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1. Introduction

There are some substantial new challenges that confront the nuclear
physics community. The common denominator for those challenges is nu-
clear physics at extreme conditions. One of such new avenues is nuclear
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physics at very high angular momenta. The recently constructed new-
generation multidetector arrays (e.g., EUROGAM, GAMMASPHERE,
GA.SP) will enable us to study discrete nuclear states up to the fission
limit as well as a high-spin, high-T quasi-continuum. The second direction
is represented by the new relativistic heavy-ion facilities (e.g., RHIC). Here,
researches hope to investigate the ways the atomic nucleus behaves and rear-
ranges itself at extreme energies, densities, and pressure. The third avenue
will take us to the terra incognita of extreme isospins. Experimentally, such
an excursion will be possible thanks to new efforts to produce radioactive
heavy ion beams. This new departure promises a view of nuclear structure
in previously unexplored areas far from stability, and heralds a new era of
increased cooperation between the fields of nuclear physics and astrophysics.

From the theoretical point of view, spectroscopy of exotic nuclei of-
fers a unique test of those components of effective interactions that de-
pend on isospin degrees of freedom. In this paper, several aspects of nu-
clear structure at the limits of extreme isospin, i.e., at particle drip lines,
are discussed by means of the mean-field approach and its extensions. In
Section 2, self-consistent approaches, namely Hartree-Fock (HF), Hartree-
Fock-Bogolyubov (HFB), and Relativistic Mean Field (RMF), are used to
make predictions for the spherical shell structure of exotic drip-line nu-
clei. Section 3 contains selected results of calculations for nuclei around
doubly-magic 19%Sn. The calculations based on quasiparticle random phase
approximation (QRPA) for low-energy isovector 1% states in N~Z nuclei
are presented in Section 4.

2. Spherical shell structure at particle drip lines

Theoretically, the physics of radioactive ion beams is a challenge for well
established models of nuclear structure and, because of dramatic extrapo-
lations involved, it invites a variety of theoretical approaches. Since the
parameters of interactions used in the usual mean-field calculations, such as
the Skyrme interaction in the HF approach, are determined so as to repro-
duce the properties of beta-stable nuclei, the parameters may not always
be proper to be used in the calculation of drip-line nuclei. In fact, because
of the sensitivity of the single-particle spectrum to theoretical details (e.g.,
choice of effective interaction, treatment of exchange terms, etc.) predicted
drip lines are strongly model-dependent [1-5].

Recently, the global properties of shell structure of drip-line nuclei have
been discussed [6] by means of three state-of-the-art mean-field models,
namely the HF and the HFB models with Skyrme-type interactions (SkP,
SITI, SkM*), and the RMF model with the NL1 and NL-SH forces. In order
to analyze the trends towards drip-line nuclei, the isobaric chains of nuclei
with a constant A were investigated.
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Fig. 1. Single-particle nucleonic densities of the NL1 RMF model for the A=100
drip-line nuclei, 1%Sn and '®Zn (neutrons: solid line, protons: dashed line). Mid-
dle (bottom): corresponding single-particle densities (central potentials) of the SkP
HF approach.

The extreme situation expected at the A=100 drip lines is displayed
in Fig. 1 for the proton-drip-line nucleus 12¢Sns¢ and the neutron-drip-line
nucleus 199Zn;o. Shown here are the self-consistent proton and neutron
densities, and the central potentials (plus the Coulomb potential for pro-
tons). It is seen that the densities calculated in the HF and RMF models
are fairly similar. A striking feature seen in the neutron-drip-line nucleus
1007n is the presence of a large diffuseness in the neutron density as well
as in the proton potential. According to the calculations of Ref. [6], for a
given isobaric sequence the effective HF and RMF diffuseness of neutron
densities are very similar; they increase dramatically when approaching the
neutron-drip-line nuclei. On the other hand, the neutron radius parameter
shows weak variations with neutron number.

The RMF single-particle energies for the A = 100 and 4 = 150 isobars
are plotted as a function of N in Fig. 2. As aresult of the truncated oscillator
basis the calculated single-particle levels with positive energies (continuum)
are discrete. The results obtained in the HF model are very similar (the
positive-energy discrete states in HF are due to the finite radius of the box
in which the HF equations were solved). In both calculations it is seen that
the bulk single-particle shell structure exhibited by bunching of bound levels
and the presence of magic gaps at particle numbers 50, 82, and 126 does not
appreciably change as one approaches the neutron-drip-line. The positive-
energy low-j continuum manifests itself through the presence of many levels
which practically do not vary as a function of N. Indeed, since those states
are not localized inside the nuclear volume their dependence on details of
the average potential is expected to be very weak (a weak Z-dependence of
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Fig. 2. Spherical single-particle levels for the A=100 and 150 isobars calculated
in the RMF model with the NL-SH interaction [7] as a function of neutron and
proton number. Solid (dashed) lines represent the orbitals with positive (negative)
parity.

proton continuum results from the change in Coulomb potential). It is also
seen that the combined effect of centrifugal and Coulomb forces gives rise to
positive-energy states which try to preserve their shell structure. Those can
be interpreted as quasi-bound resonances, especially pronounced for protons
(for reference: the Coulomb barrier in 1°%Sn is about 9 MeV).

The neutron-number dependence of the NL-SH RMF single-particle
density for 1°°Sn (proton drip-line system), 128Sn (stable), 132Sn (neutron-
rich), and 1°%Sn (neutron drip-line system) is displayed in Fig. 3. Apart
from the density fluctuation in the nuclear interior coming from the de-
tailed nuclear shell-structure, the average neutron density in the interior
stays fairly constant, while the proton density decreases as the neutron
number increases. However, the ratio of the neutron to the proton density
in the interior does not increase as fast as the ratio N/Z. This, together
with the fact that the neutron radius increases faster than the proton ra-
dius, develops the neutron skin at the surface of nuclei with a large neutron
excess. Note also the increase of the neutron surface-diffuseness, which is
clearly seen as the neutron drip-line is approached.

The pairing force may have a unique role in drip-line nuclei due to the
scattering of nucleonic pairs from bound states to positive-energy orbitals.
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Fig. 3. Single-particle nucleonic densities of the NL-SH RMF model for
100,118,132,150g jsotopes (neutrons: solid line, protons: dashed line).

In the HF model with the state-independent seniority pairing this leads to
the presence of unphysical “particle gas” surrounding the nucleus {8]. This
problem is overcome in the HFB method with a realistic pairing interaction
in which the coupling of bound states to continuum is correctly taken into
account (8]. In order to describe the coupling between bound states and con-
tinuum due to pairing, the HFB calculations with the SkP force have been
performed [6]. Figure 4 shows the expectation values £, = (¥;|h|¥;) of the
single-particle Hamiltonian, h=8§ Eyrg /8p [9], in the canonical basis for the
A =120 and A = 150 isobars. As argued in Ref. [6], (i) the single-particle
canonical energies, £, carry most information on the shell energy and (i:)
the low-lying quasiparticle excitations and proton and neutron separation
energies, § ~ A4 E}, are governed by £;’s. For the isobaric chain of A = 120,
the neutron Fermi energy approaches zero near N = 82. As seen in Fig. 4
(top), the N = 82 shell gap dramatically decreases near the neutron-drip
line. This effect is primarily caused by a lowering of single-particle (canon-
ical) energies of low-j orbitals relative to those of high-j orbitals. Such an
effect results from a strong interaction between bound orbitals and the low-
j continuum, whereas the interaction with high-j resonance states is much
less effective in modifying bound orbitals. For heavier systems with N > 82
there are more high-j orbitals in major shells and the lowering of low-j sub-
shells (which, in addition, are located at the top of shells) is not sufficient
to close the gaps completely. This is illustrated in Fig. 4 (bottom) for the
A = 150 isobars. Indeed, the shell structure at N ~ 100 is very weakly
affected as compared to the A = 120 case. According to calculations, the
disappearance of shell effects at the neutron-drip line is only expected in the
systems with N < 82. At the proton-drip line, the quenching occurs only
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for light systems with Z < 28, because the Coulomb barrier prevents the
low-j continuum from approaching bound states. A quenching of this type
has recently been demonstrated by the SkP HFB calculations of spherical
drip lines [4].
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Fig. 4. Spherical single-particle levels for the A = 120 and 150 isobars calculated in
the SkP HFB model as a function of neutron number. The single-particle canonical
HFB energies are given by e = (¥i|h|¥:). Solid (dashed) lines represent the
orbitals with positive (negative) parity.

As discussed above, the diffuseness of the one-body neutron potential
becomes larger as the neutron drip-line is approached. Consequently, the
shape of the potential becomes more similar to that of an oscillator poten-
tial, see Fig. 1, and the neutron single-particle spectrum for systems with
large neutron excess can be well approximated by that of the Nilsson model
without the % term [6].

3. 1005y — a Holy Grail

The study of properties of heavy doubly-magic nuclei and neighboring
systems is a very important testing ground for the ability of the existing
models to describe and predict the underlying shell structure. Until recent
years, the nucleus 2°*Pb was the only heavy doubly-magic nucleus with
the experimentally known binding energies of the valence single-particle
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states. On the neutron-rich side, there has been a considerable amount of
data collected for the doubly-magic 132Sn. The proton-rich doubly-magic
1005y is expected to lie just on the border of the proton drip line. In the
previous work by Leander et al. [10] the observed single-particle energies
in 1325n were compared with the Hartree~-Fock model with the SIII inter-
action, the folded-Yukawa single-particle potential, and the Woods—Saxon
potential. The results of the calculations are presented in Fig. 5. The parts
(a) and (b) show how the center of gravity of a set of single-particle ener-
gies deviates from experiment in the Woods-Saxon, folded- Yukawa, and SIII
models. As noticed by Blomqvist [11], there is a correspondence between
13281 and 2°8Pb: for each level (n,l,j) in *32Sn there is a corresponding
level (n,I+1,j+1) in 2°8Pb. As seen in Fig. 5 the deviations in 132Sn and
208Ph mostly go together, i.e., the single-particle levels in both nuclei are
similar. For the nucleus 1%°Sn the corresponding structural analog is ex-
pected to be *6Ni. The lower part (c) of Fig. 5 shows the binding energy
of the 1g4/, proton in 100G, and the 1f; /2 shell in 56Ni. If the deviations

from experiment go together in these two nuclei, 1°°Sn would be stable with
respect to proton emission, with a proton binding energy of about 3 MeV.
This binding energy is relatively favorable for synthesis of this doubly-magic
nuclide, although, for example, neighboring 1°!Sb would be proton unstable.
The above analysis of shell structure in 1°°Sn emphasizes the importance
of using several different models when extrapolating their results far from
stability.

One can attempt to approach 19°Sn by systematic studies of neighbor-
ing nuclei. In this region, one of the most important pieces of information
are the properties of the Gamow-Teller (GT) decay of even nuclei. Selected
properties of the GT beta decay of even nuclei near 1°9Sn have been studied
in Ref. [12] within two theoretical models: a self-consistent HFB approach
with the SkP interaction (Model I) and the shell correction method with
the Woods-Saxon average potential and the monopole pairing interaction
(Model II). Figure 6 shows the comparison of the calculated and experimen-
tal electron-capture decay energies Qgc (i.e., differences between atomic
masses of nuclei in their ground states) for the even-even parent nuclei near
10055, The upper portion shows the results of calculations under the as-
sumption of spherical shape for both the parent and daughter nuclei. To see
the influence of deformation-polarisation effects the condition of spherical
shape was relaxed in the Model II, see Fig. 6, lower portion. The deformed
calculations nicely reproduce the experimental ground-state deformations
and spins of 194110y, The inclusion of deformation essentially improves
the agreement between results of the Model II and the experimental data:
the calculated Q¢ values are remarkably close to the measured ones. The
calculated shapes of the odd-odd nuclei in the 17 excited (199—/12 ® v97/2)
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Fig. 5. Deviation between experimental and theoretical center of gravity of a set
of single-particle levels in the Woods-Saxon, folded Yukawa, and SIII HF models
for 132Sn and 298Pb (top). The bottom part shows the binding energy of the 1go/2
proton shell in 1%Sn and the 1f7;; shell in 3¢Ni.

states turned out to be spherical. This suggests that the deformation of the
daughter nucleus may be significant for an estimate of the Qg values while
it may be less important for the GT transition energy. The obtained good
agreement with experimental data makes it possible to give a fairly precise
estimate for Qgc values for not yet studied nuclei. Calculations predicted
QEc values of 5.5 MeV and 7.8 MeV for °8Cd and 1%9Sn, respectively. The
recent data from GSI for ?®Cd support this theoretical prediction; the esti-
mated [13] value of Qgc ~5.33 MeV is indeed very close to the calculated
one. The estimated GT hindrance factor turned out to be about 6.5, i.e.,
very similar to that found in the whyy/; — vhy/; decays in the rare earth re-
gion. Here we note that the GT (AZ=-1) giant resonance, which contains
the major part of the possible GT strength, is estimated to lie energetically
well below the ground state of 1°°Sn and, thus, can be reached also by GT
beta decay [14]. For the recent calculations around 1°°Sn, see Refs [15-20].

4. Low-lying 17 states in the medium-mass N=Z nuclei

Spectroscopy of nuclei with 7,<0 will become one of the main arenas
of investigations around the proton drip line. Experimentally, shape coex-
istence, large deformations, quenching of pairing correlations, and dramatic
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Fig. 6. Calculated and experimental Qgc values for the even-even parent nuclei
near '°°Sn.

shape changes induced by rotation are quite common phenomena in the
zirconium region (Z ~ N ~ 40). The microscopic reason for such a strong
variation of collective properties is the low single-particle level density in
these medium-mass nuclei. In the A ~ 80 region both protons and neu-
trons lie in the same (P1/2, P3/2s J5/2, gg/z) shell. For T, ~ 0 systems,
the proton and neutron shell corrections add coherently. A beautiful ex-
perimental signature of large prolate deformations in the A ~ 80 region,
attributed to the prominent shell-structure at Z, N = 38 and 40, was the
observation of very collective rotational bands in neutron-deficient Sr and Zr
isotopes [21-23]. Because of spectacular shape effects, relatively small size,
and high collectivity, the nuclei from the A ~ 80 mass region have become
favorite testing grounds for various theoretical approaches. Calculations
based on the mean-field approach applied to nuclei in the light-Zr region
suggest an interpretation of experimental data in terms of well-deformed
prolate shapes, weakly-deformed oblate shapes, and spherical (shell-model)
configurations [24-26].

Since the M1 collectivity of low-lying 11 states increases with deforma-
tion, it is anticipated that in some well deformed nuclei in the A ~ 80 mass
region the strong magnetic dipole strength should be concentrated at low
energies. In the A ~ 80 mass region there are several good examples of very
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regular, rigid rotational bands. Theoretically, they are associated with two-
quasiparticle excitations built upon the proton [431 3/2]®[312 3/2] Nilsson
orbitals which happen to occur just below the strongly deformed subshell
closure at Z = 38. The BCS calculations [27] suggest the dramatic reduction
(or collapse) of the static pairing in these configurations; this has impor-
tant consequences for the low-energy electromagnetic transitions. Since the
B(M1) values involving the ground state of even-even nuclei are propor-
tional to the BCS factor (u,v, — v“uu)z, weaker pair correlations lead to a
stronger low-lying M1 strength.

The deformation dependence of 11 states is a current subject of both ex-
perimental [28, 29] and theoretical [30-33] studies. The low-energy B(M1)
strength (defined as the summed strength up till excitation energies of about
4 MeV) increases with quadrupole deformation as, roughly, 2. Many of the
A ~ 80 nuclei are very well deformed in their ground states, their equilib-
rium deformations exhibit rapid isotopic and isotonic variations, and their
pairing correlations are expected to be weak due to deformed subshell clo-
sures. Because the Kr, Sr, and Zr isotopes have these characteristics, they
are ideally suited for investigations of the low-energy M1 strength and its
deformation dependence.

The properties of the K™ = 17 states have been investigated [34] using
the QRPA Hamiltonian of Ref. [35] containing the single-particle Woods—
Saxon field, the monopole-pairing field, a long-ranged residual interaction
(mainly of quadrupole-quadrupole type), and the spin-spin residual inter-
action. As a representative example, results of calculations for Sr isotopes
are presented in Fig. 7 which shows the excitation energies of the low-lying
K™ = 1% states. The values B(M1;g.s — 1*) (in p%;) are indicated. The
upper diagram was obtained by using the standard pairing gaps. Accord-
ing to calculations, pairing correlations in the excited states of Sr-Zr are
expected to be seriously quenched. Therefore, we performed a second set of
calculations with 4, and A, reduced by 50% with respect to the standard
values. As expected and seen in Fig. 7, the B(M1) values calculated in the
“weak pairing” variant are approximately twice as large as the M1 rates
obtained in the “standard pairing” variant.

The best candidate for low-lying enhanced 11 states in the A ~ 80 mass
region is the N = Z nucleus "®Sr. In both pairing variants of calculations,
there appears only one low-lying 1% state which has unusually strong M1
collectivity. In the “weak pairing” variant this state is predicted at 2.2 MeV
and the corresponding B(M1;g.s. — 11) transition is 2.16 l‘?v' The main
components of the wave function of the 17 state in 76Sr are the 7(g, /2)2

and v(gg/2)? excitations involving the two Nilsson orbitals [431 3/2] and
[422 5/2].
The contribution to the B(M1) strength coming from the unique-parity
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Fig. 7. Predicted excitation energies of low-lying 1% states of prolate configurations
in 76.78,8083g; oblate minimum in 82Sr [82(0)], and the superdeformed configura-
tion in ®3Sr (82(SD)]. The numbers indicate the B(M1;g.s. — 1) values (in p%)
for transitions greater than 0.5 u%,. Only states with B(M1;g.5. — 1%)>0.1 p%
are shown (solid lines: B(M1)>0.3 p%, dashed lines: B(M1)<0.3 pu%). The up-
per portion shows the results obtained with standard pairing, Asq. The results
obtained with pairing reduced by 50% ate displayed in the lower portion. (From
Ref. [34].)

high-j excitations, such as (h;;/; )2 or (g /2)2, has a simple shell model
interpretation (in terms of a single-j shell) and cannot be viewed as coming
from a collective “scissors” mode (see discussion in Ref. [35]). The synthetic
orbital scissors state is defined as

IRy = N} (zﬂ:‘) - azgf’)) lg.s.), (1)

where N is a normalization factor and the parameter « is determined by
the requirement that the mode (1) is orthogonal to the spurious reorienta-
tion mode [33,36,37]. The calculations show that for the lowest 11 state
in 78Sr the overlap between its QRPA wave function and the state (1) is



552 J. DOBACZEWSKI ET AL.

only about 12%. Consequently, although this state is predicted to carry an
unprecedented M1 strength, it cannot be given a geometric interpretation
of the “scissors” mode. The K™=17 isovector giant quadrupole resonance
in 75Sr lying at E.x~32 MeV carries a significant M1 strength (~4 p%;)
and contains a major component of the “scissors mode” (around 50%).

When moving away from 76Sr, the low-energy M1 strength becomes
more fragmented. Good candidates to find large M1 strength at low energies
are the well-deformed prolate nuclei 73Sr, 89Sr, 807z, 8271, and "4Kr. The
most promising oblate-shape candidate is the N = Z nucleus "?Kr. Similar
to 76Sr, the 17 state in "2Kr has a (gg/z)2 character. However, in this case
the main contribution comes from the high-2 substates, i.e., the =([413
7/2]®[404 9/2]) and v([413 7/2]®[404 9/2]) configurations.

5. Summary

The present investigation has been focused on the microscopic struc-
ture of nuclei at particle drip lines. Predictions have been made about the
nature and properties of yet unobserved structures. The most important
observations can be summarized as follows:

(i) The self-consistent analysis based on the HF and RMF approaches in-
dicates that there is a significant isospin dependence of spherical shell
effects in medium-mass and heavy nuclei. The most interesting predic-
tion is that the shell structure of neutron drip-line nuclei is dramatically
affected by interaction with the continuum. Due to large diffuseness of
neutron density and central potential, the single-particle spectrum of
neutron-drip-line nuclei resembles that of the harmonic oscillator with
the spin-orbit term. Clearly, the concept of nuclear surface and shape-
deformations becomes rather weak for neutron-drip-line systems. Also,
there are significant differences between predictions of HF and RMF
models for isospin dependence of the neutron spin-orbit splitting.

(#i) The spectroscopy around the heaviest doubly-magic N = Z nucleus
100Gn has already become a reality. According to theoretical estimates,
the proton binding energy of this nucleus should be around 3 MeV, and
the @ gc value — around 8 MeV.

(%) In the N~Z nuclei from the light zirconium region there are many
excellent candidates for the low-lying 17 states with unusually large
B(M1;0" — 1%) rates, around 1-2 ”‘?V' The best prospects are the
Z=N nuclei, such as 78Sr, 8Zr, and "2Kr, where protons and neutrons
contribute equally strongly to the M1 collectivity. Interestingly, the
unusually large low-energy M1 strength in those nuclei has a simple in-
terpretation in terms of (g /2)2 excitations, i.e., it does not result from
a simplistic scissors mode.
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