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Abstract

The changes in nuclear structure far from the stability line are reviewed for light nuclei. The basic concepts of neutron and
proton skins and neutron halos are presented with several experimental data. Signatures of new mode of collective excitation
as consequences of such exotic structures are also shown. These changes of structure point to the need for the detailed study of
single-particle orbitals for unstable nuclei. Such recent studies, in particular, the spectroscopic information of halo states, are
reviewed. Changes of neutron orbital ordering away from the stability line are observed from such studies. Its most profound
implication has emerged in the change of magic numbers. An over view of magic number variation is pr8gecitedhis
article: |. Tanihata, R. Kanungo, C. R. Physique 4 (2003).
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Résumé

Halos et peaux dans les noyaux atomiques. Les modifications de la structure nucléaire loin de la stabilité sont passées en
revue. Les concepts de Halos et de peaux de protons et de neutrons sont présentés en s’appuyant sur de nombreux résultats
expérimentaux. Des signatures des nouveaux modes collectifs attendus comme conséquences de ces structures exotiques sor
aussi décrites. Ces profondes transformations de la structure des noyaux démontrent la nécessité d’étudier les orbitales des
nucléons dans les noyaux instables. Ces études récentes, en particulier en ce qui concerne les informations spectroscopiques pou
les noyaux a halos, sont résumées. Une modification de I'ordre des orbitales de neutrons loin de la stabilité a été observée lors de
ces études. L'implication la plus spectaculaire de cette transformation est la modification des nombres magiques. Une synthese
des résultats sur la modification de la magicité est finalement présEutéeciter cet article: |. Tanihata, R. Kanungo, C. R.

Physique 4 (2003).
0 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.

1. Introduction

The nuclear density distribution is an important bulk property of nuclei that determines the nuclear potential, single-particle
orbitals, and the wave function. Since the first use of Rl beams, nucleon density distributions have been studied extensively for
unstable nuclei. These studies opened up a new point of view on nuclear structure. Neutron skins and neutron halos are typical
of such new structure. These new structures have introduced the decoupling of proton and neutron distributions and also related
phenomena, such as soft mode of excitations.

Before the invention of Rl beams, nuclear densities have been studied mainly by electron scattering and by proton scattering.
Such studies, however, were restricted to stable nuclei as was the case in other nuclear reaction studies. From studies of stable
nuclei, three ‘basic properties’ of nuclear density had been established:
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Fig. 1. Root-mean-square matter radii of light nuclei.

(1) Half-density radius of the matter distribution is expressexbaé/3, wherer is the radius constant;
(2) Protons and neutrons are homogeneously mixed in the nucleus, nagoelyc on(r);
(3) Surface thickness is constant.

For the determination of radii of unstable nuclei, isotope-shift measurements had been a unique technology. However, due
to the limitation of accessible elements in ion source and of laser frequencies, such measurements have been made only for a
limited number of elements. Moreover, these measurements provide only the information of charge radii or proton radii. The
information was somehow remote to the study of the change of the nuclear size, because proton radii were studied by changing
the neutron numbers. Almost no studies were made for the matter density distribution of unstable nuclei until the Rl beam
method was invented.

The production and use of RI beams, which has been started in the mid 1980s [1,2], broke this restriction and enabled the
study of matter radii and matter density distributions of unstable nuclei extending up to the proton and neutron drip lines.

From the studies of matter distributions of unstable nuclei, it was found that the three ‘basic properties’ shown above are
valid only for stable nuclei and do not hold for unstable nuclei. This fact is easily seen in the two-dimensional display of nuclear
root-mean-square radii in nuclear chart as shown in Fig. 1. These rms radii of nucleon-distributions have been determined by
the measurements of interaction cross sections using high-ene@®04 MeV) Rl beams [3,4]. The observed differences of
the radii between isobars clearly show the break of ‘basic property 1'. A faster increase of Na isotope radii is the reflection of
neutron skin, which will be discussed later, and indicates the breaking of ‘basic property 2’. The sudden large increase of the
radii near the neutron drip line is the reflection of neutron halo and show the break of ‘basic property 3'.

Since the discovery and the explanation of magic numbers in nuclei by Mayers and Jensen, they have been a building block
of nuclear models. In particular the nuclear shell model was developed tremendously into an accurate and useful theory. In
nuclei far from the stability line, several indications of the disappearance of magic numbers have been reported. However, it
was only after the study with RI beams that scientists seriously study the modification of magic numbers in nuclei far from the
stability line. As discussed in detall later, it is found that all studied neutron magic numiéesd( 20, and 28) disappears
near the neutron drip line. Instead, evidence was found for new magic numbers \ich 8516 and others. Studies of shell
structures and magic numbers are, therefore, hot topics of present day research.

In this paper, firstly basic concepts of these new structures are shown. Then recent studies related to skins and halos and
their spectroscopic studies are reviewed in the following sections.

2. Nuclear skin

The first suggestion of a thick neutron skin was reported by Tanihata et al. [5] from a cluster-type model analysis of the
interaction cross sections, two-neutron removal cross sections, and four-neutron removal cross sé-@tﬁbfeoExtremely
thick neutron skin of about 0.8 fm was suggesteﬁHie. Recent proton elastic scattering studieStéé and®He by Egelhof et
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al. [6] show more detailed density distributions and confirmed the neutron skin. The determined density distributions are shown
in Fig. 2.

The first direct comparison between nuclear matter and charge radii over a wide range of neutron numbers was made
in Na isotopes. Suzuki et al. [7] extracted the rms radii of proton and neutron distributions by combining the isotope shift
and interaction cross-sections data. Fig. 3 shows the results of the analysis. The proton rm%)ﬂdaiiand the neutron
rms radii (r,%)l/2 are plotted as a function of the neutron number of the Na isotopes. In contrast to the slow change of
(rg)l/z, neutron radius{r,%)l/2 increases monotonically as the neutron number increases. The thickness of the neutron skin

AR (= (r%)l/z — (rg)l/z) increase up to 0.4 fm in the most neutron-rich Na isotope studied here. This value of neutron skin is
much larger than a possible skin (0.12 fm) observed in the most neutron rich stable Fs?@ape

Other indirect evidence exists from Mg isotopes and doe 20 isobars [7,8]. Recent suggestive data are obtained by
systematic measurements of charge changing cross sectighsf(B to F isotopes [9]. As shown in Fig. 4 the charge changing
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Fig. 2. Density distributions dtHe from two methods.
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Fig. 3. Neutron and proton radii of Na isotopes. Neutron radii increase faster than that of protons and indicate the formation of neutron skin.
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cross section does not increase when neutron number increases for a particular element. Instead, an increase is observed when
proton number increases. At high-energies; is directly related to charge distribution through the Glauber model analysis.

A occ may be larger than the estimation of the Glauber model due to possible proton emission at the ablation stage of the
reaction. Thereforecc provides an upper limit on the charge radius. A combinatiomofind occ, therefore, allows us to

deduce the minimum estimation of the neutron skin thickness. Interaction cross sections increase monotonically when the
neutron number increases for all elements. Therefore, the constangy fof isotopes in Fig. 4 indicates the development of

neutron skin in all elements shown there.

In Na isotope data (see Fig. 3), slightly larger radii of proton distribution are seen for most neutron deficient isotopes. This,
therefore, suggests a proton skin of about 0.1 to 0.2 fm in these nuclei. The radii of proton and neutron distributions are same
only for stable isotopé3Na.

The next light isotope chain with known charge radii is Ar. Recentlyof neutron deficient Ar isotopes have been
determined [10]. Proton skins are observed clearly.
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Fig. 4. Charge-changing cross sections with C target. The curve in the figure shows3rdependence of radii that is followed well for stable
nuclei.
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Fig. 5. Relation between the separation-energy difference and skin thickness.
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From these data, it is considered that the neutron skin and proton skin are common phenomena in unstable nuclei. However,
skins do not exist (or are extremely small if at all) in stable nuclei. Fig. 5 shows the difference of proton and neutron radii
(AR) as a function of difference of proton and neutron separation enetdigs= Sp — Sn. A strong linear correlation is seen
betweenA Spn and AR. It is also important to mention that theRr is close to zero when Spn, is zero. The proportionality of
proton and neutron densities thus seems to hold only for stable nuclei. Therefore it is considered that the difference in Fermi
energies between proton and neutron is the relevant parameter for the neutron skin.

3. Nuclear halo

A low-density tail of neutron distribution (neutron halo) has been discovered from an abrupt increase of the interaction cross
sections and a narrow momentum distribution of a neutron (or neutrons) in such a nucleus. The apparent reason of formation of
neutron halo is the weak binding of the neutron. The asymptotic density tail of an s-wave neutron in the potential is described

as
2 o 2 e—2Kr e,ZKR
pr=lof =) (5 ) irer ) @

whereR is the width of the square well potential as an example. The parametenich determines the slope of the density
tail, is related to the neutron separation enetfly) as, (ix)2 = 218, wherey is the effective mass of the system. As can
be seen from these equations, the tail of the distribution becomes longerSylhecomes smaller. However, in real situation,
different orbitals contribute to the neutron wave function.

From analysis of the two-body halo wave function, Riisager et al. [11] found that s-wave and p-wave contribute to form
single-neutron halo in a most drastic way. Similarly, from three-body analysis, it was founkl ta&t, 1 waves most strongly
contribute to form two-neutron halo [12,13]. It is essentially due of the small centrifugal barrier for those neutrons. In fact,
these analyses showed that the rms radii of these neutron distributions divergSiief», goes to 0. Instead, the rms radius
of wave function with angular momentum larger than or equal to 2K{gr 2) remains at a finite value in the same limit.
Recently, effects of the pairing interaction to the halo density were studied using the Hartree—Fock—Bogoliubov model. It was
found that the tail of the density distribution would be reduced very much by the pairing of two neutrons in a halo. However,
the observed large neutron tail¥ALi is not consistent with the conclusion of the model. It is then considered that the result of
the Hartree—Fock—Bogoliubov model is only valid for heavier nuclei. In contrast to this, a relativistic-mean-field approach with
pairing interaction predicts the giant halo in even neutron nuclei [14]. It is an interesting question whether a neutron halo exists
or not in heavier nuclei.

The density distributions of halo nuclei have been determined by several methods. The best method is high-energy proton
scatterings. In addition to the density distribution of He isotopes shown in Fig. 2, the density distributifici béis been
determined by proton elastic scattering at 800 MeV [6], as shown in Fig. 6. The long tail of the density distribution is clearly
seen. This density distribution is consistent with the density distribution deduced from the interaction cross sections by the
method shown below.
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Fig. 6. Density distribution ot1Li. Black curves are density determined by proton scattering and the blue region shows the density determined
by o.
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The density distributions of other neutron halo nuclei have not yet been determined by elastic scattering. Instead, careful
analyses of interaction- and reaction-cross sections using model density distributions have been used to determine density
distributions [3,4]. The sensitivity of the reaction cross section to the density tail can be changed either by changing the nucleon-
nucleon cross section or by changing the target density distribution. The former corresponds to measurements of reaction cross
sections at different energies, the latter corresponds to measurements with different targets. From these measurements density
distributions have been determined and long tails in the density distributions were confirmed [15-17].

Another method for the determination of a density distribution assumes the relation between the asymptotic tail of the
density distribution and the neutron separation energy to be single particle in nature. In this model, halo nuclei are assumed
to have the (core- neutron) structure and the last neutron has a single-particle wave function in a Woods—Saxon potential.

A few-body Glauber model [18] has been used for this analyses. Density distributions of many light neutron-rich nuclei have
been determined and significant long tails of the neutron distribution have been observed from He to C isotopes as shown in [4].

Proton halos are also searched by the interaction and reaction cross sections. Possible evidences of long tails have been
shown in®B, 1"Ne, 23A1 [19,20]. However, there is not enough data to discuss the density distribution yet.

Recent interest in halo nuclei goes beyond matter distribution and is now focused on understanding the spectroscopic
information of halo states. Such spectroscopic studies are presented in Section 5 below.

4. Soft mode of excitation

The collective excitations of nuclei such as E1 giant resonance and Gamow-Teller resonance are specific oscillations in
nuclei between protons and neutrons. The development of a skin and a halo adds new possible modes of collective excitation of
nuclei. Because of the widening of the density distribution due to a skin and a halo, new modes of excitations are expected to
appear at low energies and thus are called as soft modes. A collective E1-excitation is one such new mode. In a halo nucleus,
neutrons in the halo are decoupled from those in the core of the nucleus. Therefore an oscillation of the relative position between
the core and the halo is expected to appear. Because the density of the halo is extremely low, the frequency of such an oscillation
is expected to be extremely low (within a few MeV) compared with the usual oscillation between protons and neutrons.

A soft dipole mode was suggested first by Hansen and Jonson as an enhancement of break up cross sections [21]. Then Ikeda
generalized it to the collective oscillation at low energy, separated from the normal high-energy oscillation [22]. Experimentally,
the large enhancements of the electromagnetic dissociation cross sections were discSrbeehio 1L i [23].

Concerning the soft-dipole resonance,adxcited state at low energy fiHe was searched BLi(“Li, “Be)®He reaction
at 654 MeV. In addition to the known ground state arti first excited state and giant-dipole resonance at 8.5 MeV, Nakayama
et al. observed a resonancet=441 MeV andl” =4 MeV of whichAS, AL, E, ando are consistent with those values
expected from the soft-dipole resonance [24].

In 11Li, a 1~ excited state was observed firstly by Kobayashi et al. [25] by double-charge—exchange reaction,
11B(x—, #7)11Li. They found a state at 1.2 MeV excitation energy and the angular distribution was consistent with the
transition withAL = 1. This level was also observed soon later by Korsheninnikov et al. [26,27] by the inelastic scattering
of proton at 68 MeV. The excitation energy was = 1.25+ 0.15 MeV. The angular distribution of the inelastic scattering
indicated theA L = 1 from the ground state. Right after this observation, Karataglidis et al. analyzed this data and presented the
possibility that the observed angular distribution may be due to the shake-off mechanism, and may not be due to the resonance.
However, recently, a study was made by the completely different type of reddé@(mr—, pd)LlLi [28]. Three new excited
states were observed ab2+ 0.07, 207+ 0.12, and 363+ 0.13 MeV. The first one seems consistent with the state observed
by the proton inelastic scattering and double charge exchange reaction. Moreover, recently a theoretical study also showed that
the shake off mechanism fails to explain the proton elastic scattering data [29,30]. Therefore we consider that the existence of
AL =1, Ex=1.2 MeV is now confirmed.

Three electromagnetic dissociation experiments have been reporteH f§81-33]. Recent theoretical analyses of these
data suggest the contribution from the continuum E1 excitation. However, it was seen that these three data are not consistent
with each other, and thus it is not possible to discuss a resonant state [34]. Further careful experiments are definitely necessary
in this direction.

Clear data for the evidence of continuum soft E1 mode of excitation was observé@en[35]. It is also simple to
understand the mechanism based on the transition to continuum bééBesbas a single-neutron halo. A direct break-up
model calculation gives the E1 distribution as
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Fig. 7. Coulomb dissociation 3PC. Eg| is the relation energy between the fragmt#€ and neutron. Best fit is obtained with s1/2 wave and
using the neutron separation energy of 530 keV.

Here S is the spectroscopic factor of they2, state. Other variables: is defined by = /2 Es/h, p is the reduced masg
is the separation energy of neutrd is the excitation energy, andg is the radius of the square-well potential relevant to the
halo neutron. A good fit to the data shows the dominance of the non-resonant E1 transition of the halo neutron. The E1 nature of
the transition was also confirmed by the angular distribution around the reaction plane of neutron emission in the EMD process.
In 11Be, a strong E1 transition was observed to the bound first excited statef[36] 0.3198 MeV, /™ = 1/27) and thus it is
reasonable that only the continuum contribution was observed in the dissociation process.

Coulomb dissociation has also been measured recentl}rgtbr The excitation spectrum is well explained by the non-
resonant break up if the ground state spififl is assumed, as shown in Fig. 7, by the solid curve together with the data.

5. Spectroscopic information of halo nuclel

The quest for the ground state configuration of the unstable nuclei around the drip lines has gained importance not only for
understanding the nuclear structure but it also provides knowledge on the change of single-particle levels far from stability. The
tools for such spectroscopic information concerning nuclear ground state configurations maybe broadly classified into three
categories. The first is the one or two nucleon transfer reaction, which have been the most reliable methods to determine the
spectroscopic factors of nuclei. However, close to drip lines, due to very low beam intensity, such reactions often become too
difficult to probe the structure. We thus, take recourse to reactions yielding larger cross sections. The second is fragmentation
or ‘knockout’ reaction. The third is magnetic moment. Let us see, in some detail, such studies.

The most commonly used tool is the fragmentation or ‘knockout’ reaction, which has a relatively large one or two neutron
(proton) removal cross sections. It has been shown [37] that the momentum distribution of projectile fragments reflects the
motion of the nucleons inside the nucleus. Thus, to have information on the orbitals of the valence neutron in a“m;@leus
one measures the longitudinal momentum distribution of the ‘core fragmten¥X y _ 1. The presence of a halo structure is
associated with the observation of a much narrower momentum distribution width compared to the Goladhaber [37] estimate
for stable nuclei. Recently, this method has been made more complete by making measurements in coincidence with the core
de-excitation gamma rays [38,39] (Fig. 8). This helps us to obtain knowledge of the fraction of core-excited component in the
ground state configuration of nucleiX .

Generally, such measurements employ the use of a magnetic spectrometer, whereby one can identify tﬁ‘e—njuxl,eusl
and determine its momentum from magnetic rigidity analysis. This technique has been used worldwide in various laboratories
such as MSU, GSI, GANIL and RIKEN. A new experimental method has recently been developed at RIKEN [40] which is
based on the derivation of momentum from a time-of-flight of the fragments, without the use of a bending magnet. A unique
and advantageous feature is its wide angular momentum acceptance, which allows measurements of a variety of fragments
simultaneously.

However, one often wonders about the distortion effects due to different reaction mechanisms from such fragmentation
studies. As an alternative, the magnetic moment is a decisive tool to determine the ground state spin. THéGigneogood
example to show the usefulness of this method [41]. Suzuki et al. [42], suggested that magnetic moments would also be very
sensitive to determine the mixing amplitude of different orbitals in the ground state.
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Fig. 8. Momentum distribution of’'C (inset) with gamma-ray coincidence with core fragm’é}ﬂ.

In the following, we discuss spectroscopic information for neutron-rich nuclei in the p-sd shell that has been derived from
the above discussed measurements. In a-oreutron model, in such regions, the ground state configuration can be expressed
as a superposition of different core excited states,zggl C; g/fé . gb,’; wherez//(’;', is the wavefucntion of the core in theth
state coupled to a neutroap;'l, in 2s1/2, 105, or other relevant orbitals. Without the knowledge of the transition densities we
approximate the excited core states to have the same density (wavefunction) as the ground state. The cogfticierttse
fractional parentage of thieth configuration with)"}"_; |C; |2 = 1. It should be noted that these values are different from the
many-body spectroscopic fact((fZSi j)- The spectroscopic factors and/or fractional parentages for the different configurations
for some p-sd shell nuclei are listed in Table 1.

The lightest element that extends into the sd-shell is BeryIIiEﬂ'Be was the first one-neutron halo nucleus, having an
abnormal ground state spin of &+, instead of 12~ . Itis thus an interesting investigation ground due to the dramatic change
of single particle levels causing a parity inversion between thg2md the 1p,, orbitals.

The recently observed magnetic moment&Be [43], strongly required a large s-wave component in the wavefunction
for its explanation. Such a parentag®) was confirmed by-1Be(p, d)lOBe transfer reaction [44,45], where only 16%ysl
component was found to be present in the ground state of this nucleus. However, this strength was found to crucially depend on
the type of model employed. A further confirmation in this respect can be found in the momentum distribution with and without
gamma rays in coincidence [46,47].

The addition of one more neutron changed the scenari"t?E)e, where, the momentum distribution from one neutron
removal [48] conclusively demonstrated a nearly equal mixing of s- and d-waves leading to an s-wave spectroscopic factors
(C2s; ;) of 0.42+ 0.06. Although, the above discussed reaction studies have not yet been extertdBe, tagain a strong
s-wave component in this nucleus was suggested by other studies [49].

The next chain of oddZ, Boron isotopes, also shows interesting systematics, with the momentum distributléB of
exhibiting a narrow width [50], showing the spectroscopic factor for the s-wave component coupled to core ground state to be
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Table 1
Spectroscopic factors and fractional parentage of halo states

Nucleus J™ ofcore E, ofcore [ S-factor (S;;)  ParentagéC;)  Ref.

11ge ot 0.0 0 074 [471
2+ 33 2 018 [47]
ot 0.0 0 066-0.79 [82]
2+ 33 2 017-0.38 [82]
ot 0.0 0 076-11 [55]
12ge 12+t 0.0 0
1/2- 0.320 2
14 3/2- 0.0 2 031 [50]
0 064 [50]
17 3/2- 0.0 0 069+ 0.20 [52]
2 0.31+0.20 [52]
15¢ ot 0.0 0 065-103 [55]
2+ 7.102 2 0104003 [55]
ot 0.0 0 083 [50]
17c ot 0.0 2 003 019+ 0.09 [39]
2+ 1.77 0 Q16 0144 0.06 [39]
2 144 038+ 0.08 [39]
2,3 4t 41 0 022 002+ 0.02 [39]
2 076 02740.05 [39]
ot 0.0 2 0035 [50]
2+ 1.77 2 14 [50]
0 016 [50]
15¢ ot 0.0 0 058 056+ 0.09 [39]
2t 1.6 2 048 [39]
2+, 3t 4.9 2 244 044+0.11 [39]

0.64. An inclusive momentum distribution measurement [51], of two neutron removal momentum distribdt{@nsefygests

an s-wave strength of 89+ 0.20 in 1/B, which is also consistent with a description of its large two-neutron removal cross
section. Less is known about the most neutron rich boron isofdBe(Son = 0.5 & 0.4 MeV). The interaction cross section
measurement [52] suggests a large root-mean-square radiuklof 8.13 fm and the possibility of a core-plus-four neutron
structure for this nucleus, similar to that¥le.

Since the early 1970s Goss et al. [53] pointed out an abnormal spjf2dfdf the ground state df°C from (d, p) reactions
and a large s-wave parentage of 80% in its ground state. Spectroscopic studies through momentum distribution measurements
[54,55] confirmed this, although the value of the spectroscopic fadﬁﬁij) was found to depend on the wave function and
potential used. Magnetic moment studies [56] are not inconsistent with the large s-wave parentage.

Reaching out to more a neutron rich domain, the ground state spin bf@heucleus was found to beg 3+ from momentum-
distribution measurements [39,57], which shows the importance of thex2ited core oftéC in 17C. This was clearly
confirmed by recent magnetic moment measurements [41] which exhibited a g-factor much smaller than the Schmidt value
foraJ” =1/2% state.

The situation is a bit more complicated with theC nucleus whose spin is yet to be ascertained by magnetic moment
measurements or some other method. Recent shell model predictions sugtsgadlind state with very closely lying/3+
and 321 excited states [58]. Momentum distribution measurements [57], however, show a moderately narrow width with an
extended tail. Analysis by a core-plus-neutron Glauber model shows that a ground sy&€ ah@ 521 give an overall better
reproduction of the shape of the momentum distribution [59], but have too small cross sections. A later measurement detecting
core de-excitation gamma rays [39] suggest that-58%6 of the configuration is associated with a ground state core coupled
to an 2g,, neutron giving ¥2* ground state. The interaction cross section [60] and Coulomb dissociation also points to a
similar conclusion, but this configuration is not suitable for explaining the wide momentum tail. The situation is thus shrouded
in controversy and no conclusion has yet been reached.

Moving to the Oxygen isotopes, an interesting anomaly appearé3@rshowing an extremely large interaction cross
section which is under predicted even with a 100% s-wave parentage [61,62] in a core-plus-neutron halo model. Therefore,
it is considered that a new type of structure has to be introduced.

As a general scenario, the spectroscopy of neutron rich nuclei has revealed that ground state configurations of the p-sd shell
nuclei show interesting deviations from a conventional shell model description as presented in Fig. 9. The lowering of the
2s)/2 orbital occurs for nuclei with small separation energy thus favoring the formation of neutron halo. But at the same time
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Fig. 9. Nuclear orbitals in p-sd shell nuclei. Horizontal arrows indicate the conventional shells and red characters shows the observed shells.

2s)/ and 1¢, orbitals become very close and thus strong mixing occurs. A decrease of s-wave strength in the ground state
configuration betweeh!Be and2Be can be attributed to an effect of neutron pairing. Thus it appears that in s-d shell nuclei
there should be a competitive process between weak binding and pairing to determine the relative contributions of the s and d
orbitals.

6. Magic numbers

As a consequence of such changes in nuclear orbitals, it is naturally expected that the nuclear shell gaps would be modified
in neutron-and proton-rich regions. The nucleon magic numbers can be identified from empirical systematics related to nuclear
binding, such as, one-nucleon separation energy and beta-deeajues along the same isospin chain, avoiding pairing
fluctuations, as discussed recently in [61,63]. A difference of two-neutron separation energies is also discussed as a possible
signature [64]. The systematics of excitation ene¢gy(2")) and B(E2) values of the even—even isotopes for neutron and
proton rich nuclei also provide a good confirmation of magicity. Furthermore, the spectroscopy of nuclei, show the presence of
intruder orbitals that signifies the breakdown of a shell closure.

The disappearance of te = 8 shell closure appeared as the first evidence in the discovery of the neutron hHlo[#].

It showed the strong influence of the;2s orbital in the supposedlyp, closed shell. Itis now established by the confirmation
of parity mixing in the ground state dflLi [65]. The extension of this breakdown continues to Be isotopes, which can be
observed clearly by the decrease in excitation energy of thstate from'%Be to12Be associated with quadrupole collectivity
and furthermore confirmed by the presence of a low lyingstate [66]. Another confirmation of this comes from knockout
studies oft2Be, which shows considerable s and d admixture in its ground state [48].

In addition to the anomaly of magnetic moment in Na isotopes [67], a large quadrupole collectivity obser%lkzlgor
confirmed breakdown oV = 20 shell closure [68,69]. Studies of beta delayed neutron emission probabilité's ¢70]
suggest the weakening of = 28 shell closure in regions beldtfCa, but it persists in Ar isotopes [71]. Breakdownot= 28
shell closure has also been discussed in mean-field studies [72] predicting shape co-existéSca far empirical systematic
studies [63] also show clear indications for disappearancé £f20, 28 magic numbers.

Several theoretical studies have also suggested strong modification of shell closures far from stability [73,74] and it was a
guestion whether shell structure may be dissolved in regions far from stability. However, recent studies of neutron separation
energies and radii of C, N, O isotopes by Ozawa et al. have shown an appearance of a new magi&vnsrhb461].
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Further confirmation of this was found from an extensive study of other relevant quantities by Kanungo et al. [63], which
also shows new regions of shell closureshat 6, 30, 32 in neutron rich nuclei. Interestinglfy= 16 also shows a magic
number behavior in neutron rich regions. Extending the same study to the proton rich part of the nuclear chart they find new
shell gaps originating at proton numhér= 16, andN = 6, 16 which are similar to the neutron rich side. This suggests a kind
of mirror symmetry for the new shell gaps at either sides of the stability line NThe32 sub-shell closure was also confirmed
recently by the observation of a decrease in excitation energy offtreta2e fromP®Cr to °8Cr [75].

The N = 16 magic number was understood to originate due to a lowering of the @ital in regions of small separation
energy [61]. The reason fa¥ = 30 andZ = 16 magicity in neutron rich nuclei is yet to be understood. Me 32 shell gap
may arise due to a lowering of the 2p orbital [63] and has also been discussed to originate from diministié¢g —v1fs/,
monopole proton—neutron interaction [75].

Recently, Otsuka et al. [76] demonstrated the importance of the spin-isospin part of the nucleon-nucleon interaction in
explaining both the disappearance of usual magic numbées 20) and the appearance of new oned’at 6, 16, 34 for beta
unstable nuclei. Whil&v = 6, 16 have been confirmed from experimental studies [61,63], the latter still remains to be confirmed.
Furthermore, this theory predicts the occurrence of similar shell closures for proton rich nuclei due to isospin symmetry which
is in consonance to the observations of Kanungo et al. [63].

An alternative mechanism is proposed in [77] which demonstrates particle-vibration coupling to cause a large energy gap
between 2§/, and 1@, states leading t&/ = 16 gap and likewise a reduced gap between the,2md 1p /» states giving rise
to shell quenching av = 8. Changes of shell closures are also discussed in [78-80]. Sub-shell cloadute4a is shown [81],
based on particle-core coupling.

Fig. 10 summarizes the changes of shell closures for light nuclei [63]. However, for light nuclei, conventional doubly magic
nuclei like 1%He, 280 are unbound. It is interesting to note that the existence of doubly Méic 1001351 may show the
persistence oV = 50, 82 shell closure there. The changes in shell closures in this area are important subjects of investigation
as they are intricately related to the understanding of the r-process nucleosynthesis.

7. Summary

We have reviewed the studies of halo and skin of the nuclei. These features provide new viewpoints of nuclear structure.
These are phenomena that occur in nuclei far from the stability line because of the smaller binding of neutrons in neutron-rich
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nuclei or of protons in neutron-deficient nuclei due to the large asymmetry of proton and neutron numbers. In contrast, protons
in neutron-rich nuclei (or neutrons in proton-rich nuclei) are much more strongly bound than those in stable nuclei. No studies
have so far been made to look for the effect of this stronger binding. It might be an interesting new direction of study in unstable
nuclei.

In the region far from the stability line, magic numbers are modified by many reasons. Classical magic numbers 8, 20, 28
have been observed to disappear in neutron-rich nuclei. Instead evidence of several new magic numbers appeér, for
16, 32, and 34. It is important to know how such a tendency would continue to heavier nuclei. In heavier nuclei, magic
numbers in neutron-rich region are not only important for understanding nuclear structure, but also important for understanding
nucleosynthesis in stars.

Studies of halo and skin have not only opened new opportunities in nuclear structure physics, but also have shown the
necessity for further development of nuclear theory that works in the whole region of nuclei. Studies of nuclei far from the
stability are thus considered to be one of the most important directions of physics in the present time.
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