve as the basis of the sintillation proess. The energy struture of the ativatorin the host rystalline lattie determines the emission spetrum of the sintillator. Theemission spetrum of the photons with harateristi time onstant determines the overall behavior of the detetor. Majority of the inorgani sintillators have more than onedeay time onstants. The sintillation light is fully utilized if the emission spetrumoverlaps with the maximum sensitivity region of the absorption spetra of the lightolletion devies. Fig. 2.13 shows the emission spetra of several ommon inorganisintillators along with the response urves for two widely used PMTs. It an be seenfrom the Fig. 2.13 that in the ase of CsI(Tl) the overlap between emission spetrum



Chapter 2: Detetion tehniques and instrumentation 109Table 2.2: Charateristi properties of some inorgani sintillators from Ref. [150℄.Sintillator Density Refrative Deay Time �max Photons Hygrosopi(gm/m3) index �s nm /MeV e�sNaI(Tl) 3.67 1.85 0.23 415 38000 YesCsI(Tl) 4.51 1.80 5 { 7 1 540 65000 SlightlyBGO 7.13 2.15 0.30 480 8200 NoBaF2 Fast 4.89 1.58 0.0006 220 1400 NoBaF2 Slow 4.89 1.5 0.63 310 9500 No1CsI(Tl) has two deay time onstants. Shown above is slow and fast=0.4 { 0.7 �s.and spetral sensitivity of the PMTs is quite small. EÆient light olletion for CsI(Tl)an be obtained if it is oupled with a photodiode, whih makes it suitable to be usedin a ompat geometry. Sine the PMT itself amplify the signal whereas in ase ofphotodiode there is no signal ampli�ation, but the superior spetral sensitivity withphotodiode results in similar energy resolution of CsI(Tl) sintillator either oupledwith PMT or photodiode.Various aspets of ommonly used inorgani sintillators suh as density, refrativeindex, deay time onstants, peak emission wave length (�max), number of photonsemitted due to 1 MeV energy deposited by fast eletrons, and their hygrosopi nature,are listed in the Table 2.2 ( from Ref. [150℄). The harateristis of the CsI(Tl)-Si(PIN)detetor will be disussed in detail later in this hapter. In the subsequent setions,basi harateristis of BGO and BaF2 detetors are outlined.2.3.3.1 Bismuth Germanate (BGO) detetorsThe major advantage of the Bi4Ge3O12 (ommonly known as BGO) is its high density(7.13 gm/m3) and the large atomi number (83) of the bismuth omponent whihresults in largest probability per unit volume of any ommonly available sintillationmaterial for photo-eletri absorption of  rays. Unfortunately, the light yield from



Chapter 2: Detetion tehniques and instrumentation 110BGO is relatively low (10-20% of that of NaI(Tl)) and the refrative index is quite high(2.15), whih makes ineÆient light olletion. These undesirable properties result inpoor energy resolution. Therefore these detetors are more suitable only when high -ray ounting eÆieny is the primary interest. In the present work these detetors havebeen used for low energy -ray multipliity measurements so that ross talk betweenthe detetors is negligible (<1% for 662 keV  rays from 137Cs).2.3.3.2 Barium Fluoride (BaF2) detetorsThe BaF2 is the only inorgani sintillator whih has very high atomi number and avery fast omponent with deay time onstant less than 1 ns. These properties makeit attrative in the appliation where both high detetion eÆieny per unit volumefor the  rays and fast timing response are the primary requirements. It has two deayomponents, the fast one with deay time 0.6 ns falls in shorter wavelength, whereasthe slower one with deay time 630 ns falls in somewhat longer wavelength as shown inthe Table 2.2. The total light yield is a small fration of that of NaI(Tl) whih resultsin poor energy resolution. About 20% of the total sintillation light yield is observedin the fast omponent. However, it remains important to be used as a start trigger for rays in various oinidene experiments. In the present thesis work it has been usedto measure the time resolution of the CsI(Tl)-Si(PIN) detetor as disussed in the nextsetion.2.4 CsI(Tl)-Si(PIN) detetorsCsI(Tl)-Si(PIN) detetors have been used in many multi-detetor arrays all over theworld [157{159℄ for harged partile measurements. These detetors have also been usedin -ray measurements [160℄, and for X-ray imaging in medial appliations [161, 162℄.This type of detetors have following advantages: (i) CsI(Tl) sintillator oupled tophotodiode Si(PIN) makes a ompat geometry; (ii) strong dependene of pulse shape
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Chapter 2: Detetion tehniques and instrumentation 112It has been reported in the past [163, 165, 166℄ that the di�erential sintilla-tion eÆieny, dL/dE has a strong dependene on the spei� energy loss (dE/dx)for harged partiles (2�Z�36). It was observed that dL/dE dereases as dE/dx in-reases and for the same value of dE/dx, the sintillation eÆieny is more for partileswith large atomi number as shown in the Fig. 2.14 (from Ref. [163℄). Sine dL/dEdepends on dE/dx, it gives rise to a nonlinear relationship between light yield (L) andenergy (E) of the partile. This nonlinear behavior is more pronouned at energiesbelow 6 MeV/nuleon. These observations for harged-partiles up to Z=36 have beenunderstood in the framework of a model �rst proposed by Meyer and Murray [169, 170℄.The dE/dx behavior of FFs is quite di�erent in omparison to harged partiles(2�Z�36) beause of the dependene of e�etive harge (Ze�) of the FF on the frag-ment energy [152, 153℄. In order to explore the possibility of using CsI(Tl)-Si(PIN)detetor for FFs measurement, we have investigated in the present work the light out-put response of the detetor for �ssion fragments produed from a 252Cf soure. TheFFs are produed in a wide range of mass and harge having energies in the range of0.5 to 1.3 MeV/nuleon in spontaneous �ssion of 252Cf. The energy dependene of thelight output for FFs has been studied by degrading the energies of the FFs in the P-10gas at di�erent pressures. We have also investigated time response of the detetor for rays. These CsI(Tl)-Si(PIN) detetors are being used in a harged partile detetorarray developed at the BARC-TIFR Pelletron/Lina faility, Mumbai [171℄.2.4.1 Details of detetor setupThe CsI(Tl)-Si(PIN) detetors have been supplied by M/s SCIONIX, Holland. Aphotograph of two typial CsI(Tl)-Si(PIN) detetors is shown in the Fig. 2.15. TheCsI(Tl) rystal has entrane surfae area of 25�25 mm2 and thikness of 10.0 mm.Exept the bak surfae, all other faes are overed with 1.2 �m thik reeting foilof aluminized mylar. A Si-PIN photodiode manufatured by Hamamatsu Photonis is
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Figure 2.15: A photograph of two typial CsI(Tl)-Si(PIN) detetors.oupled to the bak surfae via a 25�25�15 mm3 light guide. The photodiode typeS3204-08 is 300 �m thik with an ative area of 18�18 mm2. A retangular ollimatorof opening area 22�22 mm2 is plaed at the front surfae of the rystal to avoid the edgee�ets. The signal read-out was ahieved by a harge sensitive pre-ampli�er, attahedto the photodiode. The low power dissipation �120 mW of the pre-ampli�er allowed itto be operated in vauum without speial ooling. Signals from pre-ampli�er had a DCo�-set of 2-3 V, whih is eliminated by using a apaitor of 6.0 �F. The required +12V to the pre-ampli�er is supplied using a battery whih improves the signal to noiseratio in omparison to supplying the voltage from a NIM module. The gain of the pre-ampli�er is 6 mV/MeV for �-partiles with output impedane of 50 
. Pre-ampli�ersignals are ampli�ed and shaped using a spetrosopy ampli�er (CAEN N968).The pulse height and energy resolution of the detetor are studied as a funtion ofbias voltage applied to the photodiode and shaping time of the spetrosopi ampli�er.The leakage urrent of the photodiode varies in the range of 3-9 nA over the voltagerange of 2-100 V. The Figs. 2.16(a)-(d) show the pulse height and energy resolution(FWHM) for �-partiles (from 241Am-239Pu soure) as a funtion of (i) bias voltageapplied to the photodiode [Figs. 2.16(a) and (b)℄ (ii) shaping time of spetrosopi
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Energy (arb. units)Figure 2.19: A two-dimensional plot of time versus energy of the  rays, �-partiles,and FFs from 252Cf (see text).peak due to �-partiles of energy 6.11 MeV as shown in the Fig. 2.17 (b), that overlapswith FF pulse heights partiularly when FF energy is degraded using absorbers. Theseparation of �-partiles from FFs was ahieved by employing time-of-ight (TOF)tehnique, where start signal was taken from a BaF2 detetor triggered by prompt rays, and the stop signal was from CsI(Tl)-Si(PIN) detetor. The CsI(Tl)-Si(PIN)detetor and 252Cf soure were mounted in a vauum-tight stainless-steel (SS) hamber,whereas the BaF2 detetor was mounted outside but, lose to the hamber. Distanesof the CsI(Tl)-Si(PIN) and BaF2 detetors from 252Cf soure were 28 m and 2 mrespetively. P-10 gas was used as the energy degrader in the present experiment. Theenergies were degraded to 0.2 - 0.5 MeV/A for heavy FFs and 0.4 - 0.9 MeV/A forlight FFs using P-10 gas at di�erent pressure in the range of 5-50 mbar in steps of 5mbar. Moreover, the aluminized mylar foil of 1.2 �m attahed at the front fae of thedetetor ated as an additional degrader at eah gas-pressure.The eletronis on�guration used for the TOF study is depited in Fig. 2.18.Shaping times of the spetrosopi ampli�ers for both the detetors were kept at 3 �s.The start signal from BaF2 detetor to the time to amplitude onverter (TAC) wastaken through a onstant fration disriminator (CFD) and stop signal from CsI(Tl)-Si(PIN) detetor was taken through a timing �lter ampli�er (TFA), CFD, and a �xed



Chapter 2: Detetion tehniques and instrumentation 117delay (25 ns) as shown in Fig. 2.18. The di�erentiation and integration times of theTFA were kept at 200 and 500 ns, respetively. For above time settings of the TFA,best signal-to-noise ratio was obtained. The range of the TAC was kept at 1 �s andit was alibrated using �xed delays of di�erent magnitudes. Data were olleted inevent-by-event mode using a CAMAC based multi-parameter data aquisition system.The FFs and � partiles (6.11 MeV) were separated using TOF exept for a smalloverlap as shown in Fig. 2.19. Other than �-partile and FF bands in Fig. 2.19, wealso observed a `PIN-' band orresponding to the  rays reahing diretly to thephotodiode whih are disussed in the next setion. Beause the start signal to theTAC is generated from  rays, � partiles are emitted randomly in the full range ofthe TAC. If we ollet the data in singles, the ratio of � partiles to FFs is observed tobe '20, but beause of TOF measurement, this ratio redues to �0.2. The redutionin �-intensity helps in determining the mean energy of the most probable FF afterpassing through P-10 gas. The small overlap of � partiles with FFs was subtratedappropriately at eah gas pressure. The pulse height spetra of FFs after subtrating�-ontribution are shown in Fig. 2.20(a) for di�erent gas pressures. The hange inspetral shape with similar gas pressure is onsistent with the earlier reported work[153℄ where energies of the FFs were measured using a gas ionization hamber.Energy loss of the most probable light and heavy fragments in P-10 gas and alu-minized mylar foil was alulated using the software SRIM [172℄. In Fig. 2.20(b), wehave shown the measured light yields as a funtion of alulated inident energy ofthe FFs after taking into aount of the energy loss in gas and aluminized mylar foil.The light yield varies almost linearly as a funtion of energy. The light yield for heavyFF is observed to be more than that of light FF at a given energy. This di�erene inlight yield is beause of the heavier FFs having less dE/dx in CsI material than lighterones for the same fragment energy [152, 153℄ as shown in Fig. 2.20(). The dE/dx ofFFs in CsI was alulated using the software SRIM [172℄ as a funtion of energy as
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Chapter 2: Detetion tehniques and instrumentation 119al [173℄, where light yield response of CsI(Tl) detetor with PMT read-out has beenstudied for FFs of 252Cf.Light output response of CsI(Tl)-PMT detetor for �ssion fragments was studiedearlier by Fulmer [174℄, where, the most probable light and heavy �ssion fragments fromthermal neutron indued �ssion of 235U were magnetially separated. The sintillationlight yields in a thin CsI(Tl) rystal (0.003 in.) were determined as a funtion of rangein various gases and metals. The sintillation light yield as a funtion of energy wasderived using energy versus range relationship determined by Shmitt and Leahman[175, 176℄. The light yield was reported to be similar for both light and heavy FFswith an approximately linear inrease with fragment-energy. However, from dE/dxbehavior of the FFs, the sintillation light response for light and heavy FFs is expetedto be di�erent.2.4.3 Time Response for  raysThe time resolution is one of the most important parameters of any nulear radiationdetetor. The fators that ontribute to time resolution of any sintillation detetor arethe deay time onstant of the rystal and the signal read-out system. The possible sig-nal read-outs oupled to sintillation rystals are either photo-multiplier tubes (PMTs)or Si-photodiodes (or avalanhe photodiode). Beause of good signal ampli�ation a-pability of PMTs, the CsI(Tl)-PMT detetor has fast timing response, but it makesthe detetor bulky and inonvenient to be used in vauum in high granularity detetorarrays. CsI(Tl) detetor oupled with Si(PIN) or avalanhe photodiode is a suitablehoie for the detetor arrays beause of its ompat geometry. The sintillation deaypulse of CsI(Tl) detetor an be well represented by a sum of two exponentials withdi�erent time onstants [177℄, one fast (�f) and other slow (�s). �f hanges with den-sity of ionization of the inident partile and its energy, whereas �s is independent ofpartile type and its energy [177, 178℄. The value of �s is �7 �s and �f is in the range
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Figure 2.21: (a) A two-dimensional plot of time (from TAC) vs. energy of the  raysfrom 60Co. (b) The time-projetion of the two-dimensional plot of panel (a).of 0.4 { 0.7 �s and it is a inreasing funtion of partile-energy [177, 178℄. The relativeresolving time of various partiles in CsI(Tl)-Si(PIN) detetor is mainly determined bythe fast omponent (�f ) of the deay time onstants. The value of �f for 662 keV rays is 0.70 � 0.025 �s [178℄. At a given energy, �f is largest for  rays and hene thetime resolution for  rays will be poorest among all other radiation [178℄.We have measured the time resolution of the CsI(Tl)-Si(PIN) detetor for  raysby deteting the two prompt  rays from 60Co in oinidene using a BaF2 detetor asstart signal and CsI(Tl)-Si(PIN) detetor as stop signal. The eletronis on�gurationfor this study was same as of Fig. 2.18. Distane of the CsI(Tl)-Si(PIN) detetor tosoure (60Co) was redued from 28 to 4 m to inrease the oinidene rate. The soure-detetor (CsI(Tl)) setup was at atmospheri pressure in the overed SS-hamber. Otherexperimental details were exatly same as used for the investigation of light responseof the detetor for FFs. A two-dimensional plot of time (from TAC) versus energy ofthe  rays (from 60Co) is shown in Fig. 2.21(a). In this �gure, two di�erent groups of rays are observed. These two -groups are identi�ed as (i) the one higher in timeorrespond to  rays deteted through CsI(Tl) rystal named as `CsI(Tl)-PIN-', and(ii) the one lower in time is due to  rays reahing diretly to the photodiode namedas `PIN-'. In the group `CsI(Tl)-PIN-' the sub-groups `1' and `2' orrespond tophoto-peaks for prompt  rays of energies 1.33 and 1.17 MeV, respetively from 60Co



Chapter 2: Detetion tehniques and instrumentation 121soure, whereas the sub-group `3' is due to Compton sattering of both the prompt rays. The PIN- rays are dominantly Compton sattered through the thin (300 �m)Si(PIN) photodiode whih has very less photo-peak eÆieny in omparison to the CsI.The pulse height ratio for photodiode signal to BGO+photodiode signal at the same-ray energy has been measured [179℄ to be 28.8 � 0.1. Using above information thispulse height ratio for CsI(Tl) rystal has been estimated to be �7. The high gain of thephotodiode makes the pulse heights orresponding to the low energy Compton sattered rays to be distributed over the entire energy range as shown in Fig. 2.21(a). In theFig. 2.21(a) apart from two identi�ed -groups, the events due to hane oinideneare also observed in the full time-range of the TAC.Fig. 2.21(b) shows the time-projetion of the time versus energy orrelation plotof Fig. 2.21(a). In this time-projetion, the peak orresponding to  rays from CsI(Tl)is broader than the peak for the PIN- rays, as expeted. The FWHM of the timingpeak orresponding to CsI(Tl)-PIN- rays an be written in the form as;FWHM2CsI(T l)�PIN� = �t2CsI(T l)�PIN� +�t2BaF2 +�t2Elet: (2.4)where, �tCsI(T l)�PIN� is the resolving time of the CsI(Tl)-Si(PIN) detetor,�tBaF2 is the resolving time of the BaF2 detetor, and �tElet: is the eletroni timeresolution. In a similar way we an write FWHM for the peak orresponding to PIN-rays. The resolving time of the BaF2 an be found in literature and its value is �112 ps[180℄ for  rays from 60Co soure. The eletroni time resolution was measured using apulse generator, whih we obtained as �3 ns. The FWHM of PIN- and CsI(Tl)-PIN-peaks shown in Fig. 2.21(b) are 23 � 1 ns and 134 � 3 ns, respetively. Using Eq.(2.4)the time resolution of the CsI(Tl)-PIN detetor for  rays is determined to be 134 � 3ns. In the present work the time resolution (FWHM) for �ssion fragments has also beenestimated by taking time-projetion of time versus energy orrelation plot of Fig. 2.19to be �25 ns and �30 ns for light and heavy FFs with average energies of 104 and80 MeV, respetively. Time resolution for light harged partiles would be better than



Chapter 2: Detetion tehniques and instrumentation 122that for FFs, beause for the light harged partiles the deay time onstant (fast) issmaller and the sintillation light yield is more than the FF at a given energy.The time resolution of CsI(Tl) detetor with PMT read-out for 511 keV  rays hasbeen reported to be 1.3 ns by Bhattaharjee et al: [181℄. Harihar et al: [167℄ reportedthe time resolution to be 14.4 ns for 60Co  rays and 5.5 ns for FFs from spontaneous�ssion of 252Cf. The time resolution of CsI(Tl) detetor with avalanhe photodioderead-out [182℄ has been observed to be of the order of 40 ns for  rays. In the presentwork, the poor signal-to-noise ratio together with large rise time of Si(PIN)-diode [183℄makes the time resolution of CsI(Tl) rystal with photodiode read-out to be poorer inomparison to the PMT. It should be noted here that the energy resolution is similarread-out[179℄, whereas the time resolution di�ers signi�antly for CsI(Tl) detetor withphotodiode and PMT read-outs.2.4.4 Pulse shape disrimination (PSD)The versatility of the CsI(Tl) detetor is attributed to its unique properties and amongmany others its intrinsi ability to disriminate di�erent type of harged partilesrelative to their spei� energy loss dE/dx is of speial interest. As mentioned earlier,the light output of the CsI(Tl) an be represented as the sum of two exponentials, onefast and the other slow [177℄. The light-amplitude ratio of fast to slow omponents aswell as the fast time onstant are partile dependent, and therefore, two avenues arepossible to disriminate various partiles. The tehnique whih utilizes the amplituderatio of fast to slow omponents, is based on harge omparison methods [168℄. Thetehnique whih we have used in the present work utilizes the partile dependent fastomponent of the deay time onstant [177, 178℄. In the present ase the sintillationlight is sensed by a PIN photodiode, whih is onneted to the input of a hargesensitive pre-ampli�er. Sine the rise time of suh a pre-ampli�er is equal to the deaytime onstant of the sintillation light, the partile type information is ontained in
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(b)Figure 2.23: Pulse shape disrimination (PSD) using zero rossover time (ZCT). (a)An o�-line PSD between � partiles and  rays produed from 241Am-239Pu and 60Co,respetively. (b) An in-beam PSD between various reation produts of 11B (69 MeV)+232Th reation, measured at 14-MV BARC-TIFR Pelletron faility, Mumbai.2.5 Target preparationTarget preparation is often ruial to the suess of an experiment and it is thereforeof the utmost importane that the target on�rms to the experimental requirementswith regard to purity, omposition, thikness, et. Many tehniques are used for targetpreparation suh as vauum evaporation (resistive heating), mehanial rolling, diretglow disharge (eletrial disharge), eletro-deposition, deposition using an isotopeseparator, eletro-spraying, sputtering, et. The targets used in the present thesiswork along with their relevant information suh as isotopi purity, thikness, baking,preparation method, and purpose of use, are listed in the Table 2.3.2.6 BARC-TIFR Pelletron aelerator failityThe Pelletron aelerator faility at Mumbai, set up as a joint ollaborative projetbetween BARC and TIFR, has been serving as a major researh faility for heavy-ion aelerator based researh in India sine its ommissioning in Deember, 1988.The faility is housed at TIFR, Mumbai. For the present aelerator, the maximumterminal voltage is 14 MV. This high eletri potential at the terminal is ahieved by



Chapter 2: Detetion tehniques and instrumentation 125Table 2.3: Various targets used in the present thesis work along with their relevantinformation.Target Isotopi purity Thikness Baking Preparation method Purposemg/m2115In 95.71% 0.5 No Vauum evaporation NLD study193Nb 100% 0.6 No Mehanial rolling NLD study189Y 100% 0.7 No Mehanial rolling NLD study1181Ta 99.98% 1.5 No Mehanial rolling NLD study1164Dy 99.9% 1.1 No Mehanial rolling NLD study1232Th 100% 1.5 No Mehanial rolling Fission study2197Au 100% 0.4 No Vauum evaporation Det. Calibration3209Bi 100% 0.4 No Vauum evaporation Det. Calibration312C 98.89% 0.05 181Ta Diret glow disharge Det. Calibration3Mylar 100% 0.33 181Ta Commerially proured Det. Calibration31For nulear level-density investigation.2For �ssion dynamis study.3For energy alibration of CsI(Tl)-Si(PIN) detetors.means of the hain of steel pellets separated by insulators and hene the name Pelletronaelerator. This method leads to more uniform harging ompared to moving hargingbelt and hene less ripple on the HV terminal. A superonduting linear aelerator hasalso been ommissioned in 2002 as a energy booster to the heavy-ion beams produedfrom Pelletron faility.Fig. 2.24 shows a shemati layout of the 14UD BARC-TIFR Pelletron aeleratorfaility, Mumbai. The ion soure named `SNICS' (soure of negative ions from esiumsputtering ), situated at the top of the aelerator tower generates negative ions whihare initially aelerated to low energies (150 { 250 keV) in short horizontal setion.These low energy singly harge state negative ions are then mass analyzed using ainjetor magnet before entering to the high voltage vertial aelerator olumn, wherethe injeted negative ions are aelerated towards the positively harged terminal sit-uated in the middle of the olumn. Due to this aeleration, negative harged ionsgain an energy of VT MeV, where VT is the terminal voltage in MV (million volts).Inside the terminal, the ions pass through a thin arbon stripper foil (� 5 �g/m2) ora small volume of a gas, where they strip several eletrons resulting in distribution of
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Chapter 2: Detetion tehniques and instrumentation 127positively harged ions. This distribution depends on the type and veloity of the ions.These positively harged ions at the terminal are repelled by the positive voltage atthe terminal and are therefore, aelerated to the ground potential. This results in aenergy gain of qVT MeV for a ion with harge state q. Thus, the total energy gain ofthe ions beomes E = (q + 1)� VT MeV: (2.5)At the end of the aelerating tube, an analyzing magnet is plaed whih serves thepurpose of harge and energy seletion of the ions. The energy of the analyzed ions ofmass number A and harge state q in this aelerator is given by the relation [184℄;B = 720:76pAEq ; (2.6)where B is the magneti �eld in Gauss and E is the energy in MeV. This analyzedbeam of ions is then transported with the help of swithing magnet to any of the beamlines at 0Æ, 15Æ N, 15Æ S, 30Æ N, and 30Æ S.Experiments of the present thesis work were arried out at beam lines of 0Æ and15ÆN. The nulear level-density investigation were arried out at 15ÆN beam-line, whereusing a very ompat sattering hamber the � partiles were measured in oinidenewith -ray multipliity. The �ssion dynamis investigation were arried out at 0Æ beam-line, where � partiles were measured in oinidene with FFs in a wide angular rangeusing a general purpose sattering hamber whih is equipped with two movable arms.



Chapter 3Nulear level-density investigation
3.1 IntrodutionThe study of nulear level-density (NLD) parameter, `a' and its dependene on massand angular momentum is important as it plays a major role in determination ofthe phase spae available for the exited nulei governing their deay probability instatistial model alulations. The major soure of knowledge about level densities athigher exitation energies and spins arises from partile-evaporation spetra in heavy-ion fusion reations [34, 50, 69{73℄ analyzed in the framework of the statistial model.In the present work, we have developed a method for extrating nulear level-density parameter as a funtion of angular momentum. Using this method we haveobtained results for the inverse level-density parameter (K = A=a) as a funtion ofangular momentum for a number of nulei in shell-losure region of Z � 50 and mid-shell region of Z � 70 in the exitation energy range of 30 to 40 MeV. We haveused heavy-ion fusion reations to populate the exited, rotating nulei and harater-ized their level-density as a funtion of angular momentum by measuring �-partileevaporation spetra in oinidene with -ray-multipliity. The reations are seletedto populate residual nulei with Z � 50 and 70 after �-partile evaporation orre-sponding to the shell-losure and mid-shell regions, respetively. The relevant param-eters of the fusion reations are given in Table 3.1. The target-projetile systems se-128



Chapter 3: Nulear level-density investigation 129leted in the present work orrespond to a range of entrane-hannel mass-asymmetry,� = (AT � AP ) = (AT + AP ). An analysis of the reations based on Businaro-Galloneritial mass-asymmetry (�BG) for various `-partial waves (Se. 3.5) reveals that allthese reations will undergo normal ompound nulear formation without a di-nulearomplex formation (� > �BG). The bombarding energies are hosen suh that all theompound nulei are formed with �60-MeV exitation energy.The spin-dependent level density makes its most notieable hange in the slope ofthe high energy tail of the evaporation spetra. This slope is least inuened by thebarrier transmission fators. For the present study, we fous on the high energy tail ofthe �-partile spetra although the spetra are measured over a wider range of energies.By tagging the �-partile energy spetra with the -ray-multipliity fold signal (de�nedin Se. 4.2.4), the angular momentum dependene of the level-density parameter hasbeen derived. In the data analysis, eah fold value is onverted to a orrespondingaverage angular momentum following a proedure that utilizes deay-simulation anddetetor eÆieny fators. The shape of the fold-gated �-partile energy spetra isanalyzed in the energy region well above the evaporation barrier. We obtain K valuesas a funtion of angular momentum for the residual nulei by �tting the experimentalfold-gated spetra with simulated spetra using the ode PACE2 [136℄.Seletion of high emission-energy region for the analysis leads to a spei� exita-tion energy range in the residual nulei for whih the results obtained are valid [72℄.In the present work, this range is from 30 MeV to 40 MeV. Sine the multipliity of �partiles and other harged partiles are less than unity in the present reations, it anbe safely assumed that �-partile emission leaves residual nulei with ZR = ZCN � 2and our results are valid for these Z (ZR) values.
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Table 3.1: The relevant experimental parameters of reations studied for nulear level-density investigation (see text).Index Reation ZR NR IR AR � Elab ECN lgraz(MeV) (MeV) (~)Shell-losure region:a 19F + 93Nb 48 60 0.111 108 0.660 73.5 60.0 29.5b 24Mg + 89Y 49 60 0.101 109 0.575 100.5 60.6 38.9 27Al + 89Y 50 62 0.107 112 0.534 106.0 60.4 38.9d 24Mg + 93Nb 51 62 0.097 113 0.589 103.3 60.3 39.7e 11B + 115In 52 70 0.147 122 0.825 58.0 61.0 30.1f 12C + 115In 53 70 0.138 123 0.811 71.0 61.0 34.7g 16O + 115In 55 72 0.134 127 0.755 80.0 59.2 35.6Mid-shell regionh 11B + 164Dy 69 102 0.192 171 0.874 64.6 58.4 31.9i 12C + 164Dy 70 102 0.186 172 0.863 73.5 57.1 33.0j 16O + 164Dy 72 104 0.181 176 0.822 86.0 56.5 32.0k 12C + 181Ta 77 112 0.185 189 0.875 76.8 57.0 33.0



Chapter 3: Nulear level-density investigation 1313.2 Experimental detailsThe experiments were performed using heavy-ion beams from the BARC-TIFR 14-MVPelletron aelerator faility at Mumbai. A number of systems were studied as listedin Table 3.1 and the measurements were arried out in two separate experiments.In the �rst set of experiments, reations (a) to (d) were studied and in the seond,reations (e) to (k) were studied. The reations (a) to (g) orrespond to the shell-losure region, whereas the reations (h) to (k) orrespond to the mid-shell region.Table 3.1 gives other experimental parameters suh as harge (ZR), neutron numberNR, redued isospin IR = �N�ZA �R, and mass (AR) of residual nulei after �-partileevaporation, entrane-hannel mass-asymmetry �, bombarding energy Elab, ompoundnuleus exitation energy ECN, and grazing angular momentum values lgraz for thesystems studied in the present work.3.2.1 Apparatus and their utilizationA ompat sattering hamber and a -ray-multipliity setup onsisting of fourteenBGO detetors were used for the measurements. A photograph of the experimentalsetup is shown in the Fig. 3.1, where the inset in the bottom right shows the insideview of the ompat sattering hamber. Self supporting thin metalli foils of thetargets having thikness in the range of 500-1500 �g/m2, were mounted on the targetladder and plaed at right angle to the beam. � partiles emitted in the reations weredeteted by two ollimated silion surfae barrier 4E � E (25 �m-2 mm) detetortelesopes mounted in the median (reation) plane at bak angles. The telesopeswere kept at �lab = 116Æ and 125Æ for the �rst set and at �lab = 125Æ and 153Æ for theseond set. The harged-partile detetors were kept at the bakward angles so thatthey reord spetra predominantly from the ompound nulear evaporation. This alsohelped in reduing the ontamination e�ets due to light mass impurities present inthe target material. The telesopes were of equal solid angle of �5.94 msr. Another
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Figure 3.1: A photographs of the experimental setup. The inset in the bottom rightshows the inside view of the ompat sattering hamber.
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Chapter 3: Nulear level-density investigation 133surfae-barrier detetor having a solid angle of �0.20 msr was mounted at �lab = 16Æfor normalization with Rutherford sattering events.The -ray multipliity array used in the experiments onsisted of fourteen bismuthgermanate (BGO) detetors eah 6.3 m thik and having a regular hexagonal rosssetion with a distane of 5.6 m between the opposite edges. They were mounted ontop and bottom of the reation plane in two lose-paked groups of seven eah. Thetwo groups were plaed at a distane of � 2.5 m on either side of the reation plane.The middle detetor in eah group was pulled out to nearly equalize the eÆieny ofall the detetors. Shemati diagram of experimental setup employing fourteen BGOmultipliity �lter and the Si-telesopes is shown in the Fig. 3.2. The energy thresholdof the BGO detetors was adjusted to be 150 keV (100 keV for the seond set) -rayenergy. The eÆieny of the setup was measured for 662 keV  rays emitted from a137Cs soure of known strength plaed at the target position and the total eÆieny wasdetermined to be 51% (55% in the seond set). The ross-talk between any two adjaentdetetors was also measured using 137Cs, and it was found to be < 1%. The granularityof the BGO multipliity detetor array is appropriate for the present measurements asthe average -ray multipliity is around 2-3.3.2.2 Eletronis on�guration for oinidene measurementsThe linear energy output from any detetor was fed to an analog-to-digital onverter(ADC) after suitable ampli�ation through a spetrosopy ampli�er. The timing oranode output from eah BGO detetor was sent to a time-to-digital onverter (TDC)to measure the prompt -ray multipliity via a ombination of timing �lter ampli�er(TFA), onstant fration disriminator (CFD) and variable delay (DV8000). The om-mon start for the TDC was generated from the delay mathed timing signal of theSi-Telesope E-detetors. Shemati layout of the eletronis used for harged partileand -ray oinidene measurements, is given in Fig. 3.3. The � partiles were sep-
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Chapter 3: Nulear level-density investigation 137than 16O, there was no appreiable interferene of impurity events even for low folds.Every fold-gated spetrum was examined for the presene of this bakground. Thegrazing angular momentum populated in the fusion reations with light impurity ele-ments is muh less than that of targets. Therefore, this bakground dereases rapidlyas one moves from low to high -ray fold events. This dependene of the bakgroundon the fold as well as the �-partile energy is illustrated in a gross manner in the two-dimensional plots as shown in the Fig. 3.6 for all the systems studied. It is seen fromFig. 3.6 that for a given projetile and fold number, the fration of bakground in themass region of A � 180 is more than that of A � 120. In the mass region of A � 180,the �-partile multipliity (��) is expeted to be muh less than the lower mass regionof A � 120. Therefore, the bakground appears to be signi�ant up to fold 3 in thismass region of A � 180, allowing the analysis to be arried out only for fold 4 andabove, where the bakground ontribution is seen to be negligible.In the shell-losure region, the low-energy omponent was treated as a bakgroundand was removed by following a least-squares �t proedure. In the �ts to remove thebakground, an initial estimation of the exponential fall of the bakground was madein the energy region of 5 MeV to 10 MeV, where the low energy tail is dominant, usinga funtion N1 exp (�E=TB) where N1 is a normalization onstant and TB is a slopeparameter. The values of N1 and TB thus obtained were used as initial values in theomposite funtionYield = N1 exp (�E=TB) +N2E exp (�E=S1)h1 + exp �Eb�ES2 �i ; (3.1)where the seond term in the right-hand-side with a normalization fator N2, emissionbarrier energy fator Eb and slope fators S1 and S2 models the shape of the �-partilespetrum in laboratory system. By �tting the spetrum using Eq. (3.1) in the energyinterval of 5 MeV to 30 MeV, values of N1 and TB were optimized for the wholeenergy interval. As a typial ase for bakground subtration, the energy spetra forfold 1 to 3 from 11B+115In reation are shown in top panels of Fig. 3.7. The spetra
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Chapter 3: Nulear level-density investigation 143Table 3.2: Average -ray multipliity of 252Cf reported in literature at various energythreshold values of the -ray detetors.S. No. hMi Energy threshold (keV) -ray detetors Referene1. �10.5 80 NaI(Tl) Varma et al: [145℄2. �10.5 80 BGO Biswas et al:[144℄3. �10.3 85 NaI(Tl) Ramamurthy et al:[186℄4. �9.7 114 NaI(Tl) Skarsvag et al:[187℄5. �7.7 140 NaI(Tl) Verbinski et al:[147℄6. �7.8 160 BGO Nayak et al:[146℄
eÆienies in the �rst and the seond set of the experiments, the relative strengths ofthe di�erent folds appears to be orrespondingly di�erent.The measured fold distributions were unfolded to get the mean value of orrespond-ing -ray multipliity distribution (hMi) of 252Cf. The average -ray multipliity of252Cf was found as �7.8(9.3 in the seond set), whih is onsistent with the earlierreported values as shown in the Table 3.2.3.3.3 Residue angular momentum and -ray multipliityThe -ray fold distributions, measured in oinidene of the � partiles in the shell-losure region were orreted for the bakground, where the bakground ontributionin eah fold was estimated from that of �-partile energy spetra. Fig. 3.11 shows thebakground orreted (only for 11B, 12C, and 16O projetiles) as well as unorreted folddistributions for 6 out of 12 systems of the shell-losure region. As disussed earlier, nobakground subtration was required in the reations where projetile is heavier than16O. After bakground subtration, the fold distributions in the shell-losure regionwere analyzed to extrat the �rst two moments of the orresponding -ray multipliitydistribution �hMi ; 
M2�� using the proedure given in Ref. [188℄ that works well forthe present type of low-eÆieny multipliity setup and also used in our earlier work
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M2�� hMi2 ; (3.3)and hÆL�i = hJCNi � am hMi : (3.4)



Chapter 3: Nulear level-density investigation 145Table 3.3: Moments of experimental -ray multipliity (hMi,
M2�), ompound nu-lear angular momentum (hJCNi, hJ2CNi), residue spin (hJresi), and related parametersfor the shell-losure region.Index Reation hMi 
M2 � hJCNi 
J2CN� hJresi am hÆL�i(~) (~2) (~) (~)a 19F+ 93Nb 8.8 102.9 19.8 444.5 14.2 1.45 6.9b 24Mg + 89Y 11.3 159.1 25.8 753.2 17.1 1.68 6.8 27Al + 89Y 10.6 141.0 25.9 759.1 17.5 1.71 7.7d 24Mg+ 93Nb 11.4 159.5 26.7 807.2 17.3 1.78 6.4e 11B + 115In 9.6 115.6 20.3 466.2 14.8 1.52 5.7f 12C + 115In 10.6 141.6 23.4 619.5 17.0 1.58 6.6g 16O + 115In 11.6 164.8 24.0 651.3 17.8 1.55 6.0
The am and ÆL� values were determined as given in Table 3.3 by using the momentshJCNi and hJ2CNi obtained from the Bass systematis [189℄ used in the statistial modelode PACE2 . The PACE2 ode is disussed in detail later in this hapter. The PACE2 odealso provides mean values of residual nuleus angular momentum distributions hJresiusing its trae-bak feature and these values are also shown in Table 3.3 for eah system.It is observed that hÆL�i determined is of similar magnitude as the di�erene of hJCNiand hJresi alulated from PACE2 , as one would expet. This establishes onsisteny inthe derived average spin values from the -ray-multipliity measurements.3.3.4 Conversion of fold to average angular momentumBeause of the limited eÆieny of -ray detetion and the unertainty of angularmomentum arried by individual -ray, it is not possible to onvert eah -ray fold tospin value on event-by-event basis. Eah -ray fold orresponds to a window of theangular momentum populated in the residual nulei. An average angular momentum,hJi, orresponding to eah -ray fold was assigned using the proedure as disussedbelow.
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Chapter 3: Nulear level-density investigation 1503.4 Statistial model analysis: Determination ofthe level-density parameterThe average �-partile spetra obtained from the data at two laboratory angles wereompared with the theoretial spetra to derive the level-density parameter. The the-oretial spetra were obtained from a statistial model Code PACE2, by taking intoaount the eÆieny of the BGO detetor setup and the angular momentum removalby  rays, as disussed later in this setion. The spin-dependent level-density makesits most notieable hange in the slope of the high energy tail of the evaporation par-tile spetra. This high energy tail of the angular momentum gated �-partile spetrais least-squares �tted with the PACE2 preditions, from where angular momentumdependene of the level-density parameter is determined.3.4.1 Statistial model alulation using the ode PACE2The statistial model ode PACE2 (projetion angular momentum oupled evaporation)used in the present work was developed by Gavron [136℄. It uses a Monte Carloproedure to determine the deay sequenes using the Hauser-Feshbah formalism [21,22, 24℄. The ode does not deal with the CN formation, it begins with an ensemble ofompound nulei having same amount of exitation energy with small spread due toenergy loss in the target. The initial angular momentum distribution for the ompoundnuleus is obtained from the Bass systematis [189℄ for fusion ross setion, wherepartial fusion ross setion at angular momentum `, �`, is [4℄;�` / 2`+ 11 + exp[(`� `graz)=�℄ ; (3.7)where ` is the orbital angular momentum in the inident hannel whih along with thehannel spin, gives rise the total angular momentum, J of the CN. In Eq. (3.7), `grazis the grazing angular momentum [see Table 3.1℄ deided by the fusion ross setion,and � is the di�useness parameter whih has been hosen to be � 0.5 ~ in the present
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Figure 3.16: PACE2 alulated �-partile spetra for two typial folds 4 and 6 for12C+181Ta system in panels [(a) and (b)℄. Solid, short-dash, medium-dash, and dash-dot histograms are for di�useness parameter, � = 1.0, 1.5, 2.5, and 3.0, respetively.analysis. We have examined the e�et of ompound nuleus spin distribution on theslope of high energy part of �-spetrum by varying di�useness parameter, � from 1.0to 3.0. It is observed that the hange in the slope of the PACE2 alulated fold-gated�-partile spetrum is <1% by hanging � from 1.0 to 3.0, as shown in Fig. 3.16 fortwo typial folds 4 and 6 in the 12C + 181Ta reation for inverse level-density parameterK = 8.The level-density � (EX ; J) used in the PACE2 alulations above an exitationenergy EX � 5 MeV is given by� (EX ; J) = (2J + 1)12 pa� ~22=�3=2 exp�2paU�U2ex ; (3.8)where, Uex = EX��P (Z)��P (N) and U = Uex�Erot, where Erot = ~22=J(J+1) is therotational energy. �P (Z) and �P (N) are the ground-state pairing energy di�erenesobtained from Gilbert and Cameron's ompilation for odd-even mass di�erenes. Themoment of inertia = was alulated using Sierk rotating liquid drop model [76℄ and itan be parameterized for the alulation in the spin ut-o� parameter as �2 = =t=~2,where t is the thermodynami temperature. With the spin ut-o� parameter, Eq. (3.8)



Chapter 3: Nulear level-density investigation 152an be rewritten in the traditional form as in, for example Ref. [48, 61℄. At EX below� 5 MeV, Gilbert and Cameron's onstant temperature formula [47℄ was used for thelevel-density. We used the following form for level-density parameter a [41℄, whih iswidely used in phenomenologial desriptions of nulear level-density:a = ~a�1� 4SU [1� exp (�U)℄� ; (3.9)where ~a is the asymptoti value of the level density parameter and  is the shell dampingfator for whih we have used the value 0.054 MeV�1. The shell orretion fator 4Swas alulated using the Swiateki and Myers formalism [190℄, with the onvention ofbeing +ve for the losed shell nulei. The value of ~a was externally varied in the odethrough the input ard. The -ray deay intensities were taken from RIPL ompilation[38℄. The values of target and projetile spins were also provided in the input. Theother important input parameter in the PACE2 alulation is the transmission oeÆientas a funtion of energy and orbital angular momentum of the emitted partile. Thisis onventionally generated by the optial model potentials (OMPs). In the presentalulations for �-partile emission, the OMP parameters of Igo and Huizenga [191℄were used.We have thus adopted a widely used set of input parameters for the PACE2 al-ulations. Our aim in the present work is to ompare the shape of the fold-gated aswell as gross (summed over all the folds) experimental �-partile spetra with orre-sponding spetra from PACE2 alulations at well above the evaporation barrier energy,and derive the inverse level-density parameter K = A=~a. By limiting the analysis tothe spetral shape at well above evaporation barrier, the unertainties assoiated withthe barrier transmission oeÆients are avoided. The normalization of the shape ofthe experimental spetra with that predited by the statistial model alulation, wasdone by mathing the area under the predited spetra in the seleted energy intervalwith that of the experimental spetra in the same energy interval. No attempts weremade to �t the multipliity of �-partiles. The e�et of saling of yrast line on the



Chapter 3: Nulear level-density investigation 153level density parameter was separately investigated as disussed later.3.4.2 PACE2 alulated fold-gated �-partile spetraThe ode PACE2 follows the deay of individual ompound nuleus using Monte Carlotehnique from an initial ensemble until the residual nulei an no longer deay bypartile, -ray emission, or �ssion. All the relevant information of eah de-exitationis written in an event-�le, whih enable a omplete traebak determination of theasade whih lead to the �nal spei� nulei. Thus, one an orrelate the types ofemitting partiles, exitation energy, partile energy, spin, et. from the event-�le.Fold-gated �-partile energy spetra (in the enter-of-mass frame) were alulatedwithin the statistial model ode PACE2 using Eq. (3.8) for the EX and J dependeneof nulear level-density. A �tting proedure was adopted for determining K usingthe following steps. The program was run typially for 106 events for the deay ofompound nuleus orresponding to eah reation. From the events �le, deay hainswere traed in (EX , J) plane. The distribution of ross-setion leading to di�erentJ and EX states after emission of � partiles was obtained. From this, a 2D matrixDE:m:� ;Jres, that orresponds to residue spin distribution for eah E:m:� was extrated.The residue spin distribution was then onverted to a -ray multipliity distributionusing the presription M = Jres=am, and thus DE:m:� ;Jres was transformed to another2D matrix EE:m:� ;M (E:m:� vs. -ray multipliity). The parameter am was hosen tobe 1.6 (1.5 for the seond set) as disussed in Se. 4.3.2. Using the BGO response 2Dmatrix (multipliity vs. fold), BM;F [Se. 4.4℄ along with the matrix, EE:m:� ;M , a ross-setion 2D matrix FE:m:� ;F = EE:m:� ;M :BM;F , was determined. Finally, by projetingthe ross-setion matrix on the energy axis, the �-partile energy spetra for variousfolds were arrived at. By summing over all fold-gated spetra, the gross spetrum wasobtained.As mentioned above, in the present analysis the parameter am was hosen to be
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Figure 3.17: PACE2 alulated �-partile spetra for 12C+181Ta system for fold 4 and6 in panels (a) and (b), respetively. Solid, short-dash, and dash-dot histograms arefor parameter, am = 1.0, 1.5, and 1.9, respetively. The level-density parameter a anddi�useness parameter � used in the alulations are, A/8 and 1.0, respetively. Theplots for am= 1.5 and 1.9 are saled to am = 1.0, using appropriate saling fator, SF(see text).1.6 (1.5 for the seond set). We have examined the dependene of slope of �-partilespetrum as a funtion of the parameter am for eah fold. It is observed that the slopeof the fold-gated spetrum does not hange with parameter am as shown in the Fig.3.17, where PACE2 alulations are shown for the 12C + 181Ta system for two typialfolds 4 and 6 at various values of am. The level-density parameter ~a and di�usenessparameter �, used in the alulations are A/8 and 1.0 respetively. The plots for am=1.5 and 1.9 are saled to am = 1.0, using appropriate saling fator, SF . The value ofSF for fold 4 is 0.64 for am = 1.5 and 0.62 for am = 1.9, whereas for fold 6 it is 1.4 foram = 1.5 and 2.5 for am = 1.9. Therefore, by varying parameter am, PACE2 alulated�-partile multipliity hanges but the slope of the spetrum remains unhanged.The struture e�et of residual nulei an a�et the -ray multipliity dependingon odd or even nature of residual nulei. In this analysis we are getting an average -raymultipliity and the spin value of residual nulei. There may be some unertainty onthe absolute value of spin determination. But the results on the dependene of inverse



Chapter 3: Nulear level-density investigation 155level-density parameter on average spin of the residue will not be a�eted.3.4.3 Least-squares �t methodWe have used the least-squares method to analyze the data in order to extrat themost probable values and orresponding variane in the parameters being determined.In the present ase, the inverse level-density parameter K was varied to �t the energyspetrum. The �-partile energy spetrum is a nonlinear funtion and, in this ase,least-squares solutions are determined by minimizing the statistial variane given byS (K) = NXi=1 [Yi � f (K;Ei)℄2�2i ; (3.10)where Yi is the double di�erential ross setion in ith energy bin, f (K;Ei) is the resultof PACE2 alulation for the same energy bin for inverse level-density parameter K afternormalization of the spetrum as disussed previously, and �i is the statistial errorin the measured ross setion. The energy region in �-partile spetra to alulatethe S(K) value was hosen from 18.5 MeV (21.5 MeV for the higher mass regionof A �180) to 31.5 MeV for all the systems. By de�nition, the best-�t parameter�K ours when S (K) is minimum. If the funtional form of f(K;E) is orret andthe errors, �i, in Yi are normally distributed, then the minimum S � �K� obey the hi-square �2(N � 1) distribution with N � 1 degree of freedom, where N is the numberof data points onsidered. We have evaluated S(K) as a funtion of K using aboveequation, and in most ases, a paraboli dependene of S(K) on the parameter K wasobserved. Best-�t parameter �K was determined from the minimum of the parabola,from whih the level-density parameter a an be determined using Eq. (3.9) with ~a =A= �K. However, beause at an exitation energy around 30 to 40 MeV, the multiplyingfator in square braket in Eq. (3.9) is nearly unity for all known values of 4S, we usedthe approximation a = ~a for quoting the results. To de�ne error ÆK on �K, an intervalof 68.3 % on�dene level was determined (orresponding to one standard deviation)



Chapter 3: Nulear level-density investigation 156using a limit on S (K) de�ned as [192℄SL = S( �K) + S( �K)N � 1 : (3.11)The error ÆK is de�ned as the interept of the parabola with the limit value SL. Usingthe same tehnique of least-squares, the e�et of yrast saling fator FY was deduedfor a seleted value of K in the 11B +115In reation as a typial ase study.3.5 Results and disussionThe �-partile evaporation multipliity �� was estimated for the present reations fromthe measured evaporation ross setions and Bass fusion ross setions. The values of�� alulated using PACE2 ode were found to be of similar magnitude. As pointedout earlier, �-partile emission leaves residual nulei with ZR = ZCN � 2. A majorfration of the � partiles is emitted as �rst hane emission and the remaining will beby and large after one neutron emission. The residual nuleus exitation energy after�rst hane �-partile emission is given byEX = ECN � S� � E:m:� ; (3.12)where ECN, S� and E:m:� are the initial exitation energy of the ompound nuleus,�-partile separation energy, and kineti energy of the emitted �-partile, respetively.The approximate range of EX is between 30 to 40 MeV for �-partile energies seletedfor the present analysis. The intrinsi exitation energy available for the residual nuleiwill be, however, less than EX by energy loked in the rotational energy of the nulei,Erot. An estimate of the Erot was made for di�erent angular momentum values usingRLDM moment of inertia. Aordingly, for J = 20~, the value of Erot are 4.4 MeV and2.2 MeV in the mass regions of A �120 and A �180, respetively. Similarly the hangein rotational energy in going from J = 10~ to 20~ in 122Te is only 3 MeV. From theabove disussion, it an be seen that the net exitation energy of the residual nuleusafter �-partile emission is still in a broad range of energies between 30 to 40 MeV and



Chapter 3: Nulear level-density investigation 157the residue mass has a small broadening of one or two units. There is no broadeningin residue harge due to non seletion of the exit hannel.3.5.1 Shell-losure region of Z �503.5.1.1 Partile spetra and determination of `gross' KUsing the least-squares method, the experimental gross spetra (summed over all J)measured in the shell-losure region of Z �50 were analyzed by omparing with PACE2preditions. As mentioned earlier, the alulated �-partile yields at the seleted highenergy region were normalized to the experimental yields while �tting the spetra.The solid irles and histograms shown in Fig. 3.18(a) are experimental and PACE2alulated gross spetra respetively, after the normalization. The vertial dotted linesin the top panels show the extremes of the energy interval hosen for the �ts, and thisinterval is same for all the �ts of the mass region of A �120. The insets in the panelsshow the nearly paraboli variation of S(K) with the parameter K. The minimum ofthe parabola orresponds to the best-�t value of the inverse level-density parameterK. The reation index, best-�t K value (with error bar), and experimental as well asalulated (in the parenthesis) multipliity of � partiles, �� are shown at the bottomof eah panel in Fig. 3.18(a).Fig. 3.18(b) shows the variation of K as a funtion of Z of the residual nulei (ZR)in the shell-losure region of Z �50. In this mass region, the `gross' K values for nuleistudied in the present work lie in the range of 9.0 to 10.5, and are within the liquid dropmodel estimates [41℄. In an earlier work [71, 72℄, the `gross' K values for ZR = 48 and52 were measured in the same exitation energy region. The earlier results had errors of�1 unit and may be onsidered to be onsistent with the present measurement withinerror bars. The data given in Fig. 3.18(b) show that the value of K is stritly not thesame for all the systems studied. The average exitation energy of the residual nuleiafter �-partile emission is around 35 MeV for the present systems, whih aording to
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Figure 3.18: (a) Gross �-partile energy spetra (open irles) in enter-of-mass systemin reations from (a) to (g) [Table 3.1℄ and the results of PACE2 statistial modelalulation (solid histograms). The vertial dotted lines in the top panels show theextremes of the energy interval hosen for the �ts and this interval was same for allthe �ts. The reation index, best-�t K value (with error bar), and experimental aswell as alulated (in the parenthesis) multipliity of � partiles, �� are shown at thebottom of eah panel. In the inset, statistial variane S (K) is shown as a funtion ofK from where the best-�t K value was determined as disussed in the text. (b) Inverselevel-density parameter K determined from the gross spetra, shown as a funtion ofZ of the residual nulei in the shell-losure region.
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Chapter 3: Nulear level-density investigation 160ompound nuleus formation has been studied earlier in terms of the mass-asymmetryparameter � with respet to �BG (Businaro-Gallone ritial mass-asymmetry) [194℄.Fig. 3.19 shows the variation of �BG as a funtion of angular momentum for all thesystems of mass region of A �120 [panels (a) and (b)℄ as well as that of A �180 [panel()℄ studied in the present work. It is seen that for all the systems studied, the mass-asymmetry parameter � is on the same side of the �BG line for all angular momentumvalues (i.e., � > �BG for all J). Therefore, entrane-hannel e�et with respet toBG point is not expeted to play a role for the present systems and all the systemsare expeted to undergo normal ompound nulear formation without a di-nulearomplex formation. In the work by Liang et al: [195℄ light harged partile emissionsfrom 156Er ompound nuleus, populated by 12C + 144Sm and 60Ni +96Zr reations atsame exitation energy, were measured in oinidene with the evaporation residues.The high energy slope of light harged partile spetra for 60Ni -indued reation wasfound to be steeper than for the 12C-indued reation. Similar observation was reportedby Govil et al: [196℄ for other systems. However, in these earlier studies, the systemsorrespond to a large di�erene in the entrane hannel mass-asymmetry, whih lie onopposite side of �BG.3.5.1.2 Angular momentum dependene of KFigures 3.20{3.23 show the measured �-partile energy spetra for all the systems inthe shell-losure region (Z � 50) for various folds (solid irles) and the orrespondingPACE2 best �ts (solid histograms) using the same proedure as desribed earlier. Inthe insets, the results of least-squares analysis are shown. It is seen that for all ases,a well de�ned minimum in S(K) is obtained as a funtion of K. The values of Korresponding to the minimum were taken as the best-�t values. The fold number,the best-�t K value (with error bar), and experimental as well as alulated (in theparenthesis) multipliity of � partiles, �� are shown at the bottom of eah panel.Fig. 3.24(a) shows the variation of K with -ray fold for all the systems of this
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Figure 3.21: Same as in Fig. 3.20 but for the 24Mg+ 89Y and 24Al+ 89Y systems.
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Figure 3.22: Same as in Fig. 3.20 but for the 24Mg+ 93Nb and 11B+ 115In systems.
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Chapter 3: Nulear level-density investigation 1663.25(), respetively. It is seen that there is an overall inreasing trend of the slope ofK versus hJi2 with either � or IR.Reently, mirosopi alulation [197℄ for hot rotating nulei orresponding to theshell-losure region of Z = 50 of the present work shows that the parameter K wouldinrease with angular momentum in all ases. These alulations are not onsistentwith the present measurements for the trend observed in various ompound nulearreations. The steep rise of K with angular momentum in 11B, 12C +115In reations isunder predited in these mirosopi alulations. In a very reent work by Banerjeeet al: [198℄, the neutron evaporation energy spetra have been measured in oinidenewith  rays of di�erent multipliities for residual nuleus 119Sb in the exitation energyrange of 31 - 43 MeV. The residual nuleus 119Sb is very lose to the ZR = 51 populatedin the 24Mg + 93Nb reation of the present measurement for whih it is observed thatparameterK dereases with inreasing J at higher values of J . In the work by Banerjeeet al:, the inverse level-density parameter K for 119Sb is observed to derease withinreasing angular momentum and it is onsistent with present measurements.3.5.2 Mid-shell region of Z �70Similar to the shell-losure region of Z �50, in the mid-shell region of Z �70 the inverselevel-density parameter K is determined by least squares �tting the experimental fold-gated and summed �-partile spetra for fold 4 and above events with orrespondingspetra obtained from PACE2 alulations. The alulated �-partile yields in theenergy interval of E:m: = 21.5 to 31.5 MeV, were normalized to the experimental yieldswhile �tting the spetra. No attempts were made to �t the multipliity of � partiles.The measured fold-gated �-partile energy spetra for various -ray folds (solid irles)and orresponding PACE2 best �ts after the normalization (solid histograms), for allthe systems of this mass region of A �180, are shown in Figs. 3.26 and 3.27. Theinsets in the panels show the nearly paraboli variation of S(K) with the parameter



Chapter 3: Nulear level-density investigation 167K. The minimum of the parabola orresponds to the best-�t value of the inverselevel-density parameter K. The fold number, the best-�t K value (with error bar),and experimental as well as alulated (in parenthesis) �-partile multipliity, �� areshown at the bottom of eah panel.The best-�t inverse level-density parameter K as a funtion of -ray fold andthe orresponding average angular momentum hJi are shown in Figs. 3.28(a) and (b),respetively. The fold to angular momentum onversion was arried out using thesimilar alulations for all the systems as presented in the Fig. 3.15 for some typialsystems in this mass region of A �180. The dotted lines in Fig. 3.28(b) are drawnas guide to eye to show the average behavior. It an be seen in the Figs. 3.28(a) and(b) that within statistial errors the value of K is onstant around 8.2 �1.1 MeV foreah system over the angular momentum range of 15-30~. The shaded regions in theFig. 3.28(a) orrespond to this average value of K = 8.2 � 1.1 MeV. However, theunertainty, ÆJ in the value of hJi varies from �5~ to �3~ in this mass region in goingfrom fold 4 to fold 11, but the onstant behavior of the parameter K as a funtion ofangular momentum in this mid-shell region, remains unhanged. Similar observationhas been reported earlier by Henss et al: [77℄ for 64Ni + 92Zr system, where, the neutronevaporation spetra were measured by seleting only high spin states of average spin52~ in 155Er* nuleus. They obtained a value of level-density parameter a = A/(8.8� 1.3) MeV�1 for 52~ and for exitation energies between 30 and 36 MeV, whih islose to the value of `a' for low spins and low exitation energy in nulei of similarmass. In the mass region of Z �50 shell losure, we obtained strong dependene ofinverse level-density parameter K on angular momentum in the range of 15-30 ~ in the11B + 115In system (ZR = 52) where the K value varied from 8.9 � 0.4 MeV for lowangular momentum to 15.3 � 0.9 MeV for high angular momentum. However, in themid-shell region, the value of K remains nearly onstant over an angular momentumrange of 15~ to 30~. There is no mirosopi understanding of these observations butthe present experimental results will serve as important inputs for arrying out these



Chapter 3: Nulear level-density investigation 168
d2 σ/

d Ω
 d

E
 (

m
b/

sr
 M

eV
)

10-4

10-3

10-2

K
6 9 12

S
 (

K
)

100

200

K
6 9 12

S
 (

K
)

100

200

Ec. m. (MeV)

10 15 20 25 30 35

10-5

10-4

10-3

10-2

K
6 8 10

S
 (

K
)

40

80

10 15 20 25 30 35

K
6 9 12

S
 (

K
)

30
60
90

Fold 4
K= 8.8 ± 0.4
να= 0.0037(0.0022) 

Fold 5
K= 7.9 ± 0.4
να= 0.0021(0.0019)

Fold 6
K= 8.1 ± 0.4
να= 0.0010(0.0012)

Fold 7
K= 9.1 ± 0.8
να= 0.0004(0.0005)

11B + 164Dy

d2 σ/
d Ω

 d
E

 (
m

b/
sr

 M
eV

)

10-5

10-4

10-3

10-2

10-1

K
6 9 12

S
 (

K
)

100

200

K
6 9 12

S
 (

K
)

100

200

Ec. m. (MeV)

10 15 20 25 30 35

10-5

10-4

10-3

10-2

K
6 9 12

S
 (

K
)

40

80

10 15 20 25 30 35

K
6 9 12

S
 (

K
)

20

40

Fold 4
K= 8.7 ± 0.3
να =  0.0033 (0.0027)

Fold 5
K= 9.3 ±  0.3
να =  0.0021 (0.0024)

Fold 6
K= 8.9 ± 0.4 
να =  0.0010(0.0016)

Fold 8 - 11
K = 8.9 ± 0.8
να =  0.0001(0.0002)

11C  +  164Dy

Figure 3.26: Fold-gated �-partile energy spetra in enter-of-mass frames in 11B+164Dy and 12C + 164Dy reations for various folds (solid irles) along with the resultsof PACE2 statistial model alulation (solid histograms). The fold number, best-�tK value (with error bar), and experimental as well as alulated (in the parenthesis)multipliity of � partiles, �� are shown at the bottom of eah panel. In the inset,statistial variane is shown (triangles) as a funtion of K from where the best-�t Kvalue was determined as disussed in the text.

d2 σ/
d Ω

 d
E

 (
m

b/
sr

 M
eV

)

10-5

10-4

10-3

10-2

10-1

K
4 6 8 10

S
 (

K
)

150

300

450

K
4 6 8 10

S
 (

K
)

150

300

Ec. m. (MeV)

15 20 25 30

10-5

10-4

10-3

10-2

10-1

K
4 6 8 10

S
 (

K
)

50
100
150

15 20 25 30

K
4 6 8 10

S
 (

K
)

30

60

Fold 4
K = 7.2 ± 0.2
να =  0.0050(0.0023)

Fold 5
K = 7.1± 0.2
να =  0.0034(0.0018)

Fold 6
K = 7.1 ± 0.3
να = 0.0019(0.0011)

Fold 8 - 11
K= 7.2 ± 0.6
να =  0.0004(0.0002)

16O + 164Dy

d2 σ/
d Ω

 d
E

 (
m

b/
sr

 M
eV

)

10-5

10-4

10-3

10-2

10-1

K
6 8 10

S
 (

K
)

100

200

K
6 8 10

S
 (

K
)

100

200

Ec. m. (MeV)

15 20 25 30

10-5

10-4

10-3

10-2

K
6 8 10

S
 (

K
)

40

80

15 20 25 30

K
6 8

S
 (

K
)

30

60

Fold 4
K= 7.8 ± 0.3
να = 0.0033 (0.0023)

Fold 5
K= 7.8± 0.3
να  = 0.0023 (0.0020)

Fold 6
K= 7.5 ± 0.4
να  =  0.0012 (0.0012)

Fold 7 - 11
K= 7.0 ± 0.5
να  =  0.0006 (0.0007)

12C + 181Ta

Figure 3.27: Same as in Fig. 3.26 but for the 16O+ 164Dy and 12C + 181Ta systems.



Chapter 3: Nulear level-density investigation 169
8

10

12

8

10

12

8

10

12

Fold
4 5 6 7 8

K
 (

M
eV

)

8

10

12

11B + 164Dy

12C+ 164Dy

16O + 164Dy

12C+ 181Ta

(a)

8

10

12

8

10

12

8

10

12

20 22 24 26 28

8

10

12

11B + 164Dy

12C + 164Dy

16O + 164Dy

12C + 181Ta

(b)Figure 3.28: Inverse level-density parameter K as a funtion of fold (a) and hJi (b) fordi�erent reations of the mid-shell region. In panel (a), the hashed regions orrespondto K = 8.2 � 1.1 MeV. In panel (b), the dotted lines are shown to guide the eye.alulations.In the mid-shell region, the gross energy spetra of � partiles summed over all-ray folds of 4 and above were also ompared with orresponding PACE2 preditions.The gross value of K for the summed spetrum was obtained using again the least-squares �t method for eah system. This gross value of K is plotted as a funtion ofharge of residual nulei as shown in Fig. 3.29 (solid squares). The `gross' K values fornulei in this mass of A �180 are around 8.2 � 1.1 MeV, as shown by shaded regionin Fig. 3.29. This value is onsistent with systematis established for low exitationenergy and spin [37℄. In Fig. 3.29, we also show (solid irles) the gross values of K(summed over all -ray fold events) for mass region of A �120 (ZR = 48-55). It is seen



Chapter 3: Nulear level-density investigation 170that the gross value of K for the mass region of A �180 is lower than that for massregion of A �120. However, it may be noted that in mass region of A �120 the grossvalue of K determined from summed spetra for all -ray fold of 4 and above eventsis expeted to be higher than the value orresponding to summed over all -ray foldevents beause of inrease of K as a funtion of angular momentum in the range of15~ to 30~. This will lead to further di�erene in `gross' K values for mass regions ofA �120 and A �180 than shown in Fig. 3.29.As disussed earlier, the high-energy slope of light harged partile spetrum isa�eted by entrane hannel mass asymmetry [195, 196℄. The entrane hannel mass-asymmetry parameter � for mass region of A �180 is larger than that of A �120[Table 3.1℄. It is seen from Fig. 3.19 that similar to the mass region of A �120, in themass region of A �180 also the value of mass asymmetry parameter � is higher than�BG for all angular momentum values (i.e., � > �BG for all J). Therefore, the entranehannel e�et with respet to BG point is not expeted to play a role for the presentsystems. Lower value of K for mass region of A �180 than that of A �120, an notbe due to entrane hannel e�et. It an be seen that the value of K is higher at Z =48-55 (shell losure region) than at Z �70-77 (mid-shell region). The present resultson the value of K seen over the entire range of Z = 48 to 77 imply the role of shelllosure in the enhanement of K in Z = 50 region.In our analysis for the inverse level-density parameter K, we relied on Bethe'sFermi-gas formula for the level densities [Eq. (3.8)℄. The spin ut-o� parameter for an-gular momentum distribution of levels was inluded in the formula. A reent theoretialanalysis of exitation energy and angular momentum dependene of level densities us-ing mirosopi SPA+RPA approah [58℄ showed that in mid-mass nulei the spinut-o� approximation in Bethe's formula works well for J � 35~ at exitation energyEX = 30 MeV. It was found that with an appropriate EX dependent value of spinut-o� parameter, Bethe's formula almost reprodues SPA and SPA + RPA results
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Chapter 3: Nulear level-density investigation 172shell model orbitals near the Fermi energy. The results from present experiment willprovide a testing ground for the mirosopi model alulations at moderate exitationenergies and angular momenta.



Chapter 4Measurements of �-partilemultipliities in heavy-ion �ssionreations
4.1 IntrodutionIn heavy-ion indued fusion-�ssion reations, neutron and harged-partile (mainly pro-ton and �-partile) emission takes plae from various stages, namely from the �ssioningompound nuleus (presission) and from the aelerated �ssion fragments (postsis-sion) [96, 97℄. Presission neutron and harged partile emission spetra and multi-pliities provide important information on the statistial and dynamial aspets of thefusion-�ssion proess [96, 97℄. In the ase of �-partile emission, it is observed thatpartiles are also emitted very near the nek region in the �ssion proess just beforesission, akin to the ternary �ssion events in low energy �ssion [129{133℄. This part ofpresission �-partiles emitted near the nek region is termed as near sission emission(NSE). Moving-soure analysis is employed in heavy-ion-indued �ssion to disentanglethe ontributions of di�erent soures to the inlusive �-partile multipliity. Althoughthere have been many studies on presission �-partile emission in many heavy-ionindued fusion-�ssion reations [96{98, 129{132℄, a global systematis is yet to be de-veloped. Similarly, there are no systemati studies so far for the NSE over a large�ssility (x) range in heavy-ion indued fusion-�ssion reations.173



Chapter 4: Measurements of �-partile multipliities in....... 174In addition, at beam energies near the Coulomb barrier, the transfer indued �s-sion ross setion beomes signi�ant [199{201℄. In the ase of �-luster projetiles(suh as 6;7Li, 6He, and 12C), a portion of oinident � partiles may also originatefrom transfer-indued �ssion events. In suh ases, the projetile like fragment (PLF)an be an �-partile itself or it an deay subsequently to an �-partile. The � par-tiles produed from transfer events exhibit a bell-shaped angular distribution havinga maximum near the grazing angle. Thus, depending on entrane hannel parametersof the heavy-ion reation, the transfer proesses an also ontribute to the inlusive�-partile multipliity, adding to the omplexity of the analysis of experimental data.In the present work, we have arried out measurements of �-partile energy spetrain oinidene with �ssion fragments for 11B (62 MeV) + 232Th (Z2=A = 37.14) and12C (69 MeV) + 232Th (Z2=A = 37.77) systems in a wide range of relative anglesbetween �ssion fragments and � partiles. The �-partile multipliity spetra for eahsystem at various relative angles have been �tted simultaneously with the moving-soure model alulations to extrat the omponents of multipliity orresponding todi�erent emission stages of the fusion-�ssion proess. The obtained results for boththe systems are ompared with eah other. In ase of 12C indued �ssion, signi�antlylarge value of �nse is observed as ompared with 11B + 232Th system, indiating thatdue to �-luster struture of 12C there may be an admixture of some other soure of�-partile emission to the NSE omponent in the 12C + 232Th reation apart fromearlier mentioned four onventional soures involved in the fusion-�ssion proess.The data obtained for 11B + 232Th system are �rst analyzed along with datafrom literature over a wide range of exitation energy and �ssility of the ompoundsystem to develop systemati features of pre- and near-sission emission as a funtionof �-partile emission Q-value and Z2=A of ompound systems. The anomalously largevalue of �nse in ase of 12C + 232Th reation is then ompared with above mentionedsystematis, providing a strong lue to understand the 12C + 232Th reation data.
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Figure 4.1: A photograph of the �rst experimental setup where a 32-strip Si-detetorwas used for �ssion fragment detetion.4.2 Experimental detailsExperiments were performed using 11B (62 MeV) and 12C (69 MeV) beams from theBARC-TIFR 14-MV Pelletron aelerator faility at Mumbai. A self-supporting thinmetalli foil of 232Th with thikness 1.6 mg/m2 was used as a target. Measurementswere arried out in two separate experiments. In the �rst experiment, the �ssion frag-ments were deteted using a position sensitive 32-strip silion detetor (SSD) havingdelay line read-out [202℄ with an angular opening of �32Æ and entered at 150Æ withrespet to the beam diretion. In the seond experiment, a position sensitive griddedgas ionization hamber onsisting of �Egas and Egas elements [156℄ was used to de-tet the �ssion fragments. The detetor was entered at 145Æ with respet to beamdiretion and overed an angular opening of 30Æ. In both the experiments, � parti-les were deteted by three ollimated CsI(Tl)-Si(PIN) detetors [142℄ with an angularopening of �3.5Æ. Photographs of experimental setups for the �rst and seond set of
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Figure 4.2: A photographs of the seond experimental setup where a position sensitivegas ionization telesope was used for �ssion fragment detetion.the experiments are shown in the Figs. 4.1 and 4.2, respetively.4.2.1 CsI(Tl) detetor response and energy alibrationThe harged partile measurement for 11B + 232Th system was arried out in the �rstas well as the seond set of the experiments, whereas for 12C + 232Th systems it wasonly the seond set. In the �rst set of experiments, the CsI(Tl) detetors were plaed atthe bak angles in the range of 115Æ to 155Æ on either side of the beam diretion. In theseond set of the experiments, the CsI(Tl) detetors were plaed at angles of 70Æ, 105Æ,and 130Æ with respet to the beam diretion in ase of 11B + 232Th reations, whereasin the ase of 12C + 232Th reation these angles were 75Æ, 100Æ, and 135Æ. The partileidenti�ation in CsI(Tl) detetors was ahieved using a pulse shape disrimination (zerorossover) tehnique. The  rays, light harged partiles (p, d, t, and �), and PLFs werewell separated in the two-dimensional plot of zero rossover (ZCT) versus pulse height
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Figure 4.3: Typial two-dimensional plots of zero rossover (ZCT) versus energy fromCsI(Tl) detetors at laboratory angles of 100Æ (in panel (a)) and 135Æ (in panel (b))for di�erent partiles produed in 11B + 232Th reation.as shown in Figs. 4.3(a) and (b) typially at two laboratory angles of 100Æ and 135Æ,respetively for 11B + 232Th system. The energy threshold for �-partile identi�ationwas �9.5 MeV (and �5 MeV in seond experiment). The higher threshold in the �rstexperiment is due to a 14.9-�m aluminum foil used to stop the �ssion fragments.The CsI(Tl) detetors were energy alibrated for �-partiles using 228;229Th soureand in-beam energy alibration runs. In the �rst experiment, the in-beam alibrationmade use of the disrete �-partile peaks orresponding to 15N� states from the re-ations 12C (7Li, �) 15N� at a 7Li beam-energy of 15 MeV. In the seond experimentthe disrete states of 20Ne� from the 12C (12C, �) 20Ne� reation at 12C beam energiesof 25 and 40 MeV, were used. In the present work, however, we did not analyze theproton spetra, but the CsI(Tl) detetors were energy alibrated for protons also. Forthis purpose, elastially sattered protons from thin 12C, 197Au, and 232Th targets andreoil protons from the 12C beam-bombardment on mylar, were used. The measuredlight yield as a funtion of energy of � partiles and protons are shown in Figs. 4.4(a)and (b), respetively for three CsI(Tl)-detetors; C1, C2, and C3 having di�erent ele-troni gain settings. The light yield varies almost linearly for protons, whereas for �
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(c)Figure 4.4: The light yield measured in the seond set of the experiments as a funtionof energy of � partiles (a) and protons (b) for three CsI(Tl)-detetors, C1, C2, andC3 having di�erent eletroni gain settings. () The light output ratio of proton to�-partile as a funtion of their energy deposited in the CsI(Tl) rystal.partiles, it is nonlinear. The Z and E dependent light yield shown in Figs. 4.4(a) and(b) was �tted with the following funtional form;L(Z;E) = aeZbE + do; (4.1)where the onstant ae and do are related to eletronis gain settings, while `b' and `'depend on partile type and their response within the rystal, respetively. The valueof the onstant `' obtained for �-partile and proton are 1.3 and 1.0, respetively.The value of the onstant `' was observed to be independent of the value of `b'. Byvarying the onstant `b', the parameter ae varies aordingly but the value of `' remainsonstant whih is onsistent with the earlier reported results [164℄. In Figs. 4.4(a) and(b) solid lines show the �t to the light output data using the Eq. (4.1). The ratioof light output for proton to �-partile was obtained as a funtion of their energy, asshown in Fig. 4.4 (). For a given energy deposited in the CsI(Tl) rystal, the lightyield for proton is more than the �-partile and this di�erene dereases with inreasingenergy. The di�erenes in light yield [4.4(a) and (b)℄ as well as the rise time [Fig. 4.3(a)and (b) ℄ for �-partile and proton are attributed to their spei� energy loss behavior(-dE/dx) in the rystal [142℄ as disussed in the hapter-2.



Chapter 4: Measurements of �-partile multipliities in....... 179Table 4.1: Main features of the Si-strip detetor [202℄.Parameter ValueSensitive area 60�60 mm2Thikness 300 �mNumber of strips 32Strip width 1778 �mInter-strip distane 100 �mWorking voltage 10 { 300 VBreakdown voltage >300 VThikness of upper dead layer 5 �mThikness of lower dead layer 5 �m
4.2.2 Measurement of FF: 32-strip Si-detetorIn the �rst set of the experiments [Fig. 4.1℄, a position sensitive 32-strip silion dete-tor (SSD) with delay line read-out [202℄ was used for the �ssion fragment detetion.The detetor was entered at 150Æ with respet to the beam diretion and overed anangular opening of �32Æ. The Si-strip detetor was fabriated at Bharat Eletron-is Laboratory, Bengaluru, India in ollaboration with Eletronis Division of BARC,Mumbai, India using an n-Si substratum with resistivity of 25 k
 m. The p+ n�juntions were made with implanted boron using planar tehnology. The major spe-i�ations of the detetor are shown in the Table 4.1. However, the ative area of thedetetor was 60�60 mm2, but during the experiment it was masked to 48�42 mm2.The position information is obtained by using the delay line method. Unlikeoupling the detetor strip and delay-line tap diretly, a two-stage AC oupled ommonsoure FET ampli�er is used in between eah detetor strip and delay-line tap. Thedelay-line iruit is essentially a low-pass �lter made from LC ells. In the presentiruit the value of indutor (L) is 36 �H and apaitane (C) is 4.7 pF. Thus, the
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Si-32 strips

Delay line-electronics

Si-32 stripsFigure 4.5: A photograph of the 32-strip Si-detetor used in the �rst set of the exper-iments for �ssion fragment detetion.alulated value of harateristi impedane (Zo = pL=C) is �2.7 k
 and per elldelay (�d = pL� C) omes to be �13 ns. Eah tap of delay-line is made up oftwo ells (interleaving one ell in between). Thus, alulated value of per tap delaybeomes �26 ns but we get pratial value�30 ns due to stray apaitane of the traksof printed iruit board (PCB). In total 16 suh ampli�ers and above mentioned LCdelay-line iruit were assembled on a small printed iruit board whih was mountedon the rear side of 32-strip Si-detetor. Surfae mounted devies (SMD) resistors,apaitors and indutors were used to redue the size of the PCB. The gain of eahampli�er was adjusted in the range of 2 - 5 by hanging the value of bypass apaitanein the soure FET iruit, thus, ompensating against higher attenuation su�ered bythe position signal of the strip faing higher delay. In this way, we have made theamplitude of position signal of all strips almost equal and thereby, ahieving redutionin the broadening of position signal peaks. A photograph of the detetor along withthe delay line eletronis is depited in the Fig. 4.5. The 32-strip silion detetor isseen in the front and the PCB onsisting of two sets of 16-tap delay-line and 16 units
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Figure 4.7: A photograph the position sensitive gas ionization telesope used in theseond set of the experiments for �ssion fragment detetion.4.2.3 Measurement of FF: Position sensitive gas ionizationhamberIn the seond experiment, a position sensitive gridded gas ionization hamber onsistingof �Egas and Egas elements [156℄ was used to detet the �ssion fragments. The detetorwas entered at 145Æ with respet to beam diretion and overed an angular openingof 30Æ. A photograph of this position sensitive gas telesope is depited in the Fig. 4.7.Basi harateristis of the detetor are disussed earlier in the hapter-2.The detetor was �lled with P-10 (90% Ar + 10% CH4 mixture) gas and keptat a onstant pressure of 150 mbar in a gas-ow mode thought out the experiments.The athode was kept at -100 V and positive voltages applied to the grid (+125 V)and anode (+250 V). The �E anode segment is further splitted into two segments asshown in the Fig. 4.7, in suh a way that the average dE/dx is almost equal in both theregions for the FFs entering the entral line of the detetor. FFs, passing at any otherangle will lose energies proportional to the path lengths in �E1 and �E2 regions. A
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Figure 4.8: Two-dimensional plots of �E1 vs. �E2 [in panel (a)℄ and �E1+ Kg.�E2vs. residual energy loss ER [in panel (b)℄ of the �ssion fragments produed in 12C +232Th reation. Kg is the gain mathing fator between �E1 and �E2 (see text).typial �E2 vs. �E1 plot is shown in the Fig. 4.8(a), where FFs are learly separatedfrom projetile like fragments (PLFs) produed in 12C + 232Th reation. The Fig. 4.8(b) shows the (�E1 + Kg �E2) vs. ER plot, where ER is the residual energy depositedby the FFs in the E-segment of the anode. Kg is a ratio of eletroni gains of �E1 to�E2, and was measured to be 2.2 using the pulse generator. The position informationwas obtained using the harge division method. Position parameter is de�ned as;x = �E1 �Kg�E2�E1 +Kg�E2 : (4.2)A typial position spetrum obtained from the gas ionization telesope in 12C + 232Threation, is shown in the Fig. 4.9. The total width of the position spetrum orrespondsto the detetor angle opening of 30Æ. Thus, gas ionization hamber in the �E vs. Earrangement, provides angle information of the FFs with respet to the beam diretionas well as a lear disentangling between FFs and the PLFs.4.2.4 Eletronis on�guration for oinidene measurementsThe linear energy outputs from all the detetors were fed to analog-to-digital onverters(ADCs) after suitable ampli�ation through spetrosopy ampli�ers. The ZCT outputs
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Figure 4.9: A typial �ssion fragment position spetrum obtained from the gas ioniza-tion telesope in 12C + 232Th reation. The forward and bak angles are with respetto the beam diretion.from the CsI(Tl) detetors and the two position TAC-outputs from the 32-strip detetorwere also fed to the ADCs. The event trigger for data olletion was generated withthe �ssion events from the FF-detetor via a ombination of timing �lter ampli�er(TFA), onstant fration disriminator (CFD). In ase of the gas detetor, the timingsignal was obtained from the athode. Shemati layout of the eletronis used forharged partile and �ssion fragment oinidene measurements is given in Fig. 4.10.The `PSD BLOCKS' in the Fig. 4.10 refer to the eletronis on�guration of pulseshape disrimination whih has been disussed in detail in the hapter-2.The time orrelations between light partiles and FFs were reorded through time-to-amplitude onverters (TACs). The oinidene TAC spetra between � partiles andFFs obtained in the �rst set of experiments (for 11B + 232Th system) and in the seondset (for 12C + 232Th system) are shown in the Figs. 4.11(a) and (b), respetively. Theoinidene TAC-spetrum is quite sharp in ase of the 32-strip Si-detetor (width �70ns), whereas for the gas detetor it is omparatively broader (width �120 ns). Thisdi�erene in the widths of TAC spetra obtained from 32-strip Si-detetor and thegas detetors is attributed to the larger rise time of the gas detetor pulse than that
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Figure 4.11: Fission fragment (FF) pulse-height versus the time orrelation between� partiles and FFs from 32-strip Si-detetor in 11B + 232Th reation (a) and gasionization hamber in 12C + 232Th reation (b). In panel (a), the two bands namedas `1' and `2', orrespond to the two sets of 16 strips having ertain time-delay [Se.4.2.2℄.of Si-detetor. The oinidene TACs were used to orret for random oinidenes.The stability of the ampli�er gains orresponding to various detetors was monitoredusing a preision pulser throughout the measurements. The data were reorded in alist-mode using CAMAC based multi-parameter data aquisition system.4.3 Data Analysis: Moving-soure �tThe angular opening of the �ssion detetor in both the experiments was divided intofour equal parts. Thus, in ase of 11B + 232Th reation, a total number of 24 ombi-nations of �-partile spetra eah having di�erent relative angles with respet to thebeam (��) and �ssion fragments (��fd), were obtained from the ombined geometry ofboth the experiments. Whereas for 12C + 232Th system, a total number of 12 om-binations of �-partile spetra were obtained from the seond set of the experimentalgeometry.The inlusive �-partile oinidene spetra were projeted out from the list-modedata by imposing separate gate onditions: (i) prompt oinidene TAC, (ii) the se-
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Figure 4.12: The �-partile multipliity spetra in 11B + 232Th reation along with �ts of moving-soure model for di�erentombination of laboratory angles of CsI(Tl) detetors with respet to beam diretion, �� and deteted �ssion fragments, ��fd.The dotted, long-dashed, short-dashed, and dash-dot urves are ontributions from ompound nuleus, deteted �ssion fragment,omplementary �ssion fragment, and near sission emission, respetively. The solid urve indiates the total ontribution from foursoures.
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Figure 4.14: Shemati veloity diagram for �-partile emission from di�erent souressuh as ompound nuleus, �ssion fragments (FE), and near-sission emission (NSE).The irles represent the most-probable veloities of � partiles emitted from om-pound nuleus (dash-dot), from deteted fragment (dotted), and omplementary frag-ment (dashed). The NSE is perpendiular to the sission axis de�ned by the detetedfragment diretion.letion of the �ssion - fragment angle with respet to the beam, (iii) an appropriatetwo-dimensional banana-gate to selet the �ssion events; from FF energy versus oin-idene TAC in the �rst set of the experiments and from �E vs. E-plot in the seondset of the experiments, and (iv) an appropriate two-dimensional banana-gate to seletthe only � partiles from ZCT versus energy plots for eah harged partile detetor.After orreting for random oinidene, the normalized �-partile multipliity spetrawere obtained by dividing the oinidene spetra with total number of �ssion singleevents. Figs. 4.12 and 4.13 show typial normalized �-partile multipliity spetra for11B + 232Th and 12C + 232Th systems, respetively.The inlusive oinidene �-partile spetra shown in the Figs. 4.12 and 4.13 in-ludes ontributions from the ompound system (presission), the aelerated �ssionfragments (postsission), and the near sission emission (NSE). The Proedure to dis-entangle the inlusive spetrum into presission, postsission and near-sission ompo-nents, relies upon the energy and angular distributions of the � partiles. The presis-



Chapter 4: Measurements of �-partile multipliities in....... 190sion and postsission partiles are emitted isotropially in their respetive rest frames,in the laboratory frames they are foused in the moving diretion of the orrespondingsoure; termed as the kinemati fousing. The near-sission emission of � partilestakes plae perpendiular to the sission axis. However, the kinemati fousing ismore e�etive for lighter partiles, but in ase of � partiles, the signi�ant di�erenebetween the emission barriers for various emitting soures makes more e�etive thedisentangling of the inlusive spetrum into presission, postsission and near-sissionomponents. For eah system, multipliity spetra are �tted simultaneously by themoving-soure model inluding four di�erent soures namely the ompound nuleus,the two omplementary �ssion fragments, and the NSE.4.3.1 Presission and postsission omponentsThe �-partiles are assumed to be emitted isotropially in the rest frames of presissionand postsission soures. In the moving-soure analysis, symmetri mass division isassumed for the fragments and mean values of fragment mass and harge have beenused. The �-partile energy spetra in the rest frames for presission and postsissionsoures are alulated using the onstant-temperature level-density formula with theexpression [96, 203℄; n(�) = N�p��(�) exp���T � ; (4.3)where �p and � are the multipliity and energy of the emitted �-partiles in the restframe, T is the temperature of the soure, �(�) is the inverse reation ross setion andN is a normalization onstant, whih was obtained using the ondition;Z 10 n(�)d� = 1: (4.4)The integration in the Eq. (4.4) was performed using the numerial reipe. The inversereation ross setion �(�) is alulated using the Wong's expression [204℄;�(�) = ~!R202� ln�1 + exp � 2�~! (�� VB)�� ; (4.5)



Chapter 4: Measurements of �-partile multipliities in....... 191where ~! is the urvature of fusion barrier for angular momentum ` = 0. The valuesof ~! for presission and postsission soures are determined from the �ts to the fusionexitation funtions for 4He + 237Np [205℄ and 4He + 59Co [206℄, respetively with thepreditions of the one-dimensional barrier penetration model ode CCFUS [16℄. Thus,~!pre and ~!post values used in the moving-soure model for presission and postsissionsoures are 4.8 and 4.0 MeV, respetively. The VB is the emission barrier height of the�-partiles and is alulated using the expression [134℄;VB = 1:44ZP (ZS � ZP )r0 hA1=3P + (AS � AP )1=3i+ ÆMeV; (4.6)where AP , ZP and AS, ZS are the mass and harge of the �-partile and emittingsoure, respetively. The value of r0 is taken to be 1.45 fm [96℄. Æ is a fator whihtakes into aount for the redution in emission barrier due to deformation e�etsand it is taken to be 2.0 fm for ompound nuleus [134℄ and 0.4 fm for �ssion fragment[98, 207℄. Thus, the e�etive emission barrier heights (VB) alulated for the ompoundnuleus and �ssion fragment are 20.2 and 13.4 MeV for 11B + 232Th system and 20.3and 13.5 MeV for 12C + 232Th system, respetively. The temperatures Tpre and Tpostare alulated using the relation T = pE�=a, where E� is the intrinsi exitationenergy of the soure. The exitation energies for �ssion fragments are alulated usingthe relation: E�f = ECN +Qf � TKE � Eprepart:; (4.7)where, ECN is the exitation energy of the ompound nulei and its value for 11B +232Th and 12C + 232Th systems are 45.5 and 42.8 MeV respetively. In Eq. (4.7), the Qfand TKE are the Q-value for the �ssion proess and average total kineti energy of the�ssion fragments. The values of Qf are alulated from experimental masses assumingsymmetri �ssion. The TKE values are alulated using the Viola's systematis [105℄.In Eq. (4.7), Eprepart: is the CN exitation energy loss due to presission partile emission;it is a sum of kineti energy and binding energy of the presission partile (dominantlyneutron) emission. The average kineti energy of the neutron was assumed to be 2.5



Chapter 4: Measurements of �-partile multipliities in....... 192MeV. The presission neutron multipliity �, was estimated from the systematis. Thelevel-density parameter `a' is taken as A/11 for ompound nuleus and A/7 for �ssionfragments [96℄. Tpre is saled down by a fator of 11/12 to aount for multi-stepevaporation [96, 208, 209℄. Thus, Tpre and Tpost values are alulated to be 1.2 and1.25 MeV for 11B + 232Th system and 1.18 and 1.25 MeV for 12C + 232Th system,respetively.4.3.2 Near-sission omponentNear sission emission takes plae dominantly perpendiular to the sission axis [77℄ andpeaks at an energy in-between the ompound nuleus emission and fragment emissionpeaks. The energy and angular distributions for NSE are assumed to be Gaussian inthe rest frame as given by the expression [96℄;n(�; �) = Nnse�nse exp ��(�� �p)22�2� � exp ��(90Æ � �)22�2� � ; (4.8)where �, �nse, �p, �, ��, and �� are the �-partile multipliity of near sission emission,peak (or mean) energy, relative angle of �-partiles with respet to the sission axis,standard deviations of the energy, and the angular distributions, respetively, in therest frame. The Nnse is the normalization onstant.The �-partile spetra alulated in rest frames of four soures are onverted tolaboratory frames using the appropriate Jaobians and �nally summed up to �t themeasured spetra. In the moving-soure �t, the parameters Tpre, Tpost, V preB , and V postBare not varied whereas the presission and postsission multipliities (�pre and �post)and parameters related to NSE, are kept as free parameters. The mean fragmentveloities are determined using Viola's systematis [105℄ for the total kineti energyreleased in �ssion proess.
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Chapter 4: Measurements of �-partile multipliities in....... 194Table 4.2: �-partile multipliities orresponding to di�erent emission stages for boththe systems. The temperatures, emission barriers, and parameters related to near-sission emission are also given.Parameter 11B + 232Th 12C + 232Th.ECN (MeV) 45.5 42.8Tpre (MeV) 1.2 1.18Tpost (MeV) 1.25 1.25V preB (MeV) 20.2 20.3V postB (MeV) 13.4 13.5�pre (5.2 � 0.1) �10�3 (5.4 � 0.2) �10�3�post (0.17 � 0.02)�10�3 (0.13 � 0.04)�10�3�nse (0.5 � 0.05)�10�3 (3.1 � 0.2) �10�3�p (MeV) 19.3 � 0.3 19.25 � 0.10�� (MeV) 3.4 � 0.2 1.66 � 0.10�� 11.5Æ � 1:6Æ 17.9Æ � 1:1Æ
partiularly for ��fd �90Æ if the NSE omponent is inluded in the moving-souremodel. It should be noted here that in ontrast to the works by Wilzynska et al:[132℄ for 40Ar + 232Th and Lindl et al: for 37Cl + 124Sn and 28Si + 141Pr systems [129℄,in the 11B + 232Th reation the small value of �nse and loseness of peak energies ofpresission and near-sission emission do not make the spetral shapes of ��fd �90Ædi�er very muh from those whih are away from ��fd = 90Æ.For 12C + 232Th system, the �tted spetra for the individual soure and aftersumming are shown in Fig. 4.13 for 9 out 12 ombinations of �� and ��fd. The best�tted values of the parameters are found to be �pre = (5.4 � 0.2)�10�3, �post = (0.13 �0.04)�10�3, �nse = (3.1 � 0.2)�10�3, �p = 19.25 � 0.10 MeV, �� = 1.66 � 0.10 MeV,and �� = 17.9Æ � 1:1Æ orresponding to a minimum �2/(degree of freedom) value of3.71. The results obtained from four-soure analysis for 11B + 232Th and 12C + 232Thsystems are shown in the Table 4.2. The �pre and �post values for both the systems aresimilar, whereas the NSE multipliity for 12C + 232Th system is signi�antly larger than



Chapter 4: Measurements of �-partile multipliities in....... 19511B + 232Th system having similar �ssility, exitation energy, and angular momentum.Extrated standard deviations for energy and angular distributions of the near-sissionemission (�� and ��) are also observed to be signi�antly di�erent for both the systems.These observations indiate that due to �-luster struture of 12C there is an admixtureof some other soure of �-partile emission to the NSE omponent in the 12C + 232Threation apart from earlier mentioned four onventional soures involved in the fusion-�ssion proess.In the next hapter, an attempt made to reprodue the presission multipliitiesusing the statistial model odes, will be disussed. Further, the presission and near-sission data from 11B + 232Th system has been analyzed along with the literaturedata to develop ertain global features of the presission and near-sission emissionharateristis. The anomalous results obtained above for 12C + 232Th reation arethen ompared with systematis whih provide more strong lue to understand thesepuzzling results.



Chapter 5Systematis of presission andnear-sission �-partilemultipliities
5.1 Statistial model alulations for presission�-partile multipliityIn the past, statistial model alulations with the inlusion of �ssion delay have beenarried out to reprodue measured values of presission neutron (�pre) and �-partile(�pre) multipliities for various systems. In order to quantitatively understand the �prevalues determined for the 11B + 232Th and 12C + 232Th systems, we have used thestatistial model ode JOANNE2 [110℄ whih inorporates the deformation-dependentpartile binding energies and transmission oeÆients. Presission emission is assumedto take plae from two stages in the deformation spae orresponding to mean pre-saddle deformation (Ztr) and mean saddle-to-sission deformation (Zss). The JOANNE2ode allows only partile emission from nearly spherial systems for mean pre-saddletime (�tr) and then allows �ssion deay to ompete with partile emission for meansaddle-to-sission time (�ss). It is seen for the present systems that for a �xed �ssiondelay the partile multipliities are insensitive to Ztr, but very muh sensitive to Zss.Fig. 5.1 shows the deformation energy diagram for 11B + 232Th system in terms of thesimpli�ed rotating liquid drop model inorporated in the ode JOANNE2. The deforma-196
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(a) (b)

Figure 5.2: Change in mean kineti energies [in panel (a)℄ and binding energies [inpanel (b)℄ of neutrons, protons, and � partiles as a funtion of elongation Zaxis (inunits of diameter of the spherial system) relative to the emission from spherial nuleifor 195Pb with J=0 and exitation energy of 50 MeV, from Ref. [110℄partile binding energies are altered quite signi�antly as a funtion of deformationas shown in the Fig. 5.2(b) (from Ref. [110℄). The neutron binding energies dereasesslightly whereas the proton and �-partile binding energies inrease dramatially withdeformation [110℄. Suh behavior is expeted, sine for a �xed deformation the removalof harge auses a rapid inrease in the nulear deformation energy, while removal ofneutron auses a slight derease. Thus, the inrease in the binding energy of hargedpartiles auses a suppression of the proton and �-partile emission whih otherwiseould have been more due to lower emission barriers.JOANNE2 alulations are arried out by varying either Zss or �ss to examine itse�et on �pre and �pre. The value of Ztr is �xed at 1.28 for both the systems. The valueof �tr is �xed at 20 zs (1 zs = 10�21 s) from the systematis available in the literature[88℄. In the �rst ase, the �pre and �pre values are alulated as a funtion of Zss ata �xed value of �ss = 100 zs. The level-density parameters for spherial ompoundnuleus an and for the saddle-to-sission stage ass at eah Zss, are alulated withinthe ode using the formalism of Toke and Swiateki [210℄. For both the systems, it is
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Figure 5.7: The �pre normalized with E2:3CN (ECN is the ompound nuleus exitationenergy) as a funtion of �-partile emission Q-value (Q�) for 11B, 12C + 232Th systemsand the available data from literature for following systems: 28Si + 175Lu [96℄, 28Si +164;167;170Er [97℄, 37Cl + 124Sn [129℄, 37Cl + natAg [131℄, 40Ar + 232Th [132℄, 19F + 232Th[203℄, and 28Si + 232Th [211℄. Data for 28Si + 197Au, 28Si + 208Pb, 19F + 197Au, 19F+ 208Pb, 16O + 197Au, and 19F + 197Ta are from Ref. [98℄ and for 16O + 232Th and12C + 197Au are from Ref. [130℄. The dashed line is a linear �t to the data. The insetshows the paraboli variation of �2 with the exitation energy normalization fator n(see text).of n. For eah value of n, the normalized �pre shows a linearly inreasing trend withQ�. In order to determine the best power dependene of �pre on ECN, the �2 valueis determined for eah n, by omparing the data for normalized �pre as a funtion ofQ� with the best linear-�t to the data. The variation of �2 with n is obtained to beparaboli from where the best �t value of n is obtained as 2.3 � 0.1 (as shown in theinset of Fig. 5.7). Therefore, in order to ompare the �pre values for various systemswe have normalized the available data on �pre with E2:3CN. The spread in �pre data afternormalizing with E2:3CN for a given system is observed to be within the error bars inases where, �pre data are available as a funtion of ECN [97, 98, 129, 203℄. In theseases a weighted average of the normalized �pre values of a given system is taken toinvestigate the dependene of �pre on Q�. Figure 5.7 shows the present results for



Chapter 5: Systematis of presission and near-sission....... 20411B, 12C + 232Th systems and the available data of �pre=E2:3CN as a funtion of Q�) forvarious systems. It is observed that the normalized �pre shows a orrelation with Q�and inreases linearly. It is interesting to note that the �pre values show a systematibehavior in terms of �ssility after normalizing with ECN [88℄, whereas �pre shows asystemati behavior in terms of Q� after normalizing with E2:3CN. However, it would bemore relevant to analyze �pre also in terms of neutron emission Q-value beause thesame �ssility an be ahieved for ompound nulei having widely di�erent Q-values fora given partile emission.5.3 Systematis of near-sission multipliityFor 12C + 232Th system the value of �nse appears anomalously enhaned in omparisonto the 11B + 232Th system. Due to �-luster struture of 12C, in addition to the fouronventional soures, there may be an extra soure of �-partile emission in 12C +232Th reation. Therefore, the �nse determined in the 11B + 232Th reation is �rstanalyzed with all available data from low energy as well as the heavy-ion �ssion. Itis seen that the value of �nse in the 11B + 232Th reation at ECN = 45.5 MeV issigni�antly lower than the systematis with respet to Z2=A andQ� for low-exitation-energy �ssion as shown in the Fig. 5.8(a) and (b), respetively. The linear inrease of�nse with Z2=A in low exitation energy �ssion is onsistent with liquid drop modelalulations for dynamial emission of �-partiles near the sission on�guration asthe gain in potential energy from saddle-to-sission inreases with Z2=A [78, 112℄.Sine the Q� also inreases with Z2=A, the �nse values in low exitation energy �ssionappears to be inreasing with Q�. The �nse determined in the 11B + 232Th reationis ompared with heavy-ion data available in literature as shown in the Fig. 5.9. It isseen that the �nse from heavy-ion �ssion data does not exhibit any systemati behavior.In heavy-ion indued fusion-�ssion reations it has been observed that �nse inreasesquite signi�antly with exitation energy [97, 130℄ in ontrast to low exitation energy
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Figure 5.8: Near-sission �-partile multipliity as a funtion of Z2=A (a) and Q� (b)from low energy �ssion and 11B + 232Th reation.�ssion where dependene of the �nse on exitation energy in the range of 8 to 20 MeVis quite weak [78℄. The peak energy for NSE �-partiles (�p) in low energy �ssion isonstant within 15 to 16 MeV whereas in heavy-ion-indued �ssion it is sattered from12.5 to 19.5 MeV for di�erent systems [96, 97, 129{132℄ as shown in the Fig. 5.10.These omparisons about the features of NSE indiate that the near-sission emissionmehanism in heavy-ion-indued �ssion di�ers from low-exitation-energy �ssion.In order to understand the near sission emission mehanism in heavy-ion fusion-�ssion proess, the ratio of �nse to total pre-sission �-partile multipliity (�pre+�nse)is alulated for the 11B + 232Th system and other heavy-ion data from literature.The frational �nse for the 11B + 232Th system is determined to be (8.6 � 0.2)%.The frational �nse for all available systems is plotted as a funtion of Z2=A as shownin Fig. 5.11 where vertial spread in some ases orresponds to di�erent exitationenergies of a given system. It is seen that frational �nse is nearly same at around 10%of the total presission multipliity over a wide range of Z2=A and exitation energy, asindiated with dashed lines in Fig. 5.11. The results for 16O + 232Th on �nse as well as�pre (as seen in the Fig. 5.7) are quite o� from the average behavior, and may be due toinaurate determination of the di�erent omponents of the �-partile multipliity. Theinsensitivity of �nse with Z2=A has been seen earlier also by Sowinski et al: [130℄ for two
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Chapter 5: Systematis of presission and near-sission....... 208[122{124℄ whih is also in favor of the above arguments.It should be noted here that in spontaneous and thermal neutron indued �ssion,a onsiderable amount of energy dissipation during the desent from saddle-to-sissionhas been observed. In partiular, the neutrons and  rays emitted from the fragmentsprovide the lear signature of the energy dissipation in low-exitation-energy �ssion. Itseems that in saddle-to-sission region the two-body visosity is prevailed even at lowexitation energies and during the sission proess it is the one-body visosity.5.4 Anomalous behavior in 12C + 232Th reationThe �pre value determined in the 12C + 232Th reation is onsistent with the devel-oped heavy-ion systematis [Fig. 5.7℄, where it is established that �pre values whennormalized to E2:3CN show a linearly inreasing trend with �-partile emission Q-value[139℄. The NSE multipliity for the 12C + 232Th system is signi�antly larger than 11B+ 232Th system having similar �ssility, exitation energy, and angular momentum forwhih �nse is (0.5 � 0.05)�10�3 [139℄. The fration of NSE multipliity (�nse) to totalpresission �-partile multipliity (�pre + �nse) for the 12C + 232Th system is � 36%whih is also signi�antly o� from the systematis [Fig. 5.11℄, where it is nearly sameat around 10% for a variety of ompound nulear systems. In the systematis, it isalso seen that 12C + 197Au and 16O + 232Th reations show somewhat larger average�nse. These observations provide a strong indiator that due to �-luster strutureof 12C there is an admixture of some other soure of �-partile emission to the NSEomponent in the 12C + 232Th reation apart from earlier mentioned four onventionalsoures involved in the fusion-�ssion proess.In order to understand the anomalous behavior in 12C + 232Th reation, we exam-ine �rst the two-dimensional partile identi�ation plot of zero rossover versus pulseheight from a CsI(Tl) detetor at a laboratory angle of �� = 135Æ as shown in Fig. 5.12.Unlike 11B + 232Th reation, in ase of 12C + 232Th reation, a high energy omponent
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Figure 5.12: A two-dimensional plot of zero rossover (ZCT) versus energy from aCsI(Tl) detetor at a laboratory angle of 135Æ for di�erent partiles produed in the12C (69 MeV) + 232Th reation.of varying intensity depending on �� is observed along the �-partile band as depitedin the Fig. 5.12. As disussed in the hapter-2, in the ase of CsI(Tl) detetors, therise time for a given partile inreases with partile energy [142℄. In the present mea-surement the high energy omponent is observed to have rise time similar to that forlower energy � partiles, suggesting that it is due to the summed energy of two lowerenergy � partiles entering the detetor simultaneously.5.4.1 Soure of exess �-partiles in 12C + 232ThThe enhaned �nse value in the 12C + 232Th reation indiates that exess � partilesof energies of around 20 MeV are emitted dominantly perpendiular to the detetedFF and at bakward angles with respet to the beam diretion. The observation of the2�-events as shown in Fig. 5.12, suggests that due to the �-luster struture of 12C,exess � partiles may originate from 8Be breakup following �-transfer indued �ssionoinidene events as demonstrated in the Fig. 5.13. The folding angle between the
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Figure 5.14: Shemati veloity-vetor representation of 8Be breakup into two � par-tiles for two enter-of-mass angle � of one of the breakup � partiles. The �12 is thefolding angle between the � partiles at a enter-of-mass angle �. The �max12 is themaximum folding angle whih orresponds to � =90Æ.two � partiles produed from 8Be breakup will depend on their relative energy (Erel)and kineti energies [213, 214℄:os�12 = E�1 + E�2 � 2Erel2pE�1E�2 ; (5.1)where E�1 and E�2 are the kineti energies of the � partiles produed from 8Bebreakup. Erel is alulated using the relation Erel = E� + QBU , where E� is theexitation energy of the state from where breakup ours and QBU is the breakupQ-value whih is 92 keV [214℄. For a given veloity of 8Be (VBe) in the laboratoryframe, a shemati vetor representation of 8Be breakup into two � partiles for twotypial enter-of-mass angle, � of one of the two breakup � partiles is shown in theFig. 5.14, where �12 is the folding angle between the � partiles at an angle �. Forkineti energy of 8Be, EBe = 38 MeV, the kineti energies (E�1 and E�2) and foldingangle, �12 of the � partiles produed from 8Be breakup as a funtion of angle � areshown in the Figs. 5.15(a) and (b), respetively at various relative energies, Erel; 92,200, and 500 keV. At � =90Æ whih orresponds to a maximum folding angle (�max12 ),E�1 = E�2= (EBe +Erel)/2 and at any angle �, E�1 + E�2 = EBe +Erel as shown in theFig. 5.15(a). For a given value of EBe, �12 varies from 0Æ to the �max12 depending on Erel.With inreasing Erel, the �max12 inreases orrespondingly as shown in the Fig. 5.15 (b).For instane, for EBe = 38 MeV, �max12 varies from 5.5Æ to 12.8Æ in going from Erel = 92
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Figure 5.16: (a) The 2�-partile multipliity spetra produed from 8Be breakup atthree laboratory angles (��), where di�erent lines are the moving-soure �ts. (b) Theenergy-integrated 2�-partile yield as a funtion of �� (star) and (b) the experimen-tal data (triangle from Ref. [5℄) and least-squares �t (solid line) of the Be angulardistribution after normalizing with the 2�-partile yield at �� = 135Æ (see text).the present work is onsistent with that for Be as seen in Fig. 5.16(b), where the Beangular distribution (from Ref. [5℄) is plotted after normalizing at �� = 135Æ.These 2�-partile multipliity spetra shown in Fig. 5.16(a), are �tted simulta-neously with the moving-soure alulation using the 8Be breakup as a soure of 2�-partile emission. For simpliity, the 2� partiles are assumed to be moving togetheralong the diretion of 8Be, so that the angular distribution of the 2� partiles followsto that of 8Be. The following expression for the energy and angular distributions ofthe 2� partiles is used in the rest frame;n(�2�; �0) � �2�brW:m:(�) exp "�(�2� � �2�br )22�2�br 2 # ; (5.2)where �2�, �2�br , �2�br , and �2�br are the 2�-partile summed energy, multipliity, summedpeak energy, and standard deviation of the summed energy distribution, respetively,in the rest frame. W:m:(�0) is the angular distribution of 8Be in the rest frame whihis alulated using the relation, W:m:(�0) = G(x; �L)WL(�L), where G(x; �L) is theJaobian and x is the ratio of veloities of the ompound nuleus to that of 8Be in theenter-of-mass frame. WL(�L) is the angular distribution of 8Be in the laboratory frame



Chapter 5: Systematis of presission and near-sission....... 214at an angle of �L with respet to the beam diretion. In the moving-soure analysis,WL(�L) is obtained by using the parameters from least-squares �tting of experimentalangular distribution of Be with following funtional form;W (�L) = exp (�P1=�L)1 + exp �P2��LP3 � ; (5.3)where, P1, P2, and P3 are the onstants. The least-squares �tted angular distributionof Be is shown in Fig. 5.16(b). The 2�-partile spetra alulated in the rest frame areonverted to the laboratory frame using the appropriate Jaobian to �t the measuredspetra. The �tted spetra at di�erent laboratory angles are shown in Fig. 5.16(a).The best-�t values of the parameters are found to be �2�br = (2.6 �0.3)�10�4, �2�br =37.6 � 0.2 MeV, and (�2�br ) = 1.6 � 0.2 MeV, orresponding to a minimum �2/(degreeof freedom) value of 4.1. The value of �2�br extrated from the analysis is lose to thealulated enter-of-mass kineti energy of 8Be from kinematis inluding optimumQ-value (Qopt) [5℄.5.4.3 Reanalysis of �-partile multipliity spetra, inludingtransfer-breakup soureWith the above values for the 8Be breakup proess, we arried out a reanalysis of the�-partile multipliity spetra inluding �ve soures in the moving-soure model: theompound nuleus, both �ssion fragments, the NSE, and the 8Be breakup. When onlyone of the two � partiles produed from the 8Be breakup enters the CsI detetor, itskineti energy, E� overlaps with that of � partiles produed from pre-, post-, andnear-sission emission. For simpliity in the moving-soure �t, Erel is negleted sothat at a given ��, E� = 12EBe. The energy and angular distributions of one of thetwo breakup � partiles are alulated in the rest frame of the ompound nuleus byusing the orresponding expression of Eq. (5.2). In the moving-soure �t, exept for theparameters Tpre, Tpost, V preB , and V postB , whih are set to old values, all other parametersare kept as free parameters. The �tted spetra for the individual soure and after
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Chapter 5: Systematis of presission and near-sission....... 216summing are shown in Fig. 5.17. The best-�t values of the parameters are now obtainedas �pre = (5.4 �0.2)�10�3, �post = (0.13 �0.04)�10�3, �nse = (0.88�0.20)�10�3,�p = 19.25 � 0.10 MeV, �� = 1.34 � 0.20 MeV, �� = 13.5Æ � 3:0Æ, �br = (2.1 �0.1)�10�3, �br = 19.4 � 0.2 MeV, and �br = 1.95 � 0.20 MeV, orresponding to aminimum �2/(degree of freedom) value of 3.8. The errors quoted in the extratedparameters inlude only statistial unertainties. Thus, by inluding 8Be as a sourein the moving-soure analysis, only the value of �nse has hanged signi�antly, whereasother values are nearly unhanged from the earlier four-soure analysis. The frationof NSE multipliity (�nse) to total presission �-partile multipliity (�pre + �nse) isredued from (36.4 � 3.2)% to (14.0 � 3.8)% and follows the heavy-ion systematis[139℄. The peak energy (�br) extrated from the analysis is also nearly one-half of thevalue of �2�br .5.4.4 Monte Carlo alulation of the 2�-yieldIt is to be noted here that the fration of 2�-events is observed to be �12% of single�-partile events generated from 8Be breakup in oinidene with �ssion fragments. AMonte Carlo alulation is arried out for the present experimental geometry, where105 8Be nulei are distributed in the reation plane aording to the measured angulardistribution of Be (from Ref. [5℄) and a �3.5Æ azimuthal random spread is allowed.It is seen that for 8Be enter-of-mass kineti energy E:m:Be = 38 MeV and Erel = 92keV, the fration of 2�-events is 27.2% of single �-partile events. A larger alulatedfration of 2�-events in omparison to the measured value indiates the involvementof higher values of Erel in the reation, as pointed out earlier also in related works[213, 214℄. In those works, it is shown that the Erel spetra have peaks at 92 keV withabout half of all the 8Be breakup yield, and a broad ontinuum in the higher Erel regionwith the remainder of the breakup yield. The sharp inrease of folding angle with Erelas mentioned earlier would result in lowering of the measured fration of 2�-events ifhigher values of Erel are involved in the reation.



Chapter 6Summary, onlusions and futureoutlook
The statistial and dynamial aspets of the exited nulei in the two dimensional spaeof exitation energy (EX) and angular momentum (J) play a key role in understandinga wide range of nulear phenomena. The heavy-ion ollisions bring in high EX andJ values to the system and enable to study the exited nulei of a variety of hoiesin a wide range of EX and J by varying the Z and A of the projetile and targetnulei. In partiular, the fusion reation leads to ompound nuleus formation whereomplete amalgamation of projetile and target takes plae. In the �rst part of thepresent thesis, the statistial aspets in the deay of medium heavy ompound nulei(Z �50 - 70), in partiular the spin dependene of the nulear level-density has beeninvestigated. The seond part of the thesis addresses the dynamial aspets involvedin the nulear �ssion deay. Summary, onlusions, and future outlook for the presentthesis work are disussed in the following setions.6.1 Summary and onlusionsWith the motivation of investigating the spin dependene of the nulear level-densityparameter `a', a series of experiments have been performed where we have measuredthe -ray-multipliity-fold gated �-partile energy spetra in heavy-ion fusion reations217



Chapter 6: Summary, onlusions and future outlook 218whih populate residual nulei in the shell-losure region of Z � 50 and mid-shell regionof Z � 70 at an exitation energy range of 30 to 40 MeV. The target-projetile systemsseleted in the present work orrespond to a range of entrane-hannel mass-asymmetry,� = (AT � AP ) = (AT + AP ) spanning both sides of the Businaro-Gallone ritial mass-asymmetry (�BG). The results do not indiate any e�et of �BG on the level-densityparameter in the ompound nulear reations.Despite plaing the harged partile detetors at the bak angles with respet tothe beam diretion, the light mass impurities (arbon and oxygen) that are presentin the targets ontribute to the low energy tails in the energy spetra for mainly twoof the light projetiles (11B and 12C). The � partiles originating from the reationswith impurity elements appeared in the spetra at low energies, partiularly for the lowmultipliity folds. This low energy omponent was treated as a bakground and wasremoved in the shell-losure region of Z �50 by following a least squares �t proedure.In the mid-shell region of Z �70 and A �180, the bakground dominated for low -rayfolds (up to fold 3). Therefore, in the mass region of A �180, analysis has been arriedout only for fold 4 and above events, where the bakground ontribution was seen tobe negligible.Fold to multipliity onversion proedure was validated by measuring spontaneous�ssion -ray multipliity of 252Cf. The average -ray multipliities of 252Cf for BGOenergy thresholds of 100 keV and 150 keV were found to be �7.8 and 9.3, respetively,whih are onsistent with the earlier reported values [144{147, 186, 187℄. The �rsttwo moments of the multipliity distributions in the reations for the shell-losureregion of Z � 50 were also determined. By omparing the moments of multipliitydistribution with those of initial ompound nuleus spin distributions, the fator amused for onversion of -ray multipliity to the ompound nulear angular momentumwas determined to be around 1.5. Later on, the insensitivity of the slope of the highenergy part of � partile spetra with the fator am was on�rmed. This ruled out any



Chapter 6: Summary, onlusions and future outlook 219possibility of unertainty due to the fator am in the the inverse level-density parameterK = A=a determined from the slope of the high energy part of � partile spetra. Inthe analysis, eah -ray multipliity fold was onverted to a orresponding averageangular momentum in the residual nulei following a proedure that utilizes the deaysimulations and detetor eÆieny fators. The unertainty of the assigned averageangular momentum varied from �5 to �3~ in going from low folds to high folds.The aim in the present work was to ompare the shape of the fold-gated as well asgross (summed over all J) experimental �-partile spetra at well above the evaporationbarrier energy with orresponding spetra from statistial model alulations using theode PACE2 and derive the inverse level density parameter K. By limiting the analysisof the energy spetra at well above the evaporation barrier, the unertainties assoiatedwith the barrier transmission oeÆients were avoided. Within the ode PACE2 , thephenomenologial bak-shifted Fermi-gas desription of the nulear level density wasused. Ignatyuk's presription for level-density parameter `a' [41℄ was employed whihtakes into aount the exitation energy dependent shell e�ets. The asymptoti valueof the parameter `a' was externally varied in the ode through the input ard. Thenormalization of the shape of the experimental spetra with that of the predited oneby statistial model alulation, was done by mathing the area under the preditedspetra in the seleted energy interval with that of the experimental spetra in thesame energy interval. No attempts were made to �t the multipliity of � partiles.In the shell losure region of Z = 50, the `gross' K value (summed over all J) wasseen to be in the range 9.0 - 10.5 MeV, whih is within liquid drop model estimate [137℄.It was observed that the `gross' K value is the lowest for ZR = 50, in ontrast withwhat one would expet from known behavior of shell e�ets, by assuming persistene ofshell e�ets even at this exitation energy. Maximum value of `gross' K was observedfor ZR = 52 and 53. We have no mirosopi understanding of these observations butwould like to point out that similar di�erenes in level-density parameter in neighboring



Chapter 6: Summary, onlusions and future outlook 220nulei have been observed earlier [193℄ at exitation energy around 60 to 90 MeV . Thevariation of K as a funtion of angular momentum in the range of 5 to 30~ for theshell-losure region showed several interesting features not aounted by the shell andangular momentum orreted values of K used in PACE2 alulations [137℄. The overalltrend in the shell-losure region did not suggest a onstant value for K over the fullangular momentum range. Below about 15 ~ of angular momentum, the K values weresimilar to the orresponding `gross' K values for all the systems. For ZR = 49, 50 and51, a at behavior for low angular momentum and then a downward trend for higherJ values was observed. One the shell losure ZR = 50 was rossed, for ZR = 52 and53 a dramati hange in the trend ould be observed. In a repeat measurement wehave re-on�rmed the behavior for the ZR = 52 system where there is a strong inreasein K with angular momentum. This trend ontinued for ZR = 53 as well, but in adiminished manner. For ZR = 55 and 48, the trend was also similar but with a muhweaker inrease of K with angular momentum. In ontrast to the shell losure region ofZ = 50, in the mid-shell region of Z � 70 the average value ofK is 8.2 � 1.1 MeV [138℄,and remains essentially onstant around the average value in the angular momentumrange of 15 to 30~ [138℄. It is seen that the gross value of K for the mid-shell regionof Z �70 and A �180 is lower than that for the shell-losure region of Z �50 andA �120.The present results are �rst of its kind for nulei in the shell-losure region andin the mid-shell region, whih point out ertain e�ets not aounted for in the phe-nomenologial presriptions of NLD. These results would serve as important inputs formirosopi theories to understand the statistial properties of nulei in di�erent massregions.In ase of heavy ompound nulear systems (Z & 80 and A & 200) populated inheavy-ion reations, �ssion ompetes with partile emission and the dynamial e�etsbeome important along with the statistial ones. The dynamial e�ets during the



Chapter 6: Summary, onlusions and future outlook 221nulear �ssion manifest in terms of the nulear visosity whih lead to the energy dis-sipation from olletive motion to the internal degrees of freedom. Despite substantiale�orts, both experimentally and theoretially, the preise nature and magnitude of nu-lear visosity remains one of the major problems as yet unsolved in nulear physis.The FFs kineti energies, presission yields of neutrons, harged partiles [96{98℄, GDR rays [99℄ from the ompound system before �ssion have been used as probes to gaininsight about the the preise nature and magnitude of nulear visosity.Employing above probes the e�et of nulear visosity inside and out side the sad-dle has been understood to a good extent. However, at the time of sission, the atualsnapping up of the nek joining the two nasent �ssion fragments is still not learlyunderstood. Moreover, the probes mentioned above are not suitable in a wide energyregime from spontaneous �ssion to the heavy-ion �ssion. A suitable probe sensitive tosission point needs to be employed to address the above questions. Ternary �ssion (ornear sission emission) presents a good hoie for studying the nulear visosity in thewide energy regime. Using the NSE as a probe, the sission point harateristis suhas the kineti energy of the FFs, nek radius, FF separation, et. an be determined.The kineti energy at sission point arries important information about the transitionfrom saddle to sission and energy dissipation during this transition. Thus, the NSEan provide the information about the nulear visosity not only during the sissionproess but also during the desent from saddle to sission.With these motivations, measurements were arried out for �-partile energy spe-tra in oinidene with �ssion fragments for the systems of 11B (62 MeV) + 232Th (Z2/A= 37.14) and 12C (69 MeV) + 232Th (Z2/A = 37.77) in a wide range of relative angleswith respet to FF emission diretion. These measurements have been desribed in theseond part of the present thesis. The measured energy spetra were �tted with movingsoure model alulations to extrat the �-partile multipliities orresponding to dif-ferent emission stages of the fusion-�ssion proess. The results in 11B+ 232Th reation



Chapter 6: Summary, onlusions and future outlook 222have been analyzed along with data from literature over a wide range of exitation en-ergy (ECN) and �ssility (x) of the ompound system to develop the systemati featuresof pre�ssion and near-sission emission as a funtion of �-partile emission Q-value andZ2=A of the ompound system.The fration of near-sission multipliity (�nse) is observed to be nearly same ataround 10% of the total presission multipliity (�pre + �nse) for various systems overa wide range of Z2=A and exitation energy suggesting that the near sission emissionof �-partiles is a statistial proess in heavy-ion indued �ssion reations [139℄. It isseen that presission �-partile multipliity (�pre) normalized to E2:3CN shows a system-ati linearly inreasing trend with �-partile emission Q-value [139, 141℄. The aboveobservations indiate that the �-partile emission from the nek is a statistial deayproess at higher exitation energies, in ontrast to low energy and spontaneous �ssionwhere the nek-emission is a dynamial or fast proess. Therefore, it an be inferredthat nulear olletive motion during sission exhibits a hange over from super-uidto visous nature with inreasing exitation energy. Existene of superuidity withinthe nulear medium has been a longstanding puzzle.In ase of 12C (69 MeV) + 232Th reation, the near-sission multipliity is observedto be anomalously enhaned in omparison to the heavy-ion systematis, indiating thepresene of another soure of �-partile emission in the 12C + 232Th reation in additionto pre-, post-, and near-sission emission stages [140℄. In the two-dimensional partileidenti�ation plot, a high energy omponent orresponding to the summed energy oftwo � partiles is observed. The observation of these 2�-events suggests that due tothe �-luster struture of 12C, there is a signi�ant omponent of 8Be breakup followedby �-transfer indued �ssion events. Sine the �-transfer grazing angle for 12C (69MeV) + 232Th system is at �120Æ [5℄, the intensity of these 2�-events dominates atthe bakward angles with respet to the beam diretion. The analysis of 8Be breakupexplains very well the 2�-partile multipliity spetra at di�erent laboratory angles.



Chapter 6: Summary, onlusions and future outlook 223For the �rst time, a new omponent orresponding to transfer-breakup proess hasbeen onsidered in the moving soure model to disentangle the di�erent ontributionsto the inlusive �-partile multipliity. Reanalysis of the �-partile multipliity spetrainluding �ve soures in the moving soure model: the ompound nuleus, both the�ssion fragments, the NSE, and 8Be breakup was arried out. The results obtained forpre- and near-sission multipliities follow the reently developed heavy-ion systematisvery well. The present results learly indiate an extra soure of �-partile emission inheavy-ion fusion-�ssion reations due to �-lustering in projetile nulei [140℄.The CsI(Tl)-Si(PIN) detetors, used for harged partile measurements in theseond part of the thesis work, were haraterized on various aspets [142℄. Pulseheight response of the detetors was investigated for �ssion fragments (FFs) produedin spontaneous �ssion of 252Cf. The sintillation light yield is observed to inreaselinearly as a funtion of energy for both the light and heavy FFs. At a given energythe light yield for heavier fragments is observed to be more than that of lighter ones.This indiates that the sintillation light yield for �ssion fragments follow the similardependene on dE/dx as of light harged partiles and heavy-ions. The time resolutionof the CsI(Tl)-Si(PIN) has been determined to be 134 � 3 ns using - oinidenemethod.6.2 Future outlookIn the �rst part of the thesis, we obtained quite interesting results on spin dependeneof the inverse level-density parameter K in the shell-losure region of Z � 50 andmid-shell region of Z � 70 in the exitation energy range of 30 to 40 MeV. In order tounderstand the anomalous results of the shell-losure region of Z � 50, further re�nedmeasurements and at the same time mirosopi alulations are worth to attempt.� In the present work, the parameter K is determined for the residual nulei after�-partile emission. As pointed out earlier, �-partile emission leaves residual



Chapter 6: Summary, onlusions and future outlook 224nulei with ZR = ZCN � 2. Although, a major fration of the � partiles isemitted as a �rst hane emission, still some unertainty remains in the mass ofthe residual nuleus. If oinidene measurements of �-partiles and  rays areperformed with the tagging of the evaporation residues (ERs) of well de�ned massand harge, issues related to the bakground and mass of the residual nuleus forwhih the parameter K is determined, will be better resolved.� In the present study, the parameter K is determined by seleting one exit hannelof the ompound nulear deay, the �-partile emission. It is worth to investigatespin dependene of the parameter K through other exit hannels suh as theproton and neutron emission.� In the present study di�erent �nal nulei are produed using quite di�erent re-ations (in partiular with di�erent mass asymmetries). Though, the analysisof the reations based on Businaro-Gallone ritial mass-asymmetry reveals thatall these reations undergo normal ompound nulear formation without a di-nulear omplex formation. The BG analysis only serves as a guideline and isnot a substitute to rule out the possible entrane hannel e�ets. It would behelpful for the understanding if one and the same ompound nuleus had beenprodued using di�erent reations (with di�erent mass asymmetries), or if allompound nulei had been produed by reations with similar projetiles (andsimilar mass asymmetry), or best of all above to disentangle two e�ets, namelypossible entrane-hannel (reation) e�ets on the �-partile spetra and stru-ture (level-density ) e�ets.� Due to limited eÆieny of -ray detetion and the unertainty of angular mo-mentum arried by individual -ray, it was not possible to onvert -ray foldto spin value on event-by-event basis. Eah -ray fold orresponds to a windowof the angular momentum populated in the residual nulei. It would be help-ful to arry out these measurements with a larger -array with higher detetion



Chapter 6: Summary, onlusions and future outlook 225eÆieny to redue the width of the assigned spin values to di�erent -ray folds.� If we losely examine the trends of the parameterK with the spin in those ases ofthe shell-losure region of Z � 50 where strong variations are observed, it seemsthat K inreases with spin up to a ertain spin value and then drops down. Itwould be interesting to investigate the parameter K in higher spin domains inthe reations for whih the dropping region of the K was not feasible due to smallvalue of the maximum angular momentum of the residual nulei.� From theoretial point of view, present study serves to provide important in-puts for mirosopi theories to understand the statistial properties of nulei indi�erent mass regions. It would be interesting to arry out alulations to repro-due the parameter K determined around the shell-losure and in the mid-shellregions. Reently, for the shell-losure region of Z = 50 of the present work,mirosopi alulations were arried out [197℄ whih show that the parameter Kinreases with angular momentum in all ases. These alulations are not fullyonsistent with the present measurements and detailed mirosopi alulationswill be useful to understand the dependene of K on angular momentum.In the seond part of the thesis, we have developed for the �rst time the systematisfor pre- and near-sission emission �-partile multipliities in heavy-ion �ssion. Inase of 12C (69 MeV) + 232Th reation, the near-sission multipliity was observedto be anomalously enhaned in omparison to the heavy-ion systematis, whih hasbeen understood by inorporating 8Be breakup followed by �-transfer indued �ssionevents. Present study invites further measurements as well as theoretial alulationsas disussed below;� In ase of near-sission systematis, sine the available data are limited, it is de-sirable to measure the near-sission multipliity for many other systems overinga wide range of �ssility and exitation energy (EX).



Chapter 6: Summary, onlusions and future outlook 226� In the low exitation energy region, though the EX dependene is fairly weak,but at the same time it is also seen that the ternary yield in thermal or 1-MeV neutron indued �ssion (orresponding ECN = 6 - 8 MeV) is less thanin spontaneous �ssion of the same �ssioning nuleus [122{124℄. This behaviorsuggests that there might be a minimum in the �-partile yield if measured atvarious energies in the interval of 1 to 20 MeV. This expetation is onsistent withour onlusions that with inreasing EX ternary �-partile emission is governedby the statistial proess, as opposed to the spontaneous �ssion ase in whih�-partile emission takes plae by dynamial proess. This hange over fromdynamial emission to statistial proess needs to be investigated in a systematimanner. Therefore, it is desirable to arry out measurement for the ternary yieldsin the energy interval of 1 to 20 MeV.� The peak energy for NSE � partiles (�p) in low energy �ssion is onstant within15 to 16 MeV whereas in heavy-ion indued �ssion it is sattered from 12.5to 19.5 MeV for di�erent systems [96, 97, 129{132℄. For low energy �ssion,inverse trajetory alulations [114{117℄ have been arried out to reprodue theobserved peak energies, where in the initial onditions of three harges (positionsand momenta) were onsidered without paying any attention to the nek ruptureproess. The available data on peak energy in heavy-ion �ssion systems are quitesattered and seems to fall into two groups. It would be interesting to arry outinverse trajetory alulations inorporating the nek rupture proess in heavy-ion �ssion to reprodue the peak energies.� For 12C (69 MeV) + 232Th system, the �-transfer grazing angle is at �120Æ withrespet to the beam diretion whih is lose to perpendiular to the sissionaxis in the present experimental geometry, therefore, NSE � partiles had astrong overlap with the ones produed from 8Be breakup, enhaning the nearsission multipliity. It is worth to arry out these measurements at various beam



Chapter 6: Summary, onlusions and future outlook 227energies. With inreasing beam energies of 12C, the orresponding �-transfergrazing angle will shift at forward angles with respet to the beam diretion.Moreover, it would be of further interest to arry out the measurements using 13Cprojetile where �-transfer will result in 9Be having high threshold for breakup.
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