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MEAN FIELD PLUS PARTICLE-VIBRATIONCOUPLING IN STABLE AND EXOTIC NUCLEI�G. Colò, P.F. Bortignon, D. Sarhi, and E. VigezziDipartimento di Fisia, Università degli Studi, and INFN,Via Celoria 16, 20133 Milano, Italy(Reeived November 18, 2002)Reent mean �eld alulations with e�etive interations are disussed,and the relevane of orretions on top of these alulations, assoiatedwith the partile-vibration oupling, is emphasized.PACS numbers: 21.10.P, 21.60.Jz, 24.30.Cz1. IntrodutionThe study of �exoti� nulear systems, whih is made possible by thenew radioative beam failities, has di�erent motivations and aims. Leavingaside the important aspet of providing lues to other branhes of siene,from the nulear struture point of view one hopes on one hand, to eluidatethe peuliar features of the weakly bound nulei and on the other, to im-prove our apability to design nulear models with a better preditive power(eventually, to solve the longstanding basi puzzles of nulear physis).Along this line, there is nowadays a renewed interest in the propertiesof the nulear average potential. If it is generally aepted that the mean�eld approximation is a good starting point to desribe the atomi nulei,many basi questions still wait for an answer, inluding the properties of theaverage potential far from the stability line.The mean �eld approah an be formulated, e.g., within the densityfuntional framework. The total energy E = h�jHe� j�i an be written asa funtional of the nuleon density, E[%℄, by assuming a ground state madeup with an anti-symmetrized produt of single-partile (or quasi-partile)wave funtions, and by using an e�etive nuleon-nuleon interation [1℄.One this is done, the ground state an be obtained by �nding the absoluteminimum of E, the vibrational states an be desribed as small osillations� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2175)



2176 G. Colò et al.around this minimum, and many other nulear phenomena an �nd a modeldesription (shape oexistene, large �utuations indued by nulear rea-tions and so on). There are many ways to build the energy funtional E.We will not fous in the present ontribution on the relativisti funtionals.In the non-relativisti framework, there are mainly two lasses of e�etiveinterations whih are widely used, the Skyrme [2℄ and Gogny [3℄ fores.Even if the basi theory of the mean �eld alulations is known sinemany deades, a number of tehnial and numerial di�ulties assoiatedwith their implementation are still to be solved. Reently, there has been arenewed interest in this topi.In partiular, we will review in the present ontribution the work donealong this line by the nulear theory group of the University of Milano,mentioning the results obtained by other groups as well. One of our mainativities has been to study how the mean �eld results are hanged, whenadditional orrelations are inluded. In partiular, muh attention has beendevoted to the e�et � on the single-partile levels or on the giant resonanes� of the oupling with the surfae �utuations. Although this ativitystarted many years ago [4℄, a number of problems related to this topi havenot yet been explored and will onstitute a part of this ontribution.2. Mean �eld theory and beyond2.1. Mean �eld alulations using Skyrme and Gogny interationsThe Skyrme fores have been extensively used in Hartree�Fok (HF)alulations of the ground state of magi nulei. The osillations around theground state are desribed by the well-known Random Phase Approximation(RPA), whih is the small amplitude limit of the time-dependent extensionof HF. One of the obvious limitations of the HF�RPA model is the neglet ofpairing orrelations. The study of the mean �eld evolution far from stabilityobliges us to alulate the open-shell isotopes. Reently, there have been anumber of attempts to extend the HF alulations to HF�Bardeen�Cooper�Shrie�er (HF�BCS) or HF�Bogoliubov (HFB) � and orrespondingly, theRPA to Quasi-partile RPA (QRPA) [5�10℄. We have reently built odes tosolve �rst the HF�BCS equations in oordinate spae and then the QRPAequations in the on�guration spae, by setting the system in a box [11℄. Theuse of the BCS approximation and of the disretized ontinuum should not bea severe drawbak if we do not study extremely weakly bound systems [12℄.On the other hand, we have inluded onsistently in our alulations the full(proton�neutron) two quasi-partile interation.



Mean Field Plus Partile-Vibration Coupling : : : 2177In most of the extensions of Skyrme HF�RPA, in the pairing hannel azero-range density-dependent fore is introdued [13℄,V = V0 �1 ��%(~r)%0 �� Æ(~r � ~r 0) ; (1)whose parameter may be �xed with di�erent riteria. In our ase, we havekept for simpliity %0=0.16 fm�3 and =1 and we have adjusted V0 to re-produe the empirial ground state pairing gap along an isotope hain. Thedivergene assoiated with the zero-range is neither a pratial problem [14℄nor a serious matter of priniple [15℄. Some preliminary results of our al-ulations will be reported in Se. 3.3.On the other hand, it is true that the Gogny fore has the advantagethat it allows treating the partile�hole and partile�partile hannel onthe same footing without introduing ad ho parameters. Many nulearproperties (ground state energies and radii, deformations et.) have beeninvestigated using the Gogny interation. On the other hand, until so farwe have been laking a onsistent QRPA ode using the Gogny fore andthis has prevented the study of the e�et of the Gogny pairing on the low-lying and giant resonane states. Therefore, we have built suh a ode andperformed a detailed investigation of quadrupole and dipole states in the O,Ni and Sn isotopes. We shall brie�y mention some of the results, referringto [16℄ for a omplete report of these alulations.2.2. Partile-vibration ouplingThe importane of the oupling between the (mean �eld) single-partiledegrees of freedom and the vibrational states, has been reognized sine theearly days of nulear struture physis. Espeially the Copenhagen shoolhas emphasized this aspet and onstruted a nulear �eld theory (NFT), inwhih the interplay of the single-partile and olletive degrees of freedomlike vibrations or rotations is the entral onept [17℄. It must be stressedthat other theories are built on similar priniples, and we mention in parti-ular the large amount of work done by the Russian shool [18℄.These theories usually start from a phenomenologial mean �eld (typ-ially from a Woods�Saxon potential). On the other hand, as disussedabove, the alulations using e�etive interations have reently improvedand have reahed a high level of reliability. They have the advantage thatthey an be orrelated to basi nulear matter properties (like the e�etivemass or the nulear inompressibility) and, at least qualitatively, they retaina relationship with the bare nuleon�nuleon interation [19℄. In pratie,there are many indiations that they inlude the short-range orrelationsand not the long-range ones. It does make sense, therefore, to apply thepartile-vibration oupling theory using e�etive fores.



2178 G. Colò et al.This is part of a wide �eld of researh. As far as the single-partilestates are onerned, the theory is well established and many alulationshave been performed [20℄. However, essentially only the nulei around the208Pb ore have been studied. Sine we are now interested in the ase ofexoti nulei, probably some attention has be paid to the proper treatmentof the neutron and proton degrees of freedom, without making simple ap-proximations based on the isospin quantum number. The expressions of theseond-order partile-vibration oupling diagrams in the full neutron�protonsheme an be found in [21℄. Results around the 132Sn ore will be disussedin Se. 3.1.Also in the ase of the olletive multipole states, models based on thepartile-vibration oupling have been applied for many years to the study,e.g., of giant resonanes in stable nulei. In partiular, within a Milano�Orsay ollaboration, in the last deade we have developed a mirosopimodel aiming at a detailed desription of the giant resonanes exitationand deay [22℄. Reently we have extended the model to inlude pairingorrelations [7℄. Essentially, we start from a HF�BCS plus QRPA alu-lation of a giant mode, like the isovetor dipole, as well as of the othernulear vibrations. The e�etive Hamiltonian inluding the unperturbedquasi-partile states and their residual interation (written using the Lan-dau presription), is then diagonalized in a large spae whih inludes notonly the two quasi-partile states (this would amount to solve QRPA) butmore ompliated states made up with two quasi-partiles and one low-lyingvibration. These ompliated on�gurations give rise to the spreading widthof the giant resonane, but also a�et the position of the QRPA peaks. Afew results onerning the O isotopes are reported in Se. 3.2.3. Results3.1. Coupling of the single-partile states with vibrations: the 132Sn aseAs already stressed, there is nowadays muh interest in the evolutionof the mean �eld far from stability. There have been laims of peuliarfeatures, namely the disappearane of well known magi numbers and theappearane of a new shell struture in neutron-rih nulei. In the lightisotopes (espeially in the Be and O hains) there is some experimentalevidene of the breakdown of the N=8 neutron shell losure and of a possibleN=16 magi number [23℄. In the ase of heavier system, measurementsare not available. On the other hand, some authors have laimed that inneutron-rih nulei the shell struture an undergo sizeable hanges due tothe large surfae di�useness, to pairing e�ets and to the derease of theself-onsistent spin�orbit potential.



Mean Field Plus Partile-Vibration Coupling : : : 2179Within the mean-�eld framework, the rationale for the derease of thespin�orbit potential Us:o: is the following. If the neutron density extendsfurther away from the nuleus than the proton density, on one hand the gra-dient of the neutron density is smaller (in absolute value) than in the ase ofa well bound system, and on another hand the peaks of the two gradients ofthe neutron and proton density do not oinide. Sine the spin�orbit poten-tial is proportional, within the framework of Skyrme or Gogny funtionals,to the gradient of the density, it turns out that the two mentioned fats havethe e�et of quenhing Us:o:.One must stress that (a) it is important to hek whether this theoretialexpetation is atually realized in nulei whih are still bound, and (b) oneannot forget the role played by the partile-vibration oupling. The studiesof this oupling around the 208Pb ore have shown that partile states justabove the Fermi surfae are mainly oupled to the partile states above [thisoupling is diagrammatially shown in Fig. 1(a); the oupling with the holes,f. Fig. 1(b), is as a rule smaller℄, and therefore they are pushed downwards;for the holes, the same argument leads to upwards shifts. Thus, the partile-vibration oupling dereases the energy gap and inreases the level densitynear the Fermi surfae, or, in other words, the e�etive mass m�. One hasto investigate whether this pattern is still valid in the ase of neutron-rihnulei.
(a)

(b)

(c)

(d)

p

p,,

p,

p

p,

h

h,,

h,

h

h,Fig. 1. Diagrams assoiated with the single-partile [(a) and (b)℄ or single-hole [()and (d)℄ self-energy oming from the oupling with phonons (wavy lines). The realpart of these self-energy terms provides the shift of the partile or hole states.



2180 G. Colò et al.In any ase, the oupling with vibrations should be taken into aount ina omplete theoretial alulation, before omparing with the experimentaldata.We have performed HF alulations using the Skyrme fore SGII [24℄.With the same interation, we have alulated the multipole response asso-iated with the multipolarities 2+, 3� and 4+, and we have alulated theenergy shifts of the single-partile levels indued by the phonon oupling.The results are displayed in Fig. 2. One an see that the �ndings are similarto those desribed for the 208Pb, and the single-partile shifts are indeedof the same sign and order of magnitude. With some exeption, one anlaim an overall agreement with the experimental data whih on�rms thesolidity of the dynamial shell-model piture around the neutron-rih 132Snore. Coming to the spin�orbit splitting, we have obtained for the energydi�erene between the 1h9=2 and 1h11=2 levels a value of 7.44 MeV at theHF level, whih is not far from the values obtained for all the stable Snisotopes. Coupling with the phonons, this value is redued to 6.78 MeV,in good agreement with the experimental value of 6.75 MeV. One an thenonlude that no speial adjustments of the theory are needed.

Fig. 2. Results for the single-partile states around the 132Sn ore. In the �rstolumn are shown the HF results, in the seond the results after oupling withphonons, and in the last the experimental data from [25℄. The energy sale is �xedon the neutron separation energy of 133Sn.



Mean Field Plus Partile-Vibration Coupling : : : 21813.2. Isovetor dipole statesThe dipole states have the property of being e�iently probed by meansof Coulomb exitation experiments at relativisti energies. Reent measure-ments of this type have been performed at GSI [26℄, and have shown thatthe low-lying dipole strength is inreasing along the oxygen isotope hainas a funtion of the neutron number from 18O to 22O. Experiments for the68Ni and 132Sn nulei are planned or already under way, and will hopefullyprovide us with an answer to the question whether there is some system-ati evidene of low-lying dipole strength with olletive harater (to beinterpreted as a oherent vibration of the valene neutrons against the otherpartiles), or not.Also in this ontext, the role of the orrelations beyond mean-�eld,namely of the partile-vibration oupling, has to be taken into aount.In Ref. [7℄ we have studied the dipole response of the neutron-rih oxygenisotopes, and we have found that the e�et of the partile-vibration ouplingis similar or even somehow stronger than in the ase of well bound nulei.We show this in Fig. 3, for the nuleus 22O. It has to be remembered that inthe ase of the giant resonanes in stable nulei, energy shifts of the orderof 1 MeV an be expeted due to the vibrational ouplings.
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Fig. 3. E�et of partile-vibration oupling on the photoabsorption ross setion ofthe neutron-rih nuleus 22O.



2182 G. Colò et al.3.3. Low-lying quadrupole and otupole statesA number of experiments whih have been done or are going to be donewith unstable nulei, onern the low-lying vibrational states that may beexited through inelasti sattering. The systematis of the 2+ energies isexpeted to shed light on basi properties like shell losure or deformation,as it has been the ase for the stable isotopes. In this respet, it is neessaryto assess the validity of nulear models on the known nulei, and to makepreditions for the still unknown ases.We have performed QRPA alulations of the 2+ and 3� exitations inthe Sn isotopi hain, using either the Gogny interation, or the Skyrmeinterations SIII [2℄, SGII [24℄, SLy4 [27℄ with the fore (1) in the partile�partile hannel. Typial results are displayed in Fig. 4. The main outomesare: (a) the energy of the 2+ is reasonably well reprodued in all the isotopirange, espeially we aount for its remarkable onstany between 120Sn and130Sn and for the hanges ourring around the shell losure, (b) the B(E2)is systematially underestimated by large fators in the open-shell isotopes,() this problem is muh less severe as far as the B(E3) is onerned.

Fig. 4. Results of the QRPA alulations for the even Sn isotopes, performed usingthe Skyrme interation SLy4 and the fore (1) in the partile�partile hannel. Thefull dots orrespond to the experimental data [28℄ (the values of the B(E2) for theisotopes 126;128;130Sn are preliminary results from [29℄), and the empty squares toour results. See the text for a disussion.



Mean Field Plus Partile-Vibration Coupling : : : 2183We have heked that these qualitative onlusions remain true when weuse a di�erent Skyrme parametrization. In the ase of the 2+ we an omparewith alulations made using onsistently the Gogny fore [16℄, and they giveB(E2) values whih are similar (or somewhat smaller) than those reportedhere, and energies whih are larger (above 2 MeV). We onlude that e�etsbeyond mean �eld are ruial to reprodue the transition probabilities of thelow-lying quadrupole states in these isotopes [30℄.4. ConlusionIn onlusion, we have shown that new self-onsistent mean �eld alula-tions of the exited states, based on e�etive fores, are nowadays availableand may provide systemati results for the unstable nulei. The e�et oforrelations beyond mean �eld (partile-vibration oupling) may be studiedon top of those alulations, and appears ruial in some ases.For the single-partile states, we have shown, by omparing alulationsaround the 208Pb and 132Sn ore, that their sensitivity to the e�etive foreemployed may be around 1 or 2 MeV, while the orretions due to theoupling with the olletive vibrations may range from few hundreds of keVto about 1 MeV. It is to be noted that the e�et might be muh stronger inthe light nulei [21℄.For the dipole states, we know from our experiene in stable nulei thatthe mean �eld results reprodue as a rule the main loation of the strength.Coupling with low-lying vibrations may shift this strength downwards by1 MeV or less. Calulations for the neutron-rih O isotopes have been om-pleted, while some study of the heavier nulei is in progress, with the purposeof larifying the question whether a low-lying olletive dipole may exist inthese system (and whether it an be important for the alulation of theneutron apture proesses).Finally, the properties of the low-lying 2+ and 3� states are expeted tobe at the forefront of nulear struture researh in the oming years. We havedone alulations using our QRPA model, and we expet that inlusion oforrelations beyond mean �eld an help to eluidate the physial problems.REFERENCES[1℄ P. Ring, P. Shuk, The Nulear Many-Body Problem, Springer-Verlag, NewYork 1980; M. Waroquier, J. Rykebush, J. Moreau, K. Heyde, N. Blasi,S.Y. van der Werf, G. Wenes, Phys. Rep. 148, 249 (1987).[2℄ M. Beiner, H. Floard, N. Van Giai, P. Quentin, Nul. Phys A238, 23 (1975).[3℄ D. Gogny, in: Nulear Self-Consistent Fields, eds G. Ripka, M. Porneuf,North-Holland, Amsterdam 1975, p. 333; J. Dehargé, D. Gogny, Phys. Rev.C21, 1568 (1980).
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