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The evolution of shell structure in exotic nuclei due to the tensor in-
teraction is discussed. It will be suggested that the tensoiinteraction can
change the shell structure, for instance, by varying the sp orbit splitting
considerably as a function ofN and Z.
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1. Introduction

We shall discuss, in this talk, on the single-particle struture of exotic
nuclei, indicating that the shell structure can be varied in going from stable
to exotic nuclei and such changes can be strongly related tectain properties
of the nucleon nucleon (NN ) interaction. This paradigm, referred to as shell
evolution [1, 2], should play one of the key roles in determiimg structure of
exotic nuclei.

The nuclear shell model has been conceived by Mayer and Jensby
identifying its magic numbers and their origin [3]. The study of nuclear
structure has been advanced on the basis of the shell struatel thus proposed.
In stable nuclei, the magic numbers suggested by Mayer and dsen remain
valid, and the shell structure can be understood well in terns of the harmonic
oscillator potential with a spin-orbit splitting. Recentl y, studies on exotic
nuclei far from the -stability line have been started owing to development
of radioactive nuclear beams, as discussed extensively ihe this conference.
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If single-particle energies are calculated by the Woods San potential,
they change as the proton number Z) or the neutron number (N ) varies. In
this case, the single-particle energies are shifted baslbain parallel, keep-
ing their relative energies (or mutual di erences of the enggies) almost un-
changed. This kind of change is due to the variation of the pantial radius
depending onA(= N + Z) and/or the shift of the potential depth associated
with N=Z asymmetry. Note that, even with the Woods Saxon potential, the
relative energies can be changed near drip lines owing to wing in uences
of the centrifugal potential, but such changes are not the shject of this talk.

The shell evolution suggested in [1,2] means that, a¥ and/or Z changes,
such relative energies can vary rather signi cantly due to he NN interac-
tion, without approaching the dripline. If this energy change becomes suf-
ciently signi cant, even the shell gap can nearly disappea or a spin orbit
splitting may be reduced.

2. Proton neutron spin- ip interaction and the shell evolu tion

The shell evolution has been discussed in the-shell and sd-shell al-
ready [1]. In order to understand it, we use e ective singleparticle energies
(ESPE's) which include monopole e ects from valence nuclews [4 6]. Usu-
ally, the naive lling con guration is assumed to calculate ESPE's. If rele-
vant ESPE's change signi cantly, it is called the shell evoltion. The shell
evolution discussed so far is shown to occur due to a common of&nism re-
lated to the spin-isospin dependentN N interaction, i.e., a strong attraction
between a proton and a neutron in the spin- ip partner orbits [1]. To be
more concrete, if a proton is inj>= |+1=2 and a neutron isinj<= 1 1=2
(or vice versa), they attract each other. This means that, asthe proton j-
orbit is lled, the neutron j. orbit is lowered and its ESPE becomes smaller.

The major origin of this spin- ip isospin- ip interaction t urned out to
be the tensor interaction. We shall start to discuss it now.

3. Tensor interaction and the shell evolution

It is well-known that the one-pion exchange process produsea tensor
interaction. The tensor interaction can be written as

Vi= [s]? Y@ f(r); 1)

where 5., denotes the spin of nucleon 1 and 2[ ) means the coupling
of two operators in the brackets to an angular momentum (or rak) L, Y

implies the spherical harmonics for the relative orientaton, and the symbol
( ) means a scalar product.



Evolution of Shell and Collective Structures in Exotic Nuclé 1215

Here, f (r) is a function of the relative distance,r between the two nu-
cleons. For the one-pion exchange process, the functidr(r) has been well-
known.

We investigate how the (spherical) single-particle levelsire shifted by the
tensor interaction as other orbits are occupied. Since thessingle-particle
levels are spherical ones, the monopole component of the araction is re-
sponsible. In other words, we extract the following two-bog matrix el-
ements from a general interaction (similarly to the rst typ e of the shell
evolution [1]):

vl = 323 £ H1j2jViiajaiar |

juii2 T ' J(ZJ +1) ! (2)

where h1j,jVijjj i1 stands for the matrix element of V coupled to an
angular momentum J and an isospinT. Here, J takes only values satisfy-
ing antisymmetrization. We then construct a two-body interaction, called

Vv which is comprised of two-body matrix elements de ned by theabove
equation. Apparently, this interaction, Vj, is monopole, and it represents
the angular-averaged,i.e., monopole property of the original interaction, V,

which is the tensor interaction in the present case.

In this talk, we discuss situations shown in Fig. 1. Namely, potons are in
eitherj9 =1%4+1=20rj2 = 1° 1=2, while neutrons are in eitherj> = | +1=2
orj< =1 1=2. We further assume that proton and neutron orbits are of
opposite parities. In Fig. 1, neutrons are in the shell just dove the proton
shell. The generalization of this is straightforward, but we remain in this
situation.

proton neutron

Fig.1. Schematic picture of the monopole interaction produed by the tensor in-
teraction. The wavy lines are monopole interactions with ogposite e ects.
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With V being the tensor interaction, the following identity was found,
@Qi> +1) Vi, +(2j< +1) Vi, =0; for T=0 and 1; (3)

wherejis either j2 orj2. Note that V.50 = 3 VT3L.

This identity means that the tensor monopole interaction beween proton
j2 and neutron j> has the opposite e ect to that between protonj? and
neutron j< (see Fig. 1). The same property holds for other but similar
combinations of the orbits. For instance, in the closed (su shell picture,
the proton p,-, is empty in C isotopes, whereas fully occupied in O isotopes.
In the latter case, this tensor monopole pulls down the neuion ds-, orbit,
becoming the major reason for thes;—,-ds—, inversion between C and O, and
a ecting the stability of N =14 subshell.

Here, one needs another argument to determine the sign of the ect.
This can be given in an intuitive way. In the case that a nuclem onj is col-
liding with another on j2, due to high relative momentum, the spatial wave
function of their relative motion is narrowly distributed i n the direction of
the collision which is basically the direction of the orbitd motion. The spins
of two nucleons are parallel, giving rise toS=1 basically. Thus, the spatial
distribution is narrower in the direction perpendicular to the composite spin
S=1. From the analogy to the deuteron, the tensor force works #ractively.
The same mechanism holds for two nucleons ijx and j2. On the other
hand, the tensor produces a repulsive e ect for two nucleonin j> and j2
(or vice versa).

After this mechanism had been found, there have been many nuenical
works to assess the e ects with + or G-matrix potential. Several ex-
perimental cases have been noticed [9]. These will be pulilisd soon [11],
although some of them were presented in the talk. We also meiain that pre-
dictions can be made based upon the above mechanism [11]. Hostance,
as shown in Fig. 2 the spin-orbit splitting of the ds-, and ds-, of protons
becomes smaller fronf°Ca to “8Ca [12]. This is a combined e ect of the
attraction between proton ds-, and neutron f ;—, and the repulsion between
proton ds—, and neutron f ;—,.

Similarly, it is predicted that the Z = 28 gap of protons in the pf -shell
becomes smaller from®Ni to “8Ni, as shown in Fig. 3. This is again a
combined e ect of the attraction between proton f 5-, and neutron gg-, and
the repulsion between protonf .-, and neutron gg-.

The N = 51 isotones provide us with another example. As the proton
number increases fromZ = 40 to 50, the 1gy-, orbit is lled by protons.
These protons pull, through the tensor interaction, the nedron 1g;—, orbit,
whereas the neutronlh;;—, orbit is pushed up, as shown in Fig. 4.

It should be mentioned also that the inversion between the natron ds-,
and s;-, orbits in moving between carbon and oxygen isotopes [10] ids®
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largely related to the tensor interaction. A recent shell malel calculation
for carbon isotopes has succeeded in explaining sma@I(E2) value of 16C,
owing partly to this mechanism.
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Fig. 2. Proton single-particle energies in Ca isotopes as aufiction of the neutron
number. The values are relative to that of 1ds-,, and their changes due to the
tensor interaction are shown by solid lines, starting from eperimental ones for
40Ca. Experimental values reported in [12] are plotted by dasled lines.
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Fig. 3. Proton single-particle energies in exotic Ni isotoes as a function of the
neutron number. The single-particle energies obtained for’®Ni by the GXPF1
interaction are used forN = 40. These energies changed by the tensor interaction
are shown.
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Fig.4. Neutron single-particle energies inN = 51 isotones as a function of the
proton number, starting from experimental values at Z = 40. The energies are
shown relative to the 2ds-, level. Changes due to the tensor interaction are shown
by solid lines. Experimental excitation energies are also lptted.

4. Summary and perspectives

In summary, we discussed two mechanisms of the shell evolati. As
the second mechanism of the shell evolution, we mentioned ¢htensor in-
teraction. The tensor interaction can change crucially theshell structure
of exotic nuclei [11]. The signi cant role of the tensor interaction as rather
direct e ects of and mesons seems to be related to the Chiral Pertur-
bation idea of Weinberg [13]. Thel=N. expansion of QCD supports also
the importance of the tensor interaction [14]. Although thetensor e ect on
the mean eld was discussed, for instance, in [15] with the -function type
tensor interaction leading to a rather di erent conclusion, the niteness of
the interaction should be important.

The origin of the spin- ip isospin- ip interaction has been discussed in

terms of the interaction [1,2]. The tensor and interactions indeed
have quite similar monopole properties within one major shik However,
since the tensor interaction is much stronger than the interaction, the

major origin of the spin- ip isospin- ip monopole interact ion should be the
tensor interaction. This point has been studied quite extesively in a recent
shell model study with the GXPF1 interaction and its revision [16,17]. We
also point out that the spin- ip isospin- ip property of the interaction
is for one major shell, whereas the tensor interaction hasstdistinct property
also between two shells, as is the case in Fig. 1.
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We point out also that the tensor e ect and neutron skin e ect are
comparable.

This work has been a part of the RIKEN-CNS joint research progct
on large-scale nuclear-structure calculations. This workvas supported in
part by a Grant-in-Aid for Specially Promoted Research (13@2001) from
the MEXT.
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