Theoretical developments in heavy nuclei

Jacek Dobaczewski

Institute of Theoretical Physics, Warsaw University, ul. Hoża 69, PL-00681, Warsaw, Poland

Abstract. The present-day nuclear structure theory exhibits a great degree of synergy with respect to methods that are used to describe various phenomena in heavy nuclear systems. From few-body methods, through the shell model to mean-field approaches, the bridges are being built between different ways of describing the stable as well as the most exotic nuclei. In the present talk, I give a review of several selected subjects that are currently at the fore front of new developments in this domain of nuclear science.

INTRODUCTION

Heavy atomic nuclei belong to the class of many-body systems that are too complex for a direct description from first principles, and too small for a quantitative statistical approach. Quantum effects, strong interactions, and repulsive core are common features of several physical systems, like nuclei, metal clusters and grains, and atomic clouds, that are at present intensively studied.

The fact that nucleon-nucleon (NN) interaction is a long-range remnant of the QCD interactions between quarks and gluons coupled to colorless states, and hence is not known in a closed form, adds all the more to the complexity of nuclear systems. Although on-shell properties of the NN interactions in the vacuum are phenomenologically very well known and parametrized, see, e.g., Ref. [1], the off-shell properties are not. Nevertheless, light nuclei (up to A=10 nucleons) can be with a large success described by direct methods based on phenomenological NN potentials [2, 3]. However, much work is being performed, and even more is needed, to achieve a more complete state of knowledge of the NN and NNN interactions.

A direct description of heavy nuclei, based on the NN interactions and leading to a complete wave function, is neither feasible nor, in fact, sensible. Only a limited number of specific states of heavy nuclei, mostly at low energies, can be studied in experiment. These states do not depend on the whole complexity of the NN interactions, and do not probe the whole A-body Hilbert space. Therefore, a great deal of effort and success in nuclear structure physics has been devoted to deriving effective interactions that would describe main features of nuclei within a restricted space. Due to applications of the effective field theory and renormalization group techniques, such derivations are recently gaining dramatically new momentum [4, 5].

Shell-model calculations that use derived effective interactions are by now possible for systems with A∼12 nucleons [6]. These methods look very promising, and can probably be applied to still heavier systems. It is extremely encouraging that similar shell-model calculations using phenomenological effective interactions fitted to data, are very successful in describing properties of all nuclei with up to about A∼50 particles [7]. In special cases such methods can be even used in much heavier systems. This shows that basic low-energy properties of nuclei are indeed governed by relatively simple two-body effective interactions acting in manageable Hilbert spaces, and gives us hope that derived effective interactions may become a link between the NN forces and the present-day phenomenology in heavy nuclei.

Significant progress was achieved in recent years in a phenomenological mean-field description of a multitude of nuclear states and phenomena. Although detailed formulations vary, most mean-field approaches are presently based on the energy density formalism, either in a relativistic or non-relativistic flavor. On the other hand, much too little work has been done to derive the energy density functionals from the underlying NN forces and/or effective interactions. This direction of research is far behind the analogous efforts and successes achieved in molecular physics, and will probably see a substantial increase of activity in the coming years.

In general, mean-field methods correctly reproduce the main features of structure of heavy nuclei. Very often, however, this is not sufficient, and a higher degree of precision is requested from theoretical descriptions in order to understand fine-scale nuclear phenomena. In particular, the limits of nuclear binding depend on a detailed balance between the bulk, surface, and pairing effects, see, e.g., Ref. [8]. Although a large progress has recently been achieved [9], a microscopic description of nuclear binding energies within a 100 keV precision is, for the moment, an unreachable goal. Similarly, detailed properties of rotational bands give us extremely precise information on the structure of microscopic states, and are fairly well understood on the phenomenological level, whereas a link to the corresponding terms in the energy functional is still unclear.

In the present talk, a number of recent specific achievements in the theoretical studies of heavy nuclei are briefly discussed. For example, deformations and halos in heavy neutron-drip nuclei, as well as widths of one-body resonances, were calculated with the coupling of bound and continuum states taken into account. A great progress in understanding proton-neutron correlations in N∼Z nuclei was achieved. New kind of collective motion, the magnetic rotation, was predicted and found in experiment. Origins of the pseudospin symmetry are now being traced back to simple relativistic single-particle effects. Self-consistent calculations of superheavy nuclei gave us a new insight into the shell structure in the presence of a very strong Coulomb field. Since it would be impossible to give here a full bibliography of the discussed subjects, only the recent works are usually cited, and more references can be found there. There are also many other subject that cannot be presented here because of limited space; some of them are covered in other plenary talks [7, 10, 11] during this conference. The reader may also wish to consult the contents of nuclear-structure talks that have been given during the previous INPC’98 conference [12], where the three-years-ago status of the field was presented.

SHELL MODEL EMBEDDED IN THE CONTINUUM

Theoretical description of properties of weakly bound nuclei requires new methods that take into account the continuum phase space explicitly. Traditional shell-model approaches use well-bound single-particle states, most frequently the harmonic oscillator (HO) basis, to define the Fock space of many-nucleon configurations. Within such a space, particle emission threshold is completely absent, and a large fraction of obtained excited states (even all of them in case of weakly bound nuclei) have excitation energies above the threshold and, at the same time, localized wave functions. This inconsistency precludes by construction any possibility to describe decay widths of excited states, and moreover, introduces an unphysical cut-off in the physically important low-energy phase space.

Improvements upon this unsatisfactory situation have been proposed and defined since many years, see, e.g., Ref. [13], however, only very recently practical applications were realized. The shell model embedded in the continuum (SMEC) [14, 15] combines the state-of-the-art shell model methods and interactions with the exact treatment of the one-body continuum. It means that the standard space of shell-model states of an A-particle system is enlarged by the similar shell-model states of the (A−1)-body system coupled with single-particle continuum states. The one-body continuum is appropriately orthogonalized with respect to the space of bound single-particle states. In the SMEC, the biggest unknown factor is the interaction between the shell-model and continuum states (the simplest contact forces have been used up to now), and this aspect certainly requires further analysis. The known nucleon-nucleus potentials may not be directly applicable, because interactions with all states of an (A−1)-body system have, in principle, to be taken into account.

Results of calculations performed for the p+^{16}O reactions are presented in Fig. 1. The obtained quality of description is indeed very satisfactory. One is able to correctly reproduce the total and differential cross-sections as well as the widths of low-excited unbound states. The model may fail in predicting the widths of states for which the two- or three-body continuum becomes available, and the inclusion of these channels is probably one of the most challenging future extensions of the model.

TWO-PROTON DECAY

A search for the two-proton ground-state radioactivity has a long history, however, apart from the well-known threebody (αpp) decay of^6Be, such decay mode has not yet been experimentally discovered. One hopes that simultaneous emission of two protons may give us invaluable information about the two-particle ground-state correlations in nuclei. Such an emission explores a different phase space than the standard two-particle transfer experiments which were used to study pairing correlations in nuclei. Indeed, in the emission process the two-protons may leave the nucleus

FIGURE 1. The astrophysical S-factors (left) and phase-shifts (right) for the p+^{16}O reactions, calculated within the SMEC and compared with experimental data. (From Ref. [15]. Reprinted from Physics Letters B, Vol 488, 2000, Page 75, K. Bennaceur et al, “Shell model description of. . . ”, Copyright (2000), with permission from Elsevier Science.)

in various final states, ranging from a quasi-bound diproton to anticorrelated protons emitted in opposite directions, while in transfer reactions they are absorbed from a given initial state.

The simultaneous two-proton emission, whenever it is energetically possible, i.e., only beyond the proton drip line, must compete with two other decay modes which are usually much more probable, namely, the one-proton emission and β decay. Therefore, one has to look for nuclei in which one-proton decay is energetically impossible (which limits the selection to even-Z elements), and where the two-proton decay energy is sufficiently large. During the emission process, the two protons must tunnel through a wide Coulomb barrier, typically traversing the classically forbidden region of even up to about 100 fm. Hence, the emission probability very strongly depends on the available Q_{2p} value. For small Q_{2p} values, β decay is more probable, while for the large ones the life time of the given nucleus is very short. Therefore, the window of opportunity to observe the two-proton decay is fairly small. Nevertheless, several candidate nuclei were already identified (^{19}Mg,^{42}Cr,^{45}Fe,^{48,49}Ni,. . . ), and intense searches of this new decay mode are presently conducted, see e.g. Ref. [16].

Two-proton emissions from excited states was already observed in different configurations, such as the decays of analog states, e.g. from^{31}Cl (see Ref. [17] and references cited therein), or resonances, see Ref. [18] where the decay of^{18}Ne was studied. All these experiments encounter difficulties in extracting information about the decay process from observed data. Indeed, in order to differentiate between various two-proton decay scenarios one has to perform the full three-body calculations, where the two protons and the daughter nucleus are allowed to develop arbitrary correlations, and the full three-body wave function is obtained. The simple diproton emission can be calculated very easily within the WKB approximation (see Ref. [19] and references to earlier papers cited therein). However, the threebody calculations with Coulomb interaction are much more difficult, and have become available only very recently [20, 21].

Such calculations reproduce the experimental width of the^6Be decay very well. Examples of results obtained for 19Mg and^{48}Ni are shown in the left panel of Fig. 2 [20]. It can be seen that the widths based on the diproton hypothesis and those obtained by assuming a direct decay to continuum from the ℓ=0 state are very similar. The later widths strongly depend on ℓ, and are much smaller for values corresponding to relevant shell-model orbitals occupied at a given number of protons. Results obtained by the full three-body calculations are by about three orders of magnitude smaller than those obtained for the ℓ=0 diproton emission. This shows that the final-state proton-proton interaction is not sufficient to maintain this pair of particles in a correlated state during the emission process. Since the full three-body wave function of the complete system is obtained, one can determine and compare with experiment not only the life time, but also all relevant correlation observables, e.g., the relative angles and energy correlations. This is crucial for the attempts to determine initial-state correlations from experiment. However, reliable conclusions about the proton-proton ground-state correlations can be obtained only from calculations that release the assumption of the inert

FIGURE 2. Left: Width and life time as functions of the ground-state energies of^{19}Mg and^{48}Ni counted with respect to the twoproton decay threshold. Results of the three-body calculations (solid lines) are compared with those obtained within the diproton and two-proton approximations. From Ref. [20]. Right: Calculated life times of the ground-state (Q_p=1.19 MeV) and isomer (Q_p=1.25 MeV) proton emission from^{141}Ho. Different lines correspond to various Nilsson orbitals. Measured values indicate that the ground-state and isomer emission occurs from the 7/2^−[523] and 1/2^+[411] Nilsson orbitals, respectively. From Ref. [22].

core, and take the effects of core configuration mixing into account. In this sense, the method used in Refs. [20, 21] is complementary to that developed in the SMEC model discussed in the previous section. The former one treats the two-body continuum exactly but assumes an inert core, while the latter one neglects two-body continuum but uses the full shell-model space for the core. Clearly, a combined approach is very much called for.

DEFORMED PROTON EMITTERS

A large number of odd-Z elements has isotopes that are sufficiently proton-rich to be unbound with respect to the ground-state proton emission. To date, about 40 such proton emitters are experimentally known [23, 24]. Proton emission from spherical nuclei is well understood in terms of the simplest WKB barrier penetration. Such an approach allows for a consistent identification of the single-particle orbit from which the emission occurs, because the barrier is strongly influenced by the centrifugal component on top of the standard Coulomb barrier. The success is undoubtedly due to the fact that no pre-formation factor has to be here taken into account, contrary to the physical situation pertaining to the α-particle emission. The precision of the theoretical description allows to determine the proton spectroscopic factors by comparing the calculated and measured proton-decay life times, see Refs. [25, 26] and references cited therein.

Recently, the focus of studying proton emitters, both in experiment and in theory, is on investigating such a process when it occurs from deformed nuclei. Here, one has to reconcile the picture of the barrier penetration, pertaining to the intrinsic frame (and the barrier height depending on the direction with respect to the shape principal axis), with the necessity of correctly describing the angular momentum content of orbitals, which defines the corresponding centrifugal barrier. In recent years, a number of theoretical tools have been developed by several groups in order to tackle the problem, and again it seems that the theoretical description gives the full account of experimental data. The method of choice here is the coupled-channel approach that takes into account the structure of collective states in the daughter nucleus [27, 28, 29] (the so-called non-adiabatic approach). Within the strong-coupling adiabatic approach the calculations were also performed by using the deformed resonance states [30, 31], Green function methods [32], reaction theory [33], and time-dependent transmission calculations [34].

The challenge of achieving the best possible description of deformed proton emitters lies in a possibility of determining with a large precision the Nilsson quantum numbers of deformed single-particle states in nuclei which cannot be accessed by other spectroscopic methods. An example of such analysis is shown in the right panel of Fig. 2 [22]. Measured life times of protons emitted from the ground and isomeric states [22, 35] provide a stringent test on the type of single-particle deformed orbitals occupied in^{141}Ho. Although the branching ratios to excited states in the daughter nucleus^{140}Dy are not yet known, the yrast cascade up to 8^+ was recently identified in this nucleus from a decay of a 20 μs isomer [36]. On the other hand, the fine structure was already observed in the proton decay of^{131}Eu to the 0^+ and 2^+ states in^{130}Sm, which allowed for an unambiguous determination of the corresponding Nilsson orbital in^{131}Eu [37, 38, 27]. Similar methods were also used for a study of odd-N proton emitting nuclei [39], where, in principle, the proton-neutron interaction effects could be studied. A possibility to perform a much more difficult experiment on the proton emission from oriented nuclei was discussed in Ref. [40].

HALOS IN HEAVY NUCLEI

A fascinating phenomenon of increased radial sizes of nuclei far from stability [41, 42, 43, 44] was very intensely studied in recent years. In extreme situations, when nuclei consist of about thrice more neutrons than protons, the outer weakly bound neutrons may form halos of particle densities extending to rather large distances. For example, the flag-ship nucleus^{11}Li exhibiting this kind of structure has the measured [45] root-mean-square (rms) radius of R_{rms}=3.27(24) fm, while in^9Li one has R_{rms}=2.43(2) fm. Supposing that in^{11}Li the size of the “core” subsystem of 9 particles is the same as that of^9Li, one obtains the rms radius of the two-neutron subsystem equal to √ (11 ∗ 3.27^2 − 9 ∗ 2.43^2)/2=5.67 fm. Therefore, the outer two-neutrons occupy a volume that has the size similar to that of^{208}Pb, which is a nucleus with about 20 times more particles!

Sizes of several light neutron-rich nuclei were recently measured via the total interaction cross sections, see Refs. [46, 47, 48]. Although such measurements rely on a number of theoretical assumptions pertaining to the reaction mechanism, the increase of size of nuclei near the drip lines seems to be fairly well established. The question of increased sizes of medium heavy and heavy neutron-rich nuclei could be so far addressed only in theoretical calculations within mean-field models. The decisive role played by pairing correlations in establishing asymptotic density distributions has been recognized since a long time [49, 50], and several calculations based on the Bogoliubov approach were already performed, both in the non-relativistic [51, 52, 53] and in the relativistic [54, 55, 56, 57] framework.

The neutron rms radius constitutes only an indicative general measure of the neutron density distribution. In fact, three different physical properties of the density distribution can be singled out that strongly influence the rms radius, namely, (i) the global size of the nucleus, (ii) the surface diffuseness, and (iii) the rate of decrease of density in the asymptotic region. These three properties are almost directly related to (i) the number of nucleons, (ii) the surface tension or surface interaction terms, and (iii) the particle binding energy or the Fermi energy, respectively. The halo phenomena are obviously related to properties of particle distributions in the asymptotic region. One should keep in mind, however, that we cannot expect nuclear halos to correspond to what one might infer from the every-day-life meaning of the term. The nuclear density distributions always decrease when the distance from the center of nucleus increases, and by the halo we can only mean an unusually slow rate of such a decrease.

In order to disentangle the three effects mentioned above, one has to use a sufficiently rich model of the neutron distribution. For example, the density distributions obtained by filling with particles the harmonic-oscillator (HO) potential up to a given principal HO number cannot serve this purpose, because they are determined by a single parameter, the HO frequencyh̄ω_0. Therefore, neither the surface diffuseness nor the asymptotic decrease rate can be properly described, even if h̄ω_0 is adjusted to reproduce the overall size of the nucleus. Similarly, the Fermi (or the Woods-Saxon) type of shape,

ρ(r) = ρ_0 1 + exp[(r − R_0)/a]

, (1)

can reproduce the overall size and surface diffuseness by an adjustment of parameters R_0 and a, respectively. (See Ref. [58] for a recent application of this form to an analysis of experimental data.) However, here the asymptotic behavior, ρ(r)≃ρ_0exp{−r/a}, is dictated by the surface diffuseness a, and not by the Fermi energy. In order to describe this latter physical feature, that is crucially important in weakly bound systems, even more a complicated model distributions must be used. For example, the third parameter can be introduced in a very simple way by rising the denominator in Eq. (1) to some power γ. In this case, the surface diffuseness and asymptotic decrease rate can be independently adjusted by varying a and γ. Another parameterization achieving similar goal was recently analyzed in Ref. [59].

Density distributions obtained within microscopic self-consistent approaches are obviously able to independently model all three physical effects described above. Here, the quantitative reproduction of the nuclear size, surface diffuseness, and asymptotic decrease rate depends on properties of the underlying interactions, while the density distributions may in principle assume unrestricted forms. By employing the classic Helm model distributions [60, 61, 62], a method to analyze microscopic distributions was recently devised [53]. A comparison of Fourier transforms (form factors) of the Helm and microscopic densities allows to define the diffraction radius R_0 and the surface thickness σ from the positions of the first zero and first maximum of the form factor, respectively. These characteristics of the density are entirely independent of the asymptotic decrease rate, and hence they define a suitable Helm rms reference radius,

R^{(H)}_{rms} = √ 3 5 ( R^2_0 + 5σ^2 ) . (2)

An increase of the rms radius with respect to the Helm rms reference radius can now be used as a signal for the

appearance of the halo structure, and hence the size of the halo was in [53] defined as the difference δR_{halo}=

√_5 3 (R_{rms} −

R^{(H)}_{rms}). Such a halo parameter allows us to discuss and compare the results obtained within different models, and puts a definition of the halo phenomenon on quantitative grounds.

In Ref. [53] it was shown that in the mean-field description of medium heavy and heavy nuclei, the neutron halos appear gradually when the neutron numbers increase beyond the neutron magic numbers. The halos of different sizes can be obtained by changing the parameterizations of nuclear effective interactions, and in particular those of the pairing force [63]. Results of calculations presented in the left panel of Fig. 3 indicate that the sizes of halos at the two-neutron drip line are of the order of 1 fm throughout the mass table. Fluctuations that are observed in function of the mass number are correlated with the values of the neutron Fermi energy λ_n. However, no correlation is observed with the positions of the Fermi energy with respect to the low-ℓ (s and p) single-particle orbitals. This latter fact reflects the so-called pairing anti-halo effect [64].

Indeed, the pairing correlations strongly modify the asymptotic properties of single-particle densities. In the extreme single-particle picture, the single-particle ℓ=0 wave functions behave asymptotically as ψ(r)≃exp(−κr)/r, with the

decrease rate of κ= √ −2mε/h̄^2 given by the single-particle energy ε. Therefore, with ε→0, these wave functions become infinitely flat, and the corresponding rms radii, and the halo sizes, become infinite. Nothing of the sort is observed in the Hartree-Fock-Bogoliubov (HFB) calculations, because here the lower components of the quasiparticle

wave functions vanish exponentially with the decrease rate of κ= √ 2m(E − λ)/h̄^2 given by the quasiparticle energy E [49, 50]. Since the paring correlations do not vanish at drip lines, the nonzero values of E prevent κ from vanishing, even in the limit of zero binding given by λ=0. As the result, one of the conditions generally thought to be a prerequisite for the halo structures [65], i.e., the presence of the low-ℓ orbitals, does not apply to paired even-N systems. On the other hand, this condition does apply to odd-N systems, because the blocked HFB states correspond to the quasiparticle

wave functions that vanish with the decrease rate of κ= √ −2m(E + λ)/h̄^2, which goes to zero at the one-neutron drip line given by E + λ=0.

The fact that the neutron densities of even-N systems decrease with a non-zero rate when approaching the drip line is well born out in all self-consistent Bogoliubov calculations. An example obtained within the relativistic mean field (RMF) approach [54] is shown in the right panel of Fig. 3. Results for all bound even-N sodium isotopes were calculated in space coordinates, and the resulting matter density distributions clearly show a common non-zero decrease rate when approaching the neutron drip line, which simply illustrates the pairing anti-halo effect. This is especially strongly accentuated in the RMF+HB method which gives a cluster of nearly degenerate states close to the Fermi surface [54], which results in strong pairing correlations near the neutron drip line. Exactly the same situation occurs in the zirconium isotopes studied in Ref. [55].

FIGURE 3. Left panel: neutron halo parameters (top), neutron Fermi energies (middle), and neutron pairing gaps (bottom) calculated in the HFB/SLy4 model for the two-neutron drip-line even-even nuclei (i.e., the heaviest even-even isotopes which are predicted to be two-neutron bound). From Ref. [53]. Right panel: matter density distributions calculated in sodium isotopes within the RMF+HB approach. Near the neutron drip line (^{41}Na) the matter density at large distances is determined by the neutron density. (From Ref. [54]. Reprinted from Physics Letters B, Vol 419, 1998, Page 1, J. Meng et al, “The proton and neutron distributions in. . . ”, Copyright (1998), with permission from Elsevier Science.)

MASS PREDICTIONS FAR FROM STABILITY

Changes of the shell structure, that are expected in nuclei far from stability, are one of the most interesting subjects to be studied in the future exotic-beam facilities [66, 67, 68]. In light nuclei, such changes are already observed at N=8, 20, and 28 [11]. They are manifested by modifications of nuclear binding energies, that can be interpreted in terms of an appearance of new shells (e.g., N=16 [69]), or as an unexpected collectivity observed in semi-magic nuclei, e.g., in^{32}Mg [70]. In light nuclei, such changes can be attributed to shifts of single-particle levels induced by selected channels of the shell-model interactions (see, e.g., Ref. [71]), or to the shape coexistence phenomena related to intruder configurations, as studied either in the shell model [7] or in the mean-field approach [72, 73, 74]. Both types of effects are strongly connected; indeed, smaller shell gaps in nuclei far from stability may facilitate appearance of intruder configurations at low energies, or polarization induced by the configuration mixing may decrease the shell gaps. Therefore, apart from phenomenological ideas explaining the experimental data, more work is here needed if one wants to discuss the question of whether the shifted levels or intruder states are primary, secondary, or equivalent explanations of the observed changes.

In heavier nuclei, predicted shell modifications can be due to the effects of an increasing surface diffuseness [76], changes in the spin-orbit coupling [77, 78], or influence of pairing correlations [76, 63, 79]. Calculated shell quenching effect is illustrated in Fig. 4 for the nuclei along the N=82 isotonic chain. The left panel presents the spherical twoneutron separation energies S_{2N} which show a conspicuous shell gap between the values corresponding to N=80,82 and N=84,86. When going towards the neutron drip line (i.e., in the direction of decreasing proton number Z), the shell gap decreases, and disappears at the two-neutron drip line (i.e., when the values of two-neutron separation energies

FIGURE 4. Two-neutron separation energies (left) and shell gaps (right, from Ref. [75], reprinted from Nuclear Physics A, M. Samyn et al, “A Hartree-Fock-Bogoliubov mass formula”, in press, Copyright (2002), with permission from Elsevier Science. ) for nuclei around N=82 as functions of the proton number Z.

go to zero). The shell quenching effect is a generic result obtained in all self-consistent mean-field calculations based on effective two-body interactions. However, the exact magnitude of the effect does strongly depend on what kind of interaction is used. In particular, interactions that give a small effective mass tend to overestimate the shell gaps in stable nuclei, and hence the shell quenching effects are not strong enough to significantly decrease these gaps near the drip lines. Moreover, the type of the pairing interactions used in these calculations crucially influences the degree of the shell quenching [79]. At the moment, our knowledge of the effective interactions is insufficient for reliable predictions of the shell quenching far from stability, and the only method to proceed further seems to be the use of future measurements to fit better interactions.

The best to date effective interactions fitted to nuclear masses were obtained in Refs. [9, 75]. Depending on the method to treat the pairing correlations, BCS [9] or HFB [75], the authors obtained the rms deviations between the calculated and measured binding energies equal to 0.738 and 0.766 MeV, respectively. The quality of the description is almost identical to that (0.669 MeV) obtained within the microscopic-macroscopic FRDM method based on a phenomenological mean-field potential [80]. Needless to say that masses of unknown nuclei, which are obtained by extrapolating either effective interactions or phenomenological mean-fields, are markedly different. This is illustrated in the right panel of Fig. 4, which shows the shell gaps at N=82 defined by S_{2N}(N=82)−S_{2N}(N=84). Interactions that were fitted to masses give a weak shell quenching as compared the that obtained for the SkP interaction [50], while the FRDM results show no quenching at all. Obviously, there is still a fair degree of arbitrariness in the values of parameters of the effective interactions, and at the moment it is not clear how well these parameters are fixed by fits to masses or other nuclear properties.

Calculations of Refs. [9, 75] were performed by expanding the single-particle wave functions in the harmonicoscillator (HO) eigenstates, and therefore, they are characterized by unphysical asymptotic properties of the particle and pairing density distributions. It is known [81] that the convergence of results in function of the HO basis size can be extremely slow, and the stability of results tested by increasing the basis by adding one or two HO shells can be misleading. Moreover, the asymptotic properties of densities are essential for a correct description of the pairing channel [51]. It still remains to be investigated to which extend these deficiencies of the method are important for determining masses of weakly bound nuclei. This question can be studied by using methods based on the transformed harmonic oscillator (THO) basis [82, 83, 84] in which the correct asymptotic behavior is obtained by a proper pointlike transformation of the basis wave functions.

Preliminary results obtained within such an approach are shown in Fig. 5 [79]. Deformed calculations were performed for a standard Skyrme effective interaction SLy4 [85], and for contact pairing interaction that is intermediate between the volume and surface force [86]. The figure shows the two-neutron separation energies calculated for all even-even nuclei that are bound with respect to two-particle emission, i.e., those that have negative neutron and proton HFB Fermi energies. The results show a very interesting phenomenon occurring at the neutron drip line, namely, negative two-neutron separation energies are sometimes obtained for particle-stable nuclei. This apparently contradictory result illustrates the fact that the HFB particle stability is defined with respect to a fixed configuration, while the two-neutron separation energies can involve binding energies of neighboring nuclei that may have different configurations, e.g., different shapes. Hence, at the neutron drip line we may encounter nuclei for which the two-

FIGURE 5. Two-neutron separation energies in even-even nuclei, obtained within the Skyrme-HFB method for the Skyrme SLy4 interaction and contact pairing force. From Ref. [79].

neutron emission is energetically possible, but can be hindered by different configurations of the parent and daughter nuclei.

NEUTRON-PROTON PAIRING COLLECTIVITY

Subject of the neutron-proton (np) pairing in nuclei has been studied since the early sixties, however, recently it witnessed an impressive renewal of interest which was due to increased experimental possibilities of studying medium heavy N≈Z nuclei. High-spin aspects of the np pairing are discussed in Ref. [10], therefore, here we concentrate on the question of collective ground-state correlations of this type. Despite the long history, the subject is plagued with contradicting opinions and results, and very often even the definitions of basic quantities are under debate. Without attempting a review of the whole issue, let us present here several important recent steps in this domain.

Question of the np pairing is very often discussed in connection to the so-called Wigner energy term in the mass formula, see Ref. [87] and references cited therein. Such a term represents an additional binding of N≈Z nuclei with respect to a smooth-reference dependence on N and Z. The same additional binding is observed when the experimental masses are compared to mean-field mass predictions. It turns out that both, smooth part of experimental masses and mean-field masses, are in a perfect agreement with one another, and can be described by a term proportional to (N−Z)^2=4T^2_z =4T^2, where T_z and T are the ground-state values of the projection on the third axis and total isospin, respectively. On the other hand, the additional binding (the Wigner energy) is a function of |N−Z|=2|T_z|=2T , and therefore has a cusp at N=Z. Moreover, when added together both contributions to the binding energy give approximately a term proportional to T (T +1), i.e., the numerical coefficients in front of the smooth term proportional to T^2, and the cusp proportional to T , are almost equal.

This simple observation has been known since many years [88], and recently was reanalyzed in Refs. [89, 90]. A controversy, however, arises at the level of interpretation of this result, namely, the authors of Refs. [89, 90] consider the T (T +1) term as a simple symmetry energy that has nothing to do with pairing correlations, and hence claim that there is no experimental indication for the collective np pairing in nuclei. On the other hand, the authors of Refs. [87, 91] consider the mean-field term T^2 as representing the symmetry energy, and attribute the remaining contribution (proportional to T ) to the T =0 np pairing correlations.

The dispute, however, is far from being an academic discussion triggered by a misunderstanding of definitions. Indeed, what is usually meant by correlations is the question whether an experiment that probes for a simultaneous presence of a neutron and a proton gives the probability higher or not than the product of probabilities to find a neutron and a proton in two independent experiments. Since the mean-field approximation gives by definition no correlations (in the sense of the above definition) it is reasonable to attribute all the effects, or contributions to energy, that are beyond the mean-field approximation, to correlations.

FIGURE 6. The Wigner energy (left top panel) and pairing coupling constants (left middle panel) together with the T =0, 1, and 2 excitation energies in N=Z even-even and odd-odd nuclei. In the left bottom panel, experimental data (stars) are compared with the results of calculation with (full symbols) and without (open symbols) the T =0 np interaction included. From Ref. [92]

As was proved in Ref. [87], the full shell-model calculations in the sd and f p shells give the binding energies roughly proportional to T (T +1), and hence they perfectly reproduce the Wigner energy. This result is, of course, not a trivial result of the isospin invariance of the interaction. Indeed, the isospin invariance requires that energies are functions of the total isospin T , and not necessarily functions of the quadratic invariant T (T +1). [Similarly, not all rotationally-invariant Hamiltonians give rotational spectra proportional to J(J+1).] The fact that the nuclear binding energies do behave as T (T +1) is a non-trivial result of a specific structure of the nuclear (shell-model) interaction. In Ref. [87], it was also shown that the Wigner term disappears when all T =0 matrix elements are removed from the Hamiltonian. However, this observation does not constitute a proof that the T =0 pairing correlations are at the origin of the Wigner term. The shell-model calculations take into account all sorts of correlations, and it is rather difficult to disentangle and quantify the np pairing correlations in the final result. On the other hand, an approach that starts from the mean-field approximation and than adds correlations on top of it, is tailored towards such a quantification.

The first consistent description of several experimental facts observed in N≈Z nuclei was recently obtained [92] within the mean-field plus pairing approach. The authors were able to include all pairing channels simultaneously on top of the standard mean-filed solutions, and showed that the T =0 np pairing is essential to obtain agreement with several types of observables. Their results are summarized in Fig. 6. After an adjustment of the T =0 pairing coupling constant to the Wigner energy term (top left panel) they can reproduce (without any additional fitted parameters), (i) the T =2 states in even-even N=Z nuclei (bottom left panel), (ii) the T =1 states in even-even N=Z nuclei (middle panel), and (iii) the T =1 and T =0 states in odd-odd N=Z nuclei (right panel). There are two key elements of their description, namely, the idea of the iso-cranking, i.e., a consistent application of the broken-symmetry treatment of nuclear excitations to the isospin channel, and (ii) identification of two-quasiparticle excitations among states of a given isospin, that is based on analyzing their time-reversal and iso-signature properties. Although these results are not a direct proof of existence of the collective np pairing correlations in nuclei, they are the best circumstantial evidence thereof, that is available to date.

MAGNETIC ROTATION

Contrary to the standard image of nuclear rotation, where a deformed charge distribution rotates in the laboratory frame, a new type of rotational bands was recently discovered and interpreted as rotations of deformed distributions of currents, see reviews in Refs. [93, 94]. Net non-zero distributions of currents may occur in nuclei whenever proton and neutron angular momenta are misaligned at zero angular frequency, and then align when the angular frequency increases. This leads to a new way to build up high values of angular momenta, called the shears mechanism, in which the proton and neutron angular momenta align along a common axis. When the difference of proton and neutron angular momentum decreases, so decreases the magnetic moment, as illustrated in the right panel of Fig. 7, and hence

FIGURE 7. Schematic illustration of the shears mechanism in nuclei (right panel) together with the TAC (middle panel, From Ref. [95]) and RMF (left panel, From Ref. [96]) description of the magnetic band in^{84}Rb.

the reduced magnetic dipole transition probabilities decrease with increasing angular momentum. During the whole alignment process the total angular momentum axis is tilted with respect to principal axes of the charge distribution, and hence the signature symmetry must be broken in the intrinsic frame of reference.

The shears bands, or the magnetic rotation phenomena, have already been discovered in several regions of nuclei, see, e.g., recent studies around A≃80 [95], A≃110 [97], A≃140 [98, 99], and A≃200 [100, 101, 102]. Most of such structures were found in light lead isotopes, but in principle, they can occur in any nucleus with the shell structure based on high- j proton (neutron) holes coupled to high- j neutron (proton) particles [93].

Up to now, the shears bands identified in the experiment were almost uniquely interpreted within the tilted-axis cranking (TAC) model proposed and developed by Stefan Frauendorf, see Ref. [103] and references cited therein. The model uses the standard phenomenological mean-field potential with pairing correlations, and correctly reproduces the main feature of the shears bands, namely, the decrease of B(M1) with spin, see the example for^{84}Rb shown in the middle panel of Fig. 7. The only available self-consistent calculations of the shears mechanism were performed within the RMF approach [96], see the left panel of Fig. 7, and within the Skyrme-HF approach [104]. A more extensive self-consistent studies are required to elucidate the delicate balance between the standard (rotating charge) and new (rotating current) mechanisms of collective bands in weakly deformed nuclei. Moreover, only such studies can give us access to isovector time-odd terms in the rotating mean fields, which are neglected in the phenomenological mean-field potentials.

PSEUDOSPIN SYMMETRY

The pseudospin symmetry has been introduced in nuclear structure physics many years ago [105, 106], in order to account for “unexpected” degeneracies in single-particle spectra. It has been attributed to an accidental cancelation between the spin-orbit field ⃗ℓ ·⃗s and the ⃗ℓ^2 term in the Nilsson potential [107], the latter reflecting the fact that the nuclear single-particle field has a flat bottom due to the saturation of nuclear forces. Later, many similar degeneracies were also observed among rotational bands, see, e.g., the pair of bands in^{187}Os studied in Ref. [108] and references cited therein.

Recently, a very elegant and natural explanation was suggested [109, 110, 111], which is based on simple relativistic arguments and properties of the RMF Dirac equation for nucleons. Indeed, when the Dirac Hamiltonian is solved with the vector and scalar potentials, V_V and V_S, respectively,

H =⃗α ·⃗p + β(M +V_S) +V_V , (3) and when V_V +V_S=const, solutions can be classified according to a new SU(2) group, called the pseudospin group generated by⃗s̃=U_p⃗sU_p for U_p=2(⃗s · ⃗p)/p. Then, the pseudo-orbital symmetry⃗ℓ̃=⃗j-⃗s̃ is also conserved, and the lowercomponent radial wave functions of the pseudospin partner states are identical to one another.

In finite nuclei, condition V_V +V_S=const is, of course, violated because the potentials have finite range, and hence, they must depend on the distance from the center of the nucleus. However, it turns out that in realistic situations

FIGURE 8. Upper (left panel) and lower (right panel) components of the Dirac wave functions for the 2s_{1/2} and 1d_{3/2} states in 208Pb. (From Ref. [112]. Reprinted from Nuclear Physics A, Vol 690, 2001, pp 41-51, J.N. Ginocchio, “A relativistic symmetry in nuclei: its. . . ”, Copyright (2001), with permission from Elsevier Science.)

the lower Dirac components of the pseudospin partners are still fairly close to one another, and their single-particle energies are almost degenerate. This is illustrated in Fig. 8 [112], where the upper (left panel) and lower (right panel) components of two bound states, 2s_{1/2} and 1d_{3/2}, in^{208}Pb are plotted. These two states are the p̃ pseudospin partners corresponding to ℓ̃=1, i.e., to the 1p̃_{1/2} and 1p̃_{3/2} orbitals, and their lower Dirac components are very similar indeed.

Nevertheless, the utility of the idea of the pseudospin symmetry crucially depends on the symmetry breaking schemes in real nuclei, and this aspect of the proposed relativistic explanation requires further study, see the analyses presented in Refs. [113, 114] and references cited therein. In particular, an explanation of the fact that the pseudospin symmetry does not hold in light nuclei is still lacking (relativity arguments should hold irrespective of the number of particles). Similarly, it would be very interesting to see if the pseudospin symmetry still holds in neutron rich nuclei, where changes in the surface diffuseness may act against it [76].

SHELL EFFECTS IN STRONG COULOMB FIELDS

Recent experimental discoveries and searches for new superheavy elements, see recent reviews in Refs. [115, 116], have triggered a substantial increase in the theoretical efforts to describe the structure and production of such systems, see recent Refs. [117, 118, 119, 120, 121, 122] and [123, 124, 125, 126, 127], respectively. Although many nuclides in the uncharted region of Z>112-114 are predicted to have substantial barriers against fission, they can be experimentally produced only with extremely low cross-sections. Stability and existence of superheavy nuclei are entirely due to the shell effects, and hence a delicate balance between extremely strong Coulomb field and nuclear mean-field potential must be self-consistently taken into account [128].

Due to the large numbers of protons and neutrons, densities of single-particle states in superheavy and hyperheavy nuclei are much larger than those in usual stable nuclei [121]. Hence, the magic shell gaps are significantly smaller, and the corresponding shell corrections shown in Fig. 9 are not-so-well localized around the doubly-magic nuclei. This observation [121] decreases the importance of predicting which is the next proton magic number after Z=82 [119]. Indeed, we may expect a fairly wide island of superheavy nuclei with tangible life times, and not a single or several long-living superheavy nuclides. However, precise estimates of life times require a better determination of nuclear effective forces and reaction mechanisms, when they are used for extrapolations to very exotic systems.

PERSPECTIVES AND OUTLOOK

Focus of the present-day nuclear structure theory is on determination of nuclear effective interactions and/or energy density functionals. The term "effective" pertains here to the fact that they are used in a restricted phase space (shell model) or neglect correlations (mean field), and hence cannot be identical to interactions in the vacuum. Both types

FIGURE 9. Shell corrections calculated from spherical self-consistent single-particle spectra for even-even nuclei around Z=120 and N=180. (From Ref. [121]. Reprinted from Physics Letters B, Vol 515, 2001, Page 42, M. Bender et al, “Shell stabilization of super- and hyperheavy nuclei without magic gaps”, Copyright (2001), with permission from Elsevier Science.)

of methods are at present very well developed and operational, however, much more work is needed to find the best possible interactions to be used within them.

First-principle derivations of effective interactions are currently pursued with increased intensity, however, the task is difficult and requires some time to bear fruit. In the past such derivations were always complemented by phenomenological adjustment to experimental data. There is no doubt that such adjustments will remain the best source of recognizing the main features of interactions, and achieving a precise description. Therefore, future developments in nuclear structure theory critically depend on the availability of data that probe and enhance the most interesting and least known channels of effective interactions. The isospin properties are certainly of that kind, and we hope to get qualitatively new insight in this channel from the new generation rare-isotope facilities that are currently being constructed or planned throughout the world.

ACKNOWLEDGMENTS

During preparation of this talk I have received suggestions and comments from over 40 of my colleagues and collaborators; I would like to thank them very much for their help. In particular, I would like to thank M. Bender, K. Bennaceur, S. Ćwiok, S. Frauendorf, S. Goriely, L. Grigorenko, M. Huyse, W. Nazarewicz, S. Pieper, M. Pearson, M. Riley, and K. Rykaczewski for sending me files with figures. This work was supported in part by the Polish Committee for Scientific Research (KBN) under Contract No. 5 P03B 014 21.

REFERENCES

1. R. Machleidt, Phys. Rev. C63, 024001 (2001).

2. R.B. Wiringa, S.C. Pieper, J. Carlson, and V.R. Pandharipande, Phys. Rev. C 62, 014001 (2000). 3. S.C. Pieper, private communication, July 2001. 4. W.C. Haxton and C.-L. Song, Phys. Rev. Lett. 84, 5484 (2000). 5. W.C. Haxton and T. Luu, Nucl. Phys. A690, 15 (2001). 6. P. Navratil, J.P. Vary, and B.R. Barrett, Phys. Rev. Lett. 84, 5728 (2000). 7. A. Poves, this conference.

8. J. Dobaczewski and W. Nazarewicz, Phil. Trans. R. Soc. Lond. A 356, 2007 (1998). 9. F. Tondeur, S. Goriely, J.M. Pearson, and M. Onsi, Phys. Rev. C 62, 024308 (2000). 10. S. Lunardi, this conference. 11. T. Glasmacher, this conference.

12. International Nuclear Physics Conference, Paris, France, 24 August 1998, Nucl. Phys. A654 (1999): V.R. Pandharipande, p.

157c; J. Simpson p. 178c; W. Nazarewicz, 195c; A.C. Mueller p. 215c; I. Tanihata p. 235c; and S. Hofmann p. 252c.

13. H.W. Barz, I. Rotter, and J. Höhn, Nucl. Phys. A275, 111 (1977); A307, 285 (1978). 14. K. Bennaceur, F. Nowacki, J. Okołowicz, and M. Płoszajczak, Nucl. Phys. A671, 203 (2000). 15. K. Bennaceur, N. Michel, F. Nowacki, J. Okołowicz, and M.Płoszajczak, Phys. Lett. 488B, 75 (2000). 16. J. Giovinazzo, et al., Nucl. Phys. A685, 127 (2001); Eur. Phys. J. A10, 73 (2001). 17. H.O.U. Fynbo, et al., Nucl. Phys. A677, 38 (2000). 18. J. Gómez del Campo, et al., Phys. Rev. Lett. 86, 43 (2001).

19. W. Nazarewicz, J. Dobaczewski, T.R. Werner, J.A. Maruhn, P.-G. Reinhard, K. Rutz, C.R. Chinn, A.S. Umar, and M.R.

Strayer, Phys. Rev. C53, 740 (1996).

20. L.V. Grigorenko, R.C. Johnson, I.G. Mukha, I.J. Thompson, and M.V. Zhukov, Phys. Rev. Lett. 85, 22 (2000). 21. L.V. Grigorenko, R.C. Johnson, I.G. Mukha, I.J. Thompson, and M.V. Zhukov, Nucl. Phys. 689, 567 (2001); Phys. Rev. C64, 054002 (2001).

22. K. Rykaczewski, et al., Phys. Rev. C60, 011301 (1999). 23. P.J. Woods and C.N. Davids, Ann. Rev. Nucl. Part. Sci. 47, 541 (1997).

24. K. Rykaczewski, 3rd Int. Conf. on Exotic Nuclei and Atomic Masses, Hämeenlinna, Finland, July 2-7, 2001, to be published in the European Physical Journal.

25. S. Åberg, P.B. Semmes, and W. Nazarewicz, Phys. Rev. C56, 1762 (1997); C58, 3011(E) (1998). 26. C.N. Davids, et al., Phys. Rev. C55, 2255 (1997).

27. A.T. Kruppa, B. Barmore, W. Nazarewicz, and T. Vertse, Phys. Rev. Lett. 84, 4549 (2000). 28. B. Barmore, A.T. Kruppa, W. Nazarewicz, and T. Vertse, Phys. Rev. C62 054315 (2000). 29. H. Esbensen and C.N. Davids, Phys. Rev. C63, 014315 (2000). 30. E. Maglione, L.S. Ferreira, and R.J. Liotta, Phys. Rev. Lett. 81, 538 (1998). 31. E. Maglione, L.S. Ferreira, and R.J. Liotta, Phys. Rev. C59, R589 (1999). 32. C.N. Davids and H. Esbensen, Phys. Rev. C61, 054302 (2000). 33. S.G. Kadmenskiĭ and V.P. Bugrov, Phys. Atomic Nuclei 59, 399 (1996).

34. P. Talou, N. Carjan, and D. Strottman, Phys. Rev. C58, 3280 (1998); Nucl. Phys. A647, 21 (1999). 35. D. Seweryniak, et al., Phys. Rev. Lett. 86, 1458 (2001). 36. W. Królas, et al., private communication from K. Rykaczewski.

37. A.A. Sonzogni, C.N. Davids, P.J. Woods, D. Seweryniak, M.P. Carpenter, J.J. Ressler, J. Schwartz, J. Uusitalo, and W.B.

Walters, Phys. Rev. Lett. 83, 1116 (1999).

38. E. Maglione and L.S. Ferreira, Phys. Rev. C61, 047307 (2000). 39. L.S. Ferreira and E. Maglione, Phys. Rev. Lett. 86, 1721 (2001). 40. S.G. Kadmensky and A.A. Sonzogni, Phys. Rev. C62, 054601 (2000). 41. K. Riisager, A.S. Jensen, and P. Møller, Nucl. Phys. A548, 393 (1992). 42. A.C. Mueller and B.M. Sherrill, Annu. Rev. Nucl. Part. Sci. 43, 529 (1993). 43. K. Riisager, Rev. Mod. Phys. 66, 1105 (1994).

44. P.G. Hansen, A.S. Jensen, and B. Jonson, Annu. Rev. Nucl. Part. Sci. 45, 591 (1995). 45. I. Tanihata, et al., Phys. Lett. B160, 380 (1985); Phys. Rev. Lett. 55, 2676 (1985). 46. T. Suzuki, et al., Nucl. Phys. A616, 286 (1997); Nucl. Phys. A630, 661 (1998). 47. O.V. Bochkarev, et al., Eur. Phys. J. A1, 15 (1998). 48. F. Marechal, et al., Phys. Rev. C60, 034615 (1999).

49. A. Bulgac, Preprint FT-194-1980, Central Institute of Physics, Bucharest, 1980; nucl-th/9907088. 50. J. Dobaczewski, H. Flocard and J. Treiner, Nucl. Phys. A422, 103 (1984).

51. J. Dobaczewski, W. Nazarewicz, T.R. Werner, J.-F. Berger, C.R. Chinn, and J. Dechargé, Phys. Rev. C53, 2809 (1996). 52. J. Dobaczewski, W. Nazarewicz, and T.R. Werner, Z. Phys. A354, 27 (1996).

53. S. Mizutori, J. Dobaczewski, G.A. Lalazissis, W. Nazarewicz, and P.-G. Reinhard, Phys. Rev. C 61, 044326 (2000). 54. J. Meng, I. Tanihata, and S. Yamaji, Phys. Lett. B419, 1 (1998). 55. J. Meng and P. Ring, Phys. Rev. Lett. 80, 460 (1998). 56. Im Soojae and J. Meng, Phys. Rev. C61, 047302 (2000).

57. D. Vretenar, P. Finelli, A. Ventura, G. A. Lalazissis, and P. Ring, Phys. Rev. C 61, 064307 (2000). 58. A. Trzcińska, J. Jastrzȩbski, and P. Lubiński, F.J. Hartmann, R. Schmidt, and T. von Egidy, and B. Kłos, Phys. Rev. Lett. 87, 082501 (2001).

59. A. Bhagwat, Y.K. Gambhir, and S.H. Patil, Eur. Phys. J. A8, 511 (2000). 60. R.H. Helm, Phys. Rev. 104, 1466 (1956).

61. M. Rosen, R. Raphael, and H. Überall, Phys. Rev. 163, 927 (1967). 62. R. Raphael and M. Rosen, Phys. Rev. C1, 547 (1970).

63. J. Dobaczewski, W. Nazarewicz, and P.-G. Reinhard, Nucl. Phys. A693, 361 (2001). 64. K. Bennaceur, J. Dobaczewski, and M. Płoszajczak, Phys. Lett. B496, 154 (2000). 65. A.S. Jensen, K. Riisager, Phys. Lett. 480, 39 (2000).

66. Nuclear Physics: The Core of Matter, The Fuel of Stars (National Academy Press, Washington, D.C. 1999);

http://www.nap.edu/html/nucphys/pdf.html.

67. RIA Physics White Paper, Durham Workshop Report, July 2000; http://www.nscl.msu.edu/conferences/riaws00/riawhitepaper-2000.pdf.

68. NuPECC Report: Radioactive Nuclear Beam Facilities, April 2000.

69. A. Ozawa, T. Kobayashi, T. Suzuki, K. Yoshida, and I. Tanihata, Phys. Rev. Lett. 84, 5493 (2000). 70. T. Motobayashi, et al., Phys. Lett. B 346, 9 (1995).

71. T. Otsuka, R. Fujimoto, Y. Utsuno, B.A. Brown, M. Honma, and T. Mizusaki, Phys. Rev. Lett. 87, 082502 (2001). 72. P.-G. Reinhard, D.J. Dean, W. Nazarewicz, J. Dobaczewski, J.A. Maruhn, and M.R. Strayer, Phys. Rev. C60, 014316 (1999). 73. R.R. Rodríguez-Guzmán, J.L. Egido, and L.M. Robledo, Phys. Lett B474, 15 (2000); Phys. Rev. C62, 054319 (2000). 74. P.H. Heenen, P. Bonche, S. Ćwiok, W. Nazarewicz, and A. Valor, Riken Review 26, 31 (2000). 75. M. Samyn, S. Goriely, P.-H. Heenen, J.M. Pearson, and F. Tondeur, Nuclear Physics A, in press. 76. J. Dobaczewski, I. Hamamoto, W. Nazarewicz, and J.A. Sheikh, Phys. Rev. Lett. 72, 981 (1994). 77. G.A. Lalazissis, D. Vretanar, W. Poschl, and P. Ring, Phys. Lett. 418B, 7 (1998). 78. P. Ring, G.A. Lalazissis, and D. Vretanar, Riken Review 26, 10 (2000). 79. J. Dobaczewski, W. Nazarewicz, and M.V. Stoitsov, to be published.

80. P. Möller, J.R. Nix, W.D. Myers, and W.J. Swiatecki, Atom. Data and Nucl. Data Tables 59, 185 (1995). 81. W. Nazarewicz, T.R. Werner, and J. Dobaczewski, Phys. Rev. C50, 2860 (1994). 82. M.V. Stoitsov, P. Ring, D. Vretenar, and G.A. Lalazissis, Phys. Rev. C58, 2086 (1998). 83. M.V. Stoitsov, W. Nazarewicz, and S. Pittel, Phys. Rev. C58, 2092 (1998). 84. M.V. Stoitsov, J. Dobaczewski, P. Ring, and S. Pittel, Phys. Rev. C 61, 034311 (2000). 85. E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and F. Schaeffer, Nucl. Phys. A627, 710 (1997). 86. J. Dobaczewski, W. Nazarewicz, and M.V. Stoitsov, Proceedings of the NATO Advanced Research Workshop The Nuclear Many-Body Problem 2001, Brijuni, Croatia, June 2-5, 2001, to be published; nucl-th/010973.

87. W. Satuła, D.J. Dean, J. Gary, S. Mizutori, and W. Nazarewicz, Phys. Lett. 407B, 103 (1997). 88. J. Jänecke, Nucl. Phys. 73, 97 (1965). 89. P. Vogel, Nucl. Phys. A662, 148 (2000).

90. A.O. Macchiavelli, et al., Phys. Rev. C61, 041303 (2000); Phys. Lett B480, 1 (2000). 91. W. Satuła and R. Wyss, Phys. Lett. B393, 1 (1997).

92. W. Satuła and R. Wyss. Phys. Rev. Lett. 86, 4488 (2001); 87, 052504 (2001). 93. S. Frauendorf, Rev. Mod. Phys. 73, 463 (2001).

94. R.M. Clark and A.O. Macchiavelli, Annu. Rev. Nucl. Part. Sci. 50, 1 (2000). 95. H. Schnare, et al., Phys. Rev. Lett. 82, 4408 (1999).

96. H. Madokoro, J. Meng, M. Matsuzaki, and S. Yamaji, Phys. Rev. C62, 061301 (2000). 97. R.M. Clark, et al., Phys. Rev. Lett. 82, 3220 (1999). 98. F. Brandolini, et al., Phys. Lett. B388, 468 (1996). 99. T. Rza̧ca-Urban, Acta Phys. Pol. B32, 2645 (2001). 100. J.R. Novak, et al., Phys. Rev. C59, 2989 (1999). 101. J.R. Cooper, et al., Phys. Rev. Lett. 87, 132503 (2001). 102. A. Görgen, et al., Nucl. Phys. A683, 108 (2001). 103. S. Frauendorf, Nucl. Phys. A677, 115 (2000).

104. P. Olbratowski, J. Dobaczewski, J. Dudek, T. Rza̧ca-Urban, Z. Marcinkowska, and R. M. Lieder, Acta Physica Polonica, in press, nucl-th/0111075.

105. A. Arima, M. Harvey, and K. Shimizu, Phys. Lett. B30, 517 (1969). 106. K.T. Hecht and A. Adler, Nucl. Phys. A137, 129 (1969).

107. C. Bahri, J.P. Draayer, and S.A. Moszkowski, Phys. Rev. Lett. 68, 2133 (1992).

108. F.S. Stephens, M.A. Deleplanque, A.O. Macchiavelli, R.M. Diamond, P. Fallon, and I.Y. Lee, and C. Schuck, Phys. Rev.

C57, 1565 (1998).

109. J.N. Ginocchio, Phys. Rev. Lett. 78, 436 (1997). 110. J.N. Ginocchio and A. Leviatan, Phys. Lett. B425, 1 (1998). 111. J.N. Ginocchio and A. Leviatan, Phys. Rev. Lett. 87, 072502 (2001). 112. J.N. Ginocchio, Nucl. Phys. A690, 41 (2001).

113. S. Marcos, L.N. Savushkin, M. López-Quelle, and P. Ring, Phys. Rev. C62, 054309 (2000). 114. S. Marcos, M. López-Quelle, R. Niembro, L.N. Savushkin, and P. Bernardos, Phys. Lett. B513, 30 (2001). 115. P. Armbruster, Annu. Rev. Nucl. Part. Sci. 50, 411 (2000). 116. S. Hofmann and G. Münzenberg, Rev. Mod. Phys. 72, 733 (2000).

117. M. Bender, K. Rutz, P.-G. Reinhard, J.A. Maruhn, and W. Greiner, Phys. Rev. C60, 034304 (1999). 118. S.K. Patra, W. Greiner, R.K. Gupta, Jour. of Phys. G 26, 65 (2000).

119. A.T. Kruppa, M. Bender, W. Nazarewicz, P.-G. Reinhard, T. Vertse, and S. Ćwiok, Phys. Rev. C61, 034313 (2000). 120. M. Rashdan, Phys. Rev. C63, 044303 (2001).

121. M. Bender, W. Nazarewicz, and P.-G. Reinhard, Phys. Lett. B515, 42 (2001). 122. A. Sobiczewski, I. Muntian, and Z. Patyk, Phys. Rev. C63, 034306 (2001). 123. Y. Aritomo, T. Wada, M. Ohta, and Y. Abe, Phys. Rev. C59, 796 (1999). 124. W.D. Myers and W.J. Świa̧tecki, Phys. Rev. C62, 044610 (2000).

125. G.G. Adamian, N.V. Antonenko, S.P. Ivanova, and W. Scheid, Phys. Rev. C62, 064303 (2000). 126. V.Yu. Denisov and S. Hofmann, Phys. Rev. C61, 034606 (2000). 127. R. Smolańczuk, Phys. Rev. C61, 011601 (2000); C63, 044607 (2001).

128. S. Ćwiok, J. Dobaczewski, P.-H. Heenen, P. Magierski, and W. Nazarewicz, Nucl. Phys. A611, 211 (1996).