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ENTRANCE-CHANNEL EFFECTS IN THEFUSION OF NICKEL ISOTOPES ATNEAR-BARRIER ENERGIES � ��S. Courtina, F. Hoellingera, N. Rowleya, A. Lopez-Martensa,F. Hannahib, O. Stezowskia, A.J. Boston, P. Dagnalld,J. Durelld, C. Finka, B.J.-P. Galla, B. Haasa, F. Haasa,J. Lisled, A. Lunt, J.-C. Merdingera, E.S. Paul, H.C. Sraggs,B. Varleyd, and J.-P. Viviena.aInstitut de Reherhes Subatomiques, B.P. 28F-67037 Strasbourg CEDEX 02, FranebCSNSM, CNRS-IN2P3, F-91405 Orsay, FraneDepartment of Physis, University of Liverpool, Liverpool L69 3BX, U.K.dDepartment of Physis and Astronomy, University of ManhesterManhester M13 9PL, U.K.(Reeived August 5, 1998)Nulear fusion at energies lose to the Coulomb barrier emphasises interestingfeatures of the interplay between reation mehanisms and nulear struture [1℄.Both stati and dynamial deformations of the target and projetile give rise toa range of Coulomb barriers depending on the orientation of the olliding nulei,in the ase of a rotational target, or the indued dynamial deformation in thevibrational ase. In the vibrational, and almost symmetri, 58Ni+60Ni system,a well de�ned disrete barrier distribution has been found [2℄. This distributionis explained by strong multi-phonon ouplings between the olliding nulei. Thisinterpretation of the fusion data led us to predit that an experiment performedat several energies overing the barrier distribution ould reveal previously un-observed features of the spin distribution, inluding a spin population of theevaporation residues up to about 20 ~, even 5 MeV below the onventional Bassbarrier. Fusion of 58Ni with 60Ni at three near and sub-barrier energies has beenstudied in Strasbourg with a 58Ni beam from the VIVITRON aelerator on thin60Ni targets, leading to the 118Ba* ompound nuleus. The -rays of the evapo-ration residues were identi�ed in the GAREL+ array. Proton-rih isotopes of I,Xe, Te and Sb were observed, some up to spins of 30 ~. A study of the relativepopulation of these nulei is presented and ompared with alulations whihaounts for of the orret barrier distribution.PACS numbers: 29.30.Kv, 25.70.gh, 25.60.Pj� Presented at the International Conferene �Nulear Physis Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.�� The presentation of this paper was awarded the Leopold Kronenberg prize for a youngspeaker. (1549)



1550 S. Courtin et al.1. IntrodutionEnhanements of sub-barrier fusion ross-setions, that annot be de-sribed by one dimensional barrier penetration models have been suessfullyexplained in terms of oupled-hannel alulations. These alulations aninlude ouplings to inelasti or transfer hannels [6, 7℄ as well as dynamior permanent deformations of the reating nulei [8, 9℄. The determinationof the fusion barrier distribution is a good way to disriminate between theouplings involved in suh a reation. A simple way to extrat the bar-rier distribution D(B) from fusion data has been established by Rowley etal. [1℄. They have shown that D(B) is proportionnal to the seond deriva-tive of the fusion ross-setion times the energy. Very aurate data for �fusare required to dedue D(B) by a point-di�erene method. Cross-setionmeasurements with typial errors of about 1% have reently been performedin systems like 16O + 144;148;154Sm or 186W [2�4℄ and barrier distributionsshowing interesting strutures have been theoretially investigated. Theyan be explained by the strong in�uene of phonon exitations and/or ef-fets of quadrupole or hexadeapole deformations. Furthermore, a dramatithree-peak struture in the barrier distribution has been found experimen-tally for the 58Ni + 60Ni system by Stefanini et al. [5℄. This surprisingstruture has been interpreted in terms of multi-phonon exitations, rightup to the four-phonon hannel. It has been shown that three distint bar-riers, eah weighted di�erently, are neessary in a Wong type model [8℄ to�t the experimental data properly. The full oupled-hannel �t is shown in�gure 1.
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Fig. 1. Three-barrier �t of the experimental barrier distribution in 58Ni+60Ni, fromRef. [5℄. The three energies of our study are indiated by arrows.



Entrane-Channel E�ets in the Fusion of Nikel Isotopes... 1551Very little is known about the in�uene of suh reation mehanismson the struture of the populated nulei. As the barrier distribution for58Ni + 60Ni is spread over more than 13 MeV, showing the most distintstruture known up to now, and as the fusion ross-setion is known veryaurately for this system, we hose this nearly symmetri system to studythe in�uene of surfae vibrations in the entrane hannel on the populationof the evaporation residues following near- and sub-barrier fusion.2. ExperimentThree di�erent bombarding energies just above the barriers, as shownin �gure 1, have been hosen for our experiment. A 58Ni beam at 190.1MeV, 199.9 MeV (mean barrier) and 212.3 MeV was suessively deliveredby the VIVITRON aelerator with a mean urrent of 10 pnA on 60Ni self-supporting targets. The target thiknesses were determined by alpha trans-mission and were 252 � 25 �g�m�2 for the two lower energies and 324 � 32�g�m�2 for the highest one. The energy loss in the targets was thus keptbelow 3 MeV. The gamma-rays from the evaporation residues were identi�edin 13 large-volume germanium detetors of the GAREL+ array. A LEPS(Low-Energy Photon Spetrometer) detetor was also mounted on the ar-ray to enhane the e�ieny and resolution for low-energy transitions. Theabsolute e�ieny for the set of Ge detetors was 1.1 � 0.2 %. Events werewritten to tape when at least 2 unsuppressed Ge detetors �red in promptoinidene. The beam urrent was integrated at the beam dump in order toobtain the harge aumulated at eah energy. The same system had alreadybeen studied at a higher energy (about 50 MeV above the barrier) to searhfor intruder bands in iodine isotopes [10℄. Extensive level shemes of theprinipal evaporation residues of our study are known from this experiment.We ould thus identify the strong 3p hannel, 115I, the 2p 116Xe hannel,the (3p,2n) 113I, the 112Te ((4p,2n) hannel) and the 115Xe ((2p,n) hannel)at eah energy step of the experiment. More exit hannels were open at thehighest energy (just above the barrier), so that we ould identify the lowlying transitions in 109Sb ((5p,4n) hannel) and 114I ((3p,n) hannel). Theregion reahed in this sub-barrier study is not far from the proton drip-line.3. ResultsGamma-gamma matries have been onstruted for eah energy and thestatistis aumulated at the highest energy allowed us to build a ube. Thepart of the level shemes of the prinipal residues observed in the experimentis shown in �gure 2.The ross-setions for the observed evaporation residues were determinedusing -ray transitions. We have put some gates on the lowest transitions
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116Xe 115IFig. 2. Part of the level shemes of 116Xe and 115I observed in the present study.of eah residue and integrated the transitions falling onto the gated ones.The result was onverted into ross-setions using the integrated harge. Wehave assumed that the feeding of the �rst states of the nulei was negligible.This is orroborated by our study of the side-feeding of the residues (see



Entrane-Channel E�ets in the Fusion of Nikel Isotopes... 1553below). Contamination of the gates was avoided as muh as possible andno long-life isomeri transitions are known in the nulei studied. In 116Xe,the 1017 keV transition was not intense and the energy gate used is the(2+ ! 0+) 394 keV transition. The ase of this 3p hannel (115I) is a littlemore ompliated. The ground -state is populated via 4 transitions ((72+ !52+) 57 keV, (92+ ! 52+) 565 keV, (92+ ! 52+) 634 keV and (92+ ! 52+) 732keV). We �rst hose the 411 keV, the 314 kev and the 634 keV transitions (see�gure 2) to determine the ross-setion for this hannel. We tried estimatingthe ross-setion using the lowest transitions but the auray of suh amethod is strongly a�eted by the aumulation of errors on the orretionsfor the e�ieny. The same method was used for all the nulei observed. Asummary of the results is shown in Table I. TABLE IExperimental ross-setions (mb) of the prinipal residues observed. The errors areabout 20%Channel 115I 116Xe 112Te 114Te 113I 115Xe 112I 114IEbeam (MeV) 3p 2p 4p,2n 4p 3p,2n 2p,n 3p,2n 3p,n190.1 2.3 3.4 0.2 - 0.14 0.3 - -199.9 21.9 11.5 7.3 14.2 1.6 3.4 0.6 -212.3 52.7 12.7 26.8 10.6 1.8 20.0 0.5 12.0The spin population of the prinipal hannels was estimated using theknown -ray spetra. The side-feeding of eah spin was obtained by subtrat-ing the ounts from transitions depopulating a spin from the ones populatingthis spin. Some results for the estimated spin population are presented in�gure 3. 4. DisussionWe have hosen the present reation sine the fusion ross-setion wasknown to high preision and extremely well explained in terms of oupled-hannel alulations. This allowed us a alulation of the entrane-hannelspin distribution with some on�dene, enabling us to draw onlusions onthe evolution from the initial ompound-nuleus on�guration to the ob-served disrete -rays in the evaporation residues. In addition, the threedistint barriers observed in �fusion are known to orrespond to di�erent dy-namial deformations of the target and projetile at the point of fusion. Wemight therefore hope to see if these shapes a�et the subsequent partile
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Fig. 3. Experimental spin distribution for the (2p,0n) and (3p,0n) hannels at Ebeam= 190.1 MeV, 199.9 MeV and 212.3 MeV.evaporation. The alulated spin distributions have strutures re�eting thedi�erent fusion barriers as an be seen in �gure 4. For Ebeam = 199.9 MeV,spins between 25 and 40 ~ are uniquely populated by a on�guration inwhih the target and projetile both have a prolate deformation along theirline of entres. This shape on�guration is the only one leading to fusion forEbeam = 190.1 MeV.The results given by the EVAP omputer ode are in good agreementfor the total fusion ross-setion. Di�erenes are observed for the 2p and3p hannels only for energies below the barrier. Moreover, for the seondenergy, we have observed a 14.2 mb 4p hannel (114Te) whih was preditedby the ode with only 0.3 mb. The Coulomb barrier is lowered for deformednulei, thus a deformation of the ompound nuleus ould be an explanation



Entrane-Channel E�ets in the Fusion of Nikel Isotopes... 1555TABLE IIFration of the experimental ross-setion for residues formed by (Xp,0n) emission.Ebeam (MeV) experiment simulation190.1 0.9 0.69199.9 0.8 0.57212.3 0.5 0.55for the enhanement of proton emission at these energies as it is indiatedin Table II. This is not observed at the last energy, whih is above theCoulomb barrier (107.7 MeV) where e�ets of struture in the barrier tendto be averaged out.
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Fig. 4. Experimental and simulated spin distributions at 199.9 MeV and 190.1 MeV.The dot-dashed urves are the alulated ompound nuleus distributions.Figure 4, shows that states with spins between 20 and 30 ~ are notstrongly fed in the experiment whereas it is predited by the statistial-model ode. Nevertheless the last transitions of 115I indiate that higherstates ould be populated. The behaviour of this nuleus, as many in thisregion has been interpreted in terms of band terminations [13℄. The preseneof non olletive strutures in this spin region would be an explanation fornot observing yrast transitions above 25 ~. It is of interest to notie thatthe shapes of the experimental distributions and their maxima are not verydi�erent for the two lowest energies in our study (see Fig. 3) even though 15~ more are brought in the system between E1 and E2. On the other handa lear enhanement is observed for the last energy, whih might indiatethat more olletive strutures may be present above the yrast line at higherspins.
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