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THE GAMMA DECAY FROM THE GDRIN HIGHLY ROTATING NUCLEIAT LOW TEMPERATURE�A. BraoDipartimento di Fisia, Universitá degli Studi di Milanoand INFN, Sezione di Milano, Via Celoria 16, 20133 Milano, Italy(Reeived January 7, 2003)A review of some of the progress made in the study of nulei at �nitetemperature and rotational frequeny with the giant dipole resonane ishere presented. The fous is the study of the low temperature region inonnetion with two di�erent problems. The �rst is that of the shape anddamping mehanisms of the GDR as dedued from radiative fusion amongheavy ion symmetri reations. The seond is the e�et of the GDR deayin the population of the superdeformed strutures. Some perspetives forfuture works with radioative beams will be also disussed.PACS numbers: 21.10.Re, 23.20.Lv, 24.80.+y, 27.10.+q1. IntrodutionThe study of the nuleus at the limits of exitation energy and angularmomentum is one of the entral topis urrently addressed with seletive-spetrosopy measurements. In these extreme regimes nulear struturestudies are probing nulear shapes and their evolution, the in�uene of ther-mal environments on low lying modes and on olletive rotation and giantresonanes. In partiular the investigation of the simplest olletive modesas a funtion of temperature and angular momentum have improved theknowledge of the properties of highly exited nulei. In terms of the ther-mal response the emphasis is how the elementary modes of exitations aremodi�ed by thermal energy. In this onnetion the transition from orderto haos is investigated through the analysis of the quasi-ontinuum spetraformed by transitions among states of exited rotational bands with energyextending up to 4�5 MeV above the yrast line. The nulear properties athigher exitation energies are instead explored through the -deay of thegiant dipole resonane, exitation whih an be built on any nulear state.� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2163)



2164 A. BraoSo far the GDR built on exited states has been studied extensively and hasprovided information on how the nulear shape evolves with temperatureand angular momentum (see [1℄ for a review). The measurements indiatethat the resonane FWHM beomes broader as a funtion of both angularmomentum and exitation energy. The entrifugal fore indued by high ro-tational frequeny deforms the exited nuleus and, as GDR ouples to thequadrupole nulear deformation, splits apart the GDR omponents thereforeinreasing its FWHM. Temperature, instead, ontrols thermal shape �utu-ations that give rise to a dipole frequeny distribution and, onsequently, abroadening of the GDR width. The omparison between experimental dataand theoretial alulations have shown that Collisional Damping, the meh-anism that is responsible to the GDR width at zero temperature, is ratherindependent of spin and temperature (at least up to T < 2 MeV [2�4℄).There is an almost an unexplored region at low temperature whih isinteresting for the GDR properties. In fat, almost all the available data ob-tained so far have probed temperature regions higher than 1.2 MeV whereshell e�ets have already vanished and the thermal �utuations are impor-tant. Below 1.2 MeV shells and pairing play an important role and mightstrongly a�et GDR damping mehanisms. Reently an e�ort has beenmade to populate seletively nulei at rather low exitation energy and high�nite spin by using the old fusion in symmetri heavy ion reations leadingto ompound nulei with exitation energies of about 10 to 40 MeV. Someresults onerning the 197Au nuleus are reported and disussed in Setion 2.The problem of the population of the superdeformed on�gurations isalso studied by investigating the ooling of the residual nuleus by statistialE1. In fat, it has been predited that one of the omponents of the giantdipole resonane built on very elongated shapes will be shifted to low energy,therefore strongly a�eting the E1 transition probability and onsequentlythe population of the SD states [5℄. With the present data the intensity ofthe superdeformed yrast and exited bands is investigated when measuredin oinidene with an high-energy -ray, to determine the importane ofthe E1 ooling in the feeding mehanism of the superdeformed states.2. High energy photons from very symmetri reationsA powerful way to populate seletively nulei at rather low exitationenergy and �nite spin is to use the old fusion in symmetri heavy ion re-ations whih lead to ompound nulei with exitation energies of about10 to 40 MeV. Besides, in the ase of symmetri reations indued by 90Zrbeams one an also exploit the fat that assoiated with the omplete-fusionproduts there is the exlusive emission of -rays, i.e. radiative apture,whih has been found to our with unexpetedly large ross setion (sev-



The Gamma Deay from the GDR in Highly : : : 2165eral tenths of mirobarn) [6℄. The �rst spetrosopi investigations of theradiative fusion reation 90Zr+90Zr was based on measured -rays spetrawhih extend up to E = 6�7 MeV [7℄. That experiment gave only some in-diations on the nature of the emission of high-energy -rays, whih seemedto result from an equilibrated ompound nuleus but it was not possible todedue information about the GDR line-shape. More reently an experimenthas been made at the Argonne National Laboratory measuring high-energy-rays up to 14 MeV emitted in the radiative fusion reation 90Zr+ 89Y atEbeam = 352 MeV. Suh measurement provides the �rst investigation in thetemperature region T = 0:5�1 MeV at �nite spin I = 15�20 ~. In that ex-periment the reoiling produts passed through the Mass Analyzer (FMA)while the -rays emitted by the reation were measured with a set up of BaF2detetors from the ORNL/MSU/TAMU array grouped in 4 paks eah on-sisting in 37 rystals. In addition, low-energy -rays were also deteted bya BGO spin/sum-energy array (with honeyomb struture ) whih was usedprimarily as a multipliity �lter. The low energy -ray fold spetra mea-sured in the BGO multipliity �lter in oinidene with the di�erent reoilswere found to show a behavior onsistent with the statistial nature of theradiative fusion.
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Fig. 1. The high-energy -rays spetra assoiated with the 0-, 1- and 2-nuleonemission hannels (�lled points, squares and triangles, respetively). In the insetthe mass distributions of the residue nulei with (irles) and without (ontinuousline) the requirement of a oinidene with high-energy -rays are shown. Thespetra have been normalized to the ounts of the A = 178 peak.



2166 A. BraoThe high-energy -rays spetra measured in the BaF2 detetors of theLEPPEX array assoiated to the three di�erent reoil masses measured inthe FMA are displayed in �gure 1. In the inset the mass spetra are alsoshown. The spetrum orresponding to the 2 nuleon emission hannel isvery steep and dies out at rather low energy in ontrast to those orrespond-ing to the 1 and 0 partile emission hannels whih extend at higher energyand are haraterized by very di�erent spetral shapes. In partiular, the 0-partile emission spetrum is muh less steep and therefore has an enhanedsensitivity to the details of the low energy tail of the line shape of GDRbuilt on the ompound nuleus. The measured high-energy -ray spetraof �gure 1 have been analyzed within the framework of the Monte Carlostatistial model deay of the ompound 179Au nuleus. The alulationswere performed assuming a level density parameter a = A=8 MeV�1 and100% of the EWSR strength of the GDR. In addition for the Yrast linethe paraboli parametrization dedued from the Yrast line of Ref. [8℄ wasused. The GDR entroids and widths were dedued using the Hill�Wheeler
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Fig. 2. The high-energy -ray spetra assoiated with the 0-, 1- and 2-nuleonemission hannels (�lled points, squares and triangles, respetively) are shown inomparison with statistial model alulations as desribed in the text. In the insetthe measured frational populations of the di�erent residual nulei are shown inomparison with the best �tting statistial model preditions.



The Gamma Deay from the GDR in Highly : : : 2167parametrization of Refs [9℄ and [10℄ with the spherial value E0 = 14:2. Theused relation between the total width � and the intrinsi width �0 is � =�0 (EGDR=E0)1:6 [2℄.In �gure 2 the best �tting alulations orresponding to the quadrupoledeformation parameter � = 0:1 and GDR intrinsi width of 5 MeV are shownin omparison with the data. In the inset on the �gure the measured andalulated ross setions for the di�erent residual nulei are shown. Thegood agreement gives on�dene that the hoie of the parameters enteringin the statistial model and not related to the GDR is rather good. Thee�etive deformation dedued from the GDR is very similar to that deduedfrom the measurement of the yrast line transitions of the 179Au nuleus [8℄and this agreement indiates the survival of shell e�ets in the temperatureinterval T = 0:5�1 MeV. Beause of the small size of the deformation itis not possible with the present data to distinguish between an oblate orprolate deformation.3. E�et of E1 deay in the populationof super deformed struturesA relevant open question onerning the problem of superdeformation isthe understanding of the onditions whih favor the population of SD statesat the highest spins, as ompared to the disrete line intensities observed innormally deformed nulei at the same highest spin values [5,11℄. It has beensuggested that suh intense population of the SD band at high spins an berelated to the E1 feeding of these states, whih is expeted to be stronglya�eted by the shape of the giant dipole resonane (GDR) strength fun-tion in the low-energy tail (namely at E lower than the neutron bindingenergy). This explanation was originally formulated in onnetion with thepopulation of the SD nuleus 152Dy [5℄. To provide a very stringent experi-mental test of this mehanism one needs to study the populations of the SDstrutures as a funtion of oinident high-energy -rays. In fat, in this wayit is possible to verify whether or not the population of the SD struturesinreases with -ray energies, as expeted from the GDR line shape built ona superdeformed nuleus. This is in general a di�ult experimental task,due to both the exponential derease of the yield of the high-energy -raysand to the weak intensity of the SD transitions, being of the order of fewperent for the yrast band.In order to address this problem we have measure SD transitions (yrastand quasi-ontinuum) in oinidene with high energy -rays and we havestudied the dependene of their intensity as a funtion of the high -rayenergy in the interval 3�8 MeV [5℄. This is the region where one an probe



2168 A. Braothe low energy tail of the GDR strength funtion, whih in the ase of a SDprolate nuleus is haraterized by a double Lorentzian shape with one thirdof the strength expeted to be around 10.5 MeV.The experiment was performed at the Tandem Aelerator Laboratoryof Legnaro (Padova, Italy). The nuleus 143Eu was populated by the fusionreation 37Cl +110 Pd !143 Eu + 4n, at beam energies of 165 MeV. Lowenergy -rays were deteted in the EUROBALL array, where the thirtytapered Ge detetors in the forward hemisphere were replaed by the eightlarge volume BaF2 sintillators of the HECTOR detetor for high energydetetion [13℄. The BaF2 detetors were plaed at 30 m from the targetto allow for a good neutron rejetion by time of �ight measurement relativeto four additional small BaF2 detetors, used as a time referene. TheSD yrast band intensity is shown in �gure 3 for the following two gatingonditions on the high energy -ray deteted in the BaF2 sintillators: panel(a) 3 MeV < E < 4MeV with average energy hEi = 3:4MeV and panel (b)6 MeV < E < 14MeV with average energy hEi = 7:3MeV. Eah spetrumis also gated on low energy SD yrast -rays, and Doppler orreted by takinginto aount the energy dependent frational Doppler shift. The spetrahave been normalized to the intensity of the 917 keV low energy transition
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The Gamma Deay from the GDR in Highly : : : 2169between spherial states, to allow for a omparison of the superdeformedband population. The inrease of the intensity with inreasing high energygating, already visible in the �gure, has been estimated by summing theintensity of the marked peaks. This has given a fator of 1.6 inrease betweenthe lowest and the highest gating ondition, as disussed in onnetion with�gure 5.The feeding properties of the superdeformed unresolved transitions havealso been studied. In 143Eu a ontinuous distribution of superdeformedharater, orresponding to damped transitions at higher exitation energy,has also been observed in the region 1200 < E < 1700 keV [14℄. It has beenfound that the intensity of suh superdeformed E2 bump is muh stronger fortransitions leading to the population of the low spin spherial (ND) strutureas ompared to that leading to the low spin triaxial (TD) shape. Figure 4shows the spetra emphasizing the region of the E2 ontinuum, normalizedon the 553 keV low spin spherial transition. To isolate in the best possibleway the expeted ontribution from the superdeformed omponent only, wehave evaluated the exess yield of the ND bump as ompared to the TDbump, as shown in the top panel of Fig. 4. Again, one learly observes thatthe SD ontribution to the ontinuum spetrum inreases with the energyof the high energy gate.Figure 5 shows the summary of the results onerning the SD struturesby presenting in addition to the SD yrast data those onerning the SDridges and E2 bump. Altogether, it is lear that the measured inreased forthe ridges and E2 bump is onsistent with that of the SD yrast, thereforesupporting the SD nature of these strutures. To model in a rather realistiway the omplex -deay �ow from the entry distribution of the residualnuleus down to the yrast line, we have also performed shemati MonteCarlo alulations. The adopted model has earlier been used to desribethe populations of the various spetral omponent of the SD nuleus 143Eu,giving a good aount for the experimental data [15,16℄. The model is basedon the level densities of both ND and SD states, together with the E1 andE2 transition probabilities harateristi of the two deformed shapes. In thease of ND states the level density is desribed by the Fermi-gas expression,with a level density parameter aND = A=10, while the level density of SDstates is taken from the ranking + band mixing alulations of Ref. [17℄(orresponding roughly to a level density parameter aSD = A=18:6). Inthe ode, the two deformations are separated by a barrier, the tunnelingthrough whih allows the mixing between SD and ND states. In partiular,the statistial E1 strength entering into the simulation is desribed as thetail of the giant dipole resonane of Lorentzian shape, with entroids andwidths for the SD and ND on�gurations, as given above.
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2172 A. Braoontinuum observed in this nuleus [14℄. However, in order to see whetheror not this is a general feature of the feeding of the SD strutures one needsmore experimental work also in other region of mass where superdeformedshapes have been found.4. Conlusions and some future perspetiveswith radioative beamsIn this talk it has been shown that the study of highly exited olletivestates at temperature < 1 MeV, has provided the opportunity to investi-gate few intriguing aspets of nulear struture in extreme onditions: therole of shapes and persistene of shell e�ets as probed by the giant dipoleresonane and the e�et that the gamma deay of the GDR has in the pop-ulation of superdeformed states. At higher exitation energy, partiularlyat temperature around 3 MeV there are other open problems in onnetionwith the GDR line shape whih are related to the fat that in this ase it ismore di�ult to de�ne the exitation energy of the nuleus. In fat sizablepre-equilibrium e�ets should be in that ase aounted for. An experimen-tal program aiming at studying this high temperature region has reentlystarted at LNL using the GARFIELD array (see the ontribution of FabianaGramegna to this onferene).A new program is now also being started onerning the study of thegamma-deay of E1 states in neutron rih nulei. The giant dipole resonanein the unstable neutron rih nulei is of partiular interest beause it arriesuseful information on the underlying nulear struture as well as on thee�etive nuleon-nuleon interation in the medium. Although this topihas attrated muh attention over several past deades, in the ase of nuleifar from the stability line the investigation of olletive modes is still in itsinfany. Reently the investigation of the giant dipole resonane in the 68Ninuleus has been planned by using the RISING set up at GSI. To exite thegiant dipole resonane use will be made of the Coulomb exitation in inversekinematis of the beam of 68Ni at 400 MeV/u on a 208Pb target. For the68Ni nuleus alulations (in non-relativisti and relativisti random phaseapproximation) predit a �pygmy� omponent, namely a low-lying dipolestrength (at energy below 10 MeV) whih is muh stronger than that of theless neutron rih stable isotopes (see [18℄). The investigation of the pygmydipole resonane is interesting not only to study mean �eld modi�ationsindued by large isospin in the ground state, but also for its impliations inthe astrophysial models prediting the element abundanes in the r-proess.For this experiment use will be made of both the RISING germanium lusterdetetors at forward angles together with large volume BaF2 detetors atthe bakward angles. This is expeted to open a new line of researh withradioative beams.
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