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The origin of new shell structure observed in neutron-rich light nuclei
and implications for medium-heavy nuclei are discussed in terms of the
monopole part of the in-medium NN interaction. The evolution of the
harmonic oscillator (HO) closed shells N = 8, 20, 40 via shell gap quenching
towards N,, — 2N, with N numbering HO quanta, is compared to recent
experimental data. The locality of the monopole driven shell change and
the fading of its shell quenching power beyond N = 50 is discussed.

PACS numbers: 21.60.Cs, 21.10.Dr, 27.20.+n, 27.30.+t

1. Introduction

The change of shell structure in neutron-rich nuclei has been subject of
numerous theoretical studies [1-4]. With the advent of modern in-flight and
ISOL based spectrometers experiments, employing fragmentation and fission
of relativistic heavy-ion beams and spallation reactions, provided evidence
for shell quenching and evolution of new shells [5-10]. Based on predictions
for extreme N/Z ratios [1] shell quenching and reordering are explained by
the softening of the nuclear potential in neutron-excessive nuclei. As a conse-
quence high—I orbitals are pushed upward and the spin—orbit (SO) splitting,
being proportional to the radial derivative of the potential, is reduced. This
leads to a transition from a SO determined shell gap (N = 50,82,126) to
shell gaps of the harmonic oscillator (HO) type (N = 40,70,112) [11]. The
scenario is characterised by the sequential shell quenching and reordering, a
transition SO to HO gap, smooth evolution with N/Z and reduced SO split-
ting. None of these signatures applies to the new shell structure observed in
light and medium-heavy nuclei. Therefore, an alternative approach will be
outlined in the Sec. 2 and compared to experimental evidence in Sec. 3.
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2. Monopole driven shell structure

The propagation of single particle energies with increasing occupation of
a major shell is governed by the monopole part of the residual interaction [12]
as defined by
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It has been pointed out that the (o - o)(7 - 7) part of the in-medium NN
interaction provides the schematic explanation for the enhancement of V™
for proton—neutron (nv) pairs of a factor of 2 relative to T' = 1 pairs and
another approximate factor of 2 for spin—orbit partners in the long-range
limit [13]. A closer inspection of experimental data in the N = 29 [14]
(Fig. 1(a)), N = 51 [15] isotones, the Z = 29 [16] (Fig. 1(b)) and Z = 51 [17]
isotopes, and of realistic interactions derived from effective NN potentials
by a G-matrix calculation with core polarisation corrections and fitted to
experimental data as summarised in Table I [18-21] reveals V™ to be strong
in v pairs with total spin S = 0 and preferably identical number of nodes
in their radial wave functions. In fact the selected examples yield the
approximate factor of 2 between S = 0 and S = 1 configurations. Based
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Fig. 1. Monopole migration of neutron single particle states in (a) N = 29 isotones
(**Ca to "Ni) in comparison to shell model results (full line) with the FPD6
interaction [18] and (b) in Z = 29 (Cu) isotopes compared to shell model results
for the S3V interaction [20] (full line) and scaled to A = 68 (dashed), respectively.
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TABLE I
Monopole strength V™ for multiplets (jj’) in S = 0 and S = 1 configurations and
relative monopole shift A of orbitals (j1,72’) when filling a full j shell.

Multiplet vm A(j1,7%) Interaction
Js 719 (MeV) (MeV) Ref.

7Tf7/27/p3/2 —0.513

7Tf7 2UP3 /9 —0.536

Vgg/2mp3/2  —0.503

ng/gljd5/2 —0.370

on this criterion, and considering S = 0 pairs to be dominant, the following
shell changing scenario emerges when moving from a N = Z doubly magic
nucleus as e.g. 10, 4°Ca along an isotonic chain to N > Z (see insert in
Fig. 2):

1. Removing protons from a filled (n,l,j< =1 —1/2) orbit, as e.g. Op; /2,
0Od3 /9, in a closed shell (CS) will shift the (n,l+1,j5 = [+ 3/2) orbit,
as e.g. 0ds 9, 0f7/2, upward as its binding is weakened relative to the
neighbouring orbits, thus swapping positions among them.

2. On removal of further protons from the next lower lying orbit (n, [, j~ =
[+1/2), e.g. Op3/a, 0ds /9, its spin—orbit neutron partner will be released
in a dramatic way to create a new shell CS’ (insert Fig. 2).

The effect can be summarised as a change of a HO shell closure with
magic number N, = 8,20,40 to N, — 2 x N = 6,16(14), 34(32), with N
counting the HO quanta. The ambiguity for N > 1 is due to the presence of
j = 1/2 orbits as e.g. 81/2 OT p1/2, which strongly mix by pair scattering with
the neighbouring higher-spin orbitals (see Secs. 3.1 and 3.2). The scenario is
characterised by the following signature, which substantially deviates from
the mechanism described in Sec. 1 :

e a HO (Is-closed) shell changes to a SO (jj-closed) shell;

e the change is rapid with subshell occupation, and highly localised;
e the apparent SO splitting is increased.

The according shell structure change is shown in the chart of Fig. 2.
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Fig.2. Schematic chart of known and expected new shell structure in N > Z
nuclei. The insert illustrates the scenario when moving from N ~ Z to N > Z.

3. Experimental evidence for new shells

The scenario described in Sec. 2 accounts in a straightforward way for
the recently established new shell effects in light and medium-heavy nuclei,
which will be reviewed in the following. Besides single particle states, two-
nucleon separation energies S, and Sy, and their differences do,, resp. dop,
excitation energies Fyt of I™ = 2% states and B(E2;27 — 07) will be used
as signatures for shell structure [22].

3.1. The N = 8 shell evolution below Z = 8

In Fig. 3 the evolution of the N = 8 shell gap is illustrated. Removal
of the mpy/ protons from the doubly magic 160 releases the vdj /2,8 =10
partner neutron and hence the I™ = 5/2% and 1/2" levels swap positions
from 170 to 'C (Fig. 3). The neutron shell gap is preserved in *C as
documented by the large Ey+ (Fig. 4(a)), which is only marginally smaller
than in 0. This demonstrates the aforementioned ambiguity of shell sig-
nature for nuclei separated by a j = 1/2 subshell (see also Sec. 3.2). The
dramatic decrease of Fo+ observed for 12Be (Fig. 4a) indicates that the re-
moval of the first pair of 7p3 /o protons causes an upward shift of the vp; /o
spin-flip partner level, thus closing the N = 8 gap while opening a N = 6
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gap. This is impressively corroborated by the 'Be level scheme shown in
Fig. 3 and the inversion of the I"™=1/2" and 1/2 levels. For 8He an esti-
mate for the N = 6 shell gap can be inferred from the measured [23] energy
difference of the I™=3/2; up§/2 hole and the I™=1/2"; up§/2p1/2 particle
states. Using the two-body matrix elements (TBME) from Ref. [24] a shell
gap €(p1/2) — €(p3j2)= 4.25 MeV is calculated. We mention in passing that
the N = 6 shell stabilisation makes ?Li a good core for ''Li halo calculations.
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Fig. 3. Shell change N = 8 to 6.

3.2. The evolution of the N = 20,28 shells below Z = 20

As described in part (1) of the scenario and corresponding to N = 8 the
removal of mdz/; protons from 40Ca stabilises the N = 20 shell gap as the
S = 0 partner orbital v 7y is shifted upward. Consequently, and known
since long, %0S and 3%Si, again separated by a j = 1/2(sy/) orbit, show
doubly magic features (Fig. 4(b)). It would be an experimental challenge to
prove the present scenario in the mirror nuclei 3*26Ca, which should exhibit
identical shell signature. The upward shift of the v f7/, orbital with removal
of mds3/, protons, on the other hand, quenches the N = 28 gap below 48(Ca,
as exhibited in enhanced B(E2;0" — 2%) values measured in Coulomb
excitation and the absence of shell closure features in S [6].
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Fig. 4. Shell signatures d,,, /5, B(E2;2%7 — 07) and E,+ for shell change between
N =8 and 20 along (a) Z = 8 (O) isotopes (full line) and N = 8 isotones (dashed)
and (b) N = 20 isotones (dashed) and Z = 20 (Ca) isotopes (full line).

Following part (2) of the scenario further removal of wd; /5 protons in N =
20 isotones will shift the vds/, orbital into the shell gap, and, aided by 2p2h
excitations, drives *?Mg to deformation [5]. The evolution of the N = 16 (14)
shell below the vds/ orbital is complete in the oxygen isotopes, where 22,240y
exhibit large Fo+, small B(E2) and a rise in 09y, (Fig. 4(a)). In a recent shell
model study this was reproduced quantitatively, on the expense, however, of
an ad hoc correction of the realistic interaction employed [13]. The locality
of the change in shell structure discussed in the present scenario was proven
in a recent experiment showing a decrease in Ey+ from 220 (3.20 MeV) to
20C (1.56 MeV) [25]. As stated in Sec. 3.1 this is due to the mp; /5 removal,
which shifts the vds/, level into the N = 16(14) gap.

3.3. The evolution of the N = 40,50 shells

The HO closed shell N = 40 in %Ni is weak and isolated and looses its
strength already at two particles/holes distance [22,26]. Excitation energy
FEy+ and B(E2;0" — 27) exhibit shell closure [27], while dy, does not
show any effect [22,26]. Removing 7 f;/o protons from %8Ni prompts the
v f5/2 orbit to move into the (small) N = 40 shell gap, so that *Fe shows
features of deformation [28]. This was proven recently by assigning the
Nilsson configuration 5/2%[422] to the ground state of 5"Fe [29]. Correlated
to this upward shift of the vf5/, orbit a N = 34 gap opens above the
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vp3/2,P1/2 levels as also exhibited by the N = 29 single particle states at
7 =20 (Fig. 1(a)). The presence of the p; 5 orbit introduces the N = 34(32)
ambiguity. Experimentally a large Ey+ is observed in ®2Ca [10] and shell gaps
are established in the yrast spectrum of the >2°4Ti isotopes [30].

The persistence of the N = 50 shell gap at "®Ni is discussed since long
[1,22]. As the last measured value is known for Se (Z = 34), removal of the
last 7 f5 /5 protons in the light of monopole driven shell structure is essential,
as the 7 f5/9v/g9/2 monopole is known to be strong [16] which is reproduced
by realistic interactions (Fig. 1(b), Table I). Starting from #!Se for N = 50
and %8Ni for Z = 28 the "®Ni shell gaps can be estimated as summarised in
Table II. The gaps are determined by V™ in the configurations 7 f5/2199/2
and 7 fs/ovds/o for N = 50 and 7 f5/0vg9/0 and 7 f7/9vgg/s for Z = 28,
respectively. Assuming the empirical factor of 2 between S =0 and S =1
monopoles (Table I), the relative monopole shift of two orbitals j1,75 as
given by

Al gb) = (VI = V) (2] +1)

with (j,75)=(vg9/2, vdsj2) and (7 fs/2, 7 f7/2) and j = 7 f5/2 and vgg)s, re-
spectively, can be estimated. The results listed in Table II for various inter-
actions yield a substantially reduced but still appreciable N = 50 gap, while
the Z = 28 gap is well preserved. It should be noted, that these estimates
do not include cross-shell interactions and mutual enhancement of proton
and neutron shell and therefore represent lower limits only. Therefore it
is expected that the I™ = 81 isomerism observed at the beginning of the
vggo shell in ™Ni [31] and in "®Zn [32] is preserved for "®Ni. In a recent
experiment evidence for the latter has been found [33].

TABLE 11

N =50 and Z = 28 shell gap extrapolation to "®Ni.

Z—-28 N=30 N—-40 Z =28 Ref.

occ. shell gap occ. shell gap
7Tf5/2 (MGV) I/gg/g (MQV)
6 4.13(4) 0 5.91(26) ®Se/%Ni
0 2.08 10 4.46 A =68 [20]
2.60 4.39 A =100 [20]

2.56 3.58 exp. fit
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4. Conclusions

It has been demonstrated that monopole migration can account qualita-
tively for new shell structure and its signatures in neutron-rich nuclei up to
N = 50, while beyond its strength due to the A1/3 scaling has little impact
on shell structure. It is worth noting that neither large scale shell model
nor mean field calculations have predicted this change in shell structure.
For realistic interactions used in large scale shell model calculations it is
known that they account poorly for the monopole strength and need ad hoc
corrections to reproduce the propagation of single particle energies [12,13].
Moreover, to account for a change in HO shell structure realistic interactions
consistent in two adjacent HO major shells have to be derived. For mean
field interactions it has been argued recently that they may fail to account
for the (o - o)(7 - 7) part of the NN interaction [13].
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