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Abstract. The single-particle structure and shell gap of '°°Sn is inferred from prompt in-beam and de-
layed ~-ray spectroscopy of seniority and spin-gap isomers. Recent results in %5 Ag and ?2Cd stress the
importance of large-scale shell model calculations employing realistic interactions for the isomerism, np-nh
excitations and F2 polarisation of the '°°Sn core. The strong monopole interaction of the Al = 0 spin-flip
partners mgg/2-vg7/2 in N = 51 isotones below 1008y is echoed in the Al =1 7 f5/2-V g9 /2 Pair of nucleons,
which is decisive for the persistence of the N = 50 shell gap in "®Ni. This is corroborated by recent exper-
imental data on "®"°Ni, ®Zn. The importance of monopole driven shell evolution for the appearance of
new shell closures in neutron-rich nuclei and implications for r-process abundances near the N = 82 shell
is discussed.

PACS. 21.60.Cs Shell model — 27.30.+t 20 < A < 38 — 27.60.4+j 90 < A < 149 — 26.50.4+x Nuclear

physics aspects of novae, supernovae, and other explosive environments

1 Introduction

The evolution of shell structure towards exotic nuclei with
extreme isospin has become a major topic of experimental
and theoretical studies. Especially on the neutron-rich side
of the Segré chart, where the drip line is far beyond reach
for experiments, the understanding of the underlying shell
driving mechanism is of key importance for astrophysics
applications as, e.g., the r-process. Two scenarios with dif-
fering experimental signature have been proposed to de-
scribe the shell structure of nuclei with large N/Z ratios.
The first is based on the larger radial extension due to the
softer neutron potential. This reduces the spin-orbit (SO)
splitting, which is proportional to the potential gradient,
for nucleon orbitals probing the nuclear surface [1,2]. It
evolves smoothly with A and N/Z and only large varia-
tions of these parameters as expected towards the neutron
dripline will change the shell structure substantially. The
second scenario originates from the strong monopole shifts
of selected shell model orbits [3,4,5] and will be discussed
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in sect. 4. Experimental evidence for monopole driven shell
structure is presented in sects. 2 and 3 and generalised to
light and r-path nuclei in sect. 4.

2 The 1%0Sn region

The shell structure of '°°Sn and its striking similarity
to °°Ni one major shell below has been discussed abun-
dantly [6,7,8]. The study of seniority and spin-gap iso-
mers provides a sensitive probe of single-particle ener-
gies, residual interaction, core excitation and shell gaps
as demonstrated in recent experiments on Cd [9] and
94Ag [10]. The search for a predicted core excited spin
trap [11] at the EUROBALL IV array in Strasbourg re-
sulted in the identification of an I™ = (12%) isomer in
98Cd, the two-proton hole neighbour of 1°°Sn [9]. The in-
ferred level scheme as shown in fig. 1 solves a long-standing
puzzle about two largely deviating results for the appar-
ent I™ = (8") halflife from fusion-evaporation [12] and
fragmentation [13] experiments. While the previously non-
observed (127) isomer masks the measured (8*1) halflife in
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Table 1. Observed (EX) and shell model predicted (SM) spin-gap and seniority isomers below °°Sn from N = Z to N = 50.

Isotope E, (keV) Ir Configuration Decay Reference
94pPd 4884 14 Ly v(E2) EX; [12]
9pd 1875  21/27 wg;/‘;yg;/g By, Bpy, v(E4)  EX; [14,15]
9%pd 2531 gt Tdg,2 v(E2) EX; [16]
7040 (15T)  mgg 5v9g/5ds) v(E2) EX; [16]
9 Ag ~ 660 7+ ﬂg;/Ql/g;;’Q B, By EX/SM; [10,17,18]
~ 6600  (217) ng;/?;ug;;; 67, Brv, p, (2p)  EX/SM; [10,17,19]
PAg 2531 23/2%  mgg s v(E3) EX; [20]
4859 (37/2%)  mgq 395 v(E4) EX; [20]
96Cd ~ 5300 167 ng;/gug;ﬁz 87, By SM; [21]
’TCd ~ 2400  25/2%  mgg Svg By, Bpy SM; [21]
®Cd 2428 8t Ly v(E2) EX; [12]
6635 (12%)  mgyHvg nds ~v(E4) EX; [9]
1908n ~ 4200 6" mvgq3(ds /2, 97/2)"  V(E2) SM; [9]
104
14 mer and the E2 transition rates are excellently reproduced
T 12* by a large scale shell model (LSSM) calculation in the Og,
o T 230 (449) ns 1d, 2s model space allowing for up to 4p4h excitations of
6633 —I_ (2h the 199Sn core [9], yielding values of 6.46 (15) MeV for the
1008y shell gap and a small proton polarisation charge of
N=Z=50 shell gap 10t der < 0.2¢ (fig. 1).
61 6.46(15) MeV — A second example for the sensitivity of spin-gap iso-
mers to details of the proton-neutron (7v) interaction is
_ & E4 provided by the I™ = (217) state in **Ag featuring a de-
s gree of exotic properties as to spin, excitation energy and
= B(E2; 8"-->6) decay modes (table 1) [10,17,19], which is unprecedented
z st |en=13e 35(1e fm ep=1l1e in the Segré chart. The isomerism is not predicted in the
g 30(5) e fm pure 7v(1py/2,0g9/2) hole space below 10081 but requires
A 3 inclusion of core excitations in the gds model space. Ex-
’«% s o g @) Typ=170(*§8) ns . cellent agreement between LSSM calculations and exper-
E 6 281 —%— 6 Tip<20ms — iment is observed without any modification of the shell
SR s T @ e model input. A number of isomers with similar structure
) have been studied recently between the N = 50 and the
N = Z lines below 19°Sn, such as % Ag, I™ = (37/2%) [20],
2 1305 o e 9%Ag, I™ = (15T) [22], besides the well-known %4Pd,
I™ = 14% [23] and Pd, I™ = 21/2% [14,15]. The sta-
14 tus of observed isomers and LSSM predicted ones is sum-
marised in table 1. Note the intriguing 1°°Sn, I™ = 6+ E2
I8 isomer prediction.
It is the monopole part of the wv interaction that de-
termines the evolution of the neutron single-particle (hole)
ol oF o o e energies and the N = 50 shell gap upon filling of the
m0gg 2 orbit from the experimentally known Z = 40 re-
ESM " cd,, GDS gion towards Z = 50. This provides the key input for

Fig. 1. %Cd level scheme in comparison to empirical (ESM)
and large-scale shell model (GDS) results.

the fusion-evaporation reaction, it is virtually not popu-
lated at all in fragmentation of a °°Cd beam [13]. The de-
cay pattern exhibits a striking analogy to °*Fe, two proton
holes from °°Ni [6]. The level scheme, the core excited iso-

the shell model and is further demonstrated in fig. 2. The
monopole for a specific multiplet (4, ;') is defined by

= @I+ DT VI Y @ +1) (1)
J J

which gives rise to the single-particle energy evolution be-
tween two shell closures C'S and C'S’ [6]

€9 =05+ (25" +1 -85V (2)

J
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Fig. 2. Evolution of single neutron particle (hole) energies
from Z = 38,40 to Z = 50. Measured and extrapolated values
are indicated by filled and open symbols.

This simple formula can be used to calculate the single-
particle energies for 1°°Sn from the experimentally known
ones in °Zr or 88Sr as shown in fig. 2 for neutrons and
a given residual interaction [24]. It should be noted that
eq. (2) holds only for closed j’ shells, i.e. in the example
of fig. 2 for the points, in between due to configuration
mixing the trend may deviate from the lines drawn to
guide the eye. The exact progression can be inferred from
a full shell model calculation (see fig. 2 in [11] for the same
model space but a modified interaction [25]). In fig. 2 the
spin-flip pairs m0ggy/2-0g7/2, which are spin-orbit part-
ners (Al = 0), and 70gg,9-v1dg/s (Al = 2) exhibit much
steeper slopes, i.e. comparatively larger monopoles. This
is a very general feature of the v interaction which is es-
pecially strong when the corresponding radial wave func-
tions have good overlap [5,6] (see sects. 3 and 4). We also
note that the evolution of neutron single-particle energies
from °Zr (Z = 40) to '%°Sn (Z = 50) and single-hole
energies from 132Sn to 122Zr is described by the same in-
teraction only slightly modified due to the different core
mass (see sect. 4).

3 Towards "8Ni

On the neutron-rich side of the valley of stability "®Ni,
the doubly magic N = 50 isotone of 1°°Sn, has been sub-
ject of numerous experimental studies with respect of the
persistence of the N = 50 shell and its relevance for the
astrophysics r-path. Early 5-decay results seem to indicate
a substantial shell quenching [26], while in-beam experi-
ments on N ~ 50 Ge-Se isotopes [27] and isomer studies
following fragmentation [28,29,30,31] give evidence for the
persistence of the N = 50 shell. In §-decay of odd-mass Ni
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Fig. 3. Evolution of the Z = 28 (upper panel) and N = 50
(lower panel) shell gaps towards "®Ni. For symbols see fig. 2.

isotopes a strong monopole shift of the 705/, level in Cu
isotopes upon filling of the v0gg /5 shell beyond N = 40
was observed [5,6,32]. This is decisive for both the Z = 28
and N = 50 shell gaps in "®Ni which are determined by
the interaction of the spin-flip Al =1 70f5,5-10g9 /2 pair
of nucleons. In Ni isotopes (Z = 28) beyond N = 40 by
filling of the v0gg/o shell the m0f5/o orbit is bound more
strongly than the adjacent 7lps/o and w0f7/o and even-
tually crosses the 7mlps/; to enter the shell gap. Along
N = 50 the removal of 70f5/, protons will release the
v0gy /2 stronger than v1ds,, which will reduce the gap. In
fig. 3 (lower panel) the extrapolation of the shell gap along
the N = 50 line from '°°Sn to "®Ni for successive removal
of the 7w0gg /2, m1p1 /2, Tlp3 2 and w0 f5 /o protons is shown
for different experimentally known starting points at Z =
50,40, 38, 32. Monopoles inferred from a realistic 1p, 0f, Og
interaction [24] were used for ©0gg /2, whereas the unknown
monopoles involving the v1ds,, were taken from a 1d, Og,

1f interaction above 132Sn after A~'/3 mass scaling. The
experimental gaps at Z = 50,40, 38 are well reproduced,
and the N = 50 gap at Z = 28 is extrapolated to be
~ 3.5MeV, which is reduced by ~ 3.0MeV from '%°Sn
(see sect. 2) but still maintains a shell closure. Between
the proton subshells the experimental gaps are smaller due
to core excitations and configuration mixing as discussed
in sect. 2. The shell gap is defined as the energy difference
between the highest hole (v0gg/2) and the lowest particle
(v1ds)3) levels. In the upper panel the evolution of the
proton gap between 70 f7 /o and 70 f5/2 (dashed line), and
m1ps /2, respectively, is shown, and this latter is the lowest-
lying particle orbit at N = 40. Therefore, the effect is not
as dramatic as along N = 50. From N = 40 to N = 50 the
gap is reduced by ~ 1 MeV to ~ 5MeV, i.e. in conclusion
the "®Ni shell closure is preserved in agreement with exper-
imental evidence on the persistence of u()gg /2 seniority iso-

merism from N = 42 ("ONi) to N = 48 ("®Zn, "°Ni) [28,29,
30,31] and the N = 50 shell strength in Ge isotopes [27].
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Fig. 4. Schematic chart of known and expected new shell structure in N > Z nuclei. The insert illustrates the scenario when
moving from N ~ Z closed shells (C'S) along isotonic chains to neutron-rich nuclei. Standard (C'S) and new closed shell (C'S”)
nuclei are indicated as full and hatched squares. Open squares mark deformed shell quenched nuclei.

The inferred "®Ni shell gaps along with the recently de-
termined empirical T' = 1 interaction and single-particle
(hole) energies for the N = 50 isotones and Ni isotopes [33]
provide a bench mark for tuning the monopole interac-
tion in the *8Ca to "®Ni model space. The puzzling dis-
appearance of the I™ = 8T isomers in the midshell nu-
clei 7 74Ni [34], which is intimately connected to the low
I™ = 27 excitation energies [6,11], is nicely reproduced by
the new T' = 1 empirical interaction for Z = 28 [33].

4 Shell structure towards N > Z

Strong monopole drifts have been experimentally observed
all over the Segré chart, the most prominent being the
Al = 0 spin-orbit 7v pairs Op3/2-0p1 /2, 0ds /2-0d3 /2, 0 f7/2-
0f5/2, 099/2-0g7/2 and the Al = 1 spin-flip pairs Opy/o-
0d5/2) 0d3/2-0f7/27 0f5/2-099/27 O97/2-0h11/2~ They are
summarised in recent reviews [3,5,6,35] and can be traced

back to the o7 and tensor parts of the NN interaction [3,4].
Recently, based on sound evidence from spectroscopic fac-
tors the m0g7/2-v0hy; /o drift was confirmed, and for the
first time a high-spin Al = 2 case 70g7/2-v0i13/2 Was es-
tablished [36]. This translates into the following criteria
for strong monopoles: i) the interacting nucleons are spin-
flip partners with ii) Al = 0,1,2 and iii) should have the
same number of nodes in their radial wave functions to
optimize the overlap. These features are also borne out
in realistic interactions as derived from effective NN po-
tentials fitted to scattering data via standard many-body
techniques [24] as shown in fig. 17 of [6]. They suffer, how-
ever, from the fact that due to the neglect of three-body
effects the monopole part is not determined well and has to
be tuned to experimental shell evolution, which hampers
their predictive power. The dramatic impact of monopole
drifts and the sensitivity to subtle details of the interac-
tion is due to the factor (25’ + 1) in eq. (2) which is large
in filling (emptying) a high-spin orbital j' and translates
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monopole corrections of about 100keV into MeV. In the
following the shell driving by monopole interaction will
be discussed for light nuclei (sect. 4.1) and r-path nuclei
below 132Sn (sect. 4.2) in a qualitative way.

4.1 New (sub)shells at N = 6,14/16,32/34

Based on the above-mentioned criteria the monopole
driven shell structure scenario evolves as sketched in the
insert of fig. 4. Starting from an N = Z harmonic-
oscillator (HO) closed shell nucleus as, e.g., 1°O or 4°Ca
progression along an isotonic chain of semimagic nuclei
towards N > Z results in:

— Removing protons from a filled (7n,l,j« =1 —1/2)
orbit, as, e.g., 0p1 /2, 0ds/2, in a closed shell (C'S) will
shift the neutron (vn,l + 1,j> = | + 3/2) orbit, as,
e.g., 0ds /2, 0f7/2, upward as its binding is weakened
relative to the neighbouring orbits as a consequence of
the tensor force. This is due to the Al = 1 monopole
created by the tensor force [4], which stabilises the shell
as, e.g., in 14C, 363, 34Si and may rearrange the orbitals
beyond the closed shell (C'S) as observed, e.g., in *°C.

— On further removal of protons from the next lower-
lylng orbit (Trn7laj> =1+ 1/2)5 €.g. Op3/2a 0d5/27 its
spin-orbit neutron partner j. (Al = 0) will be released
in a dramatic way due to the o7 force to create a new
shell C'S".

In summary a HO shell with magic number N,,, = 8, 20,40
changes to N, —2- N = 6,16(14), 34(32) where N is the
HO major quantum number. The new magic nuclei are
shown as hatched squares in fig. 4. The two-fold closures
for N > 1 are due to the presence of j = 1/2 orbits as
1519 or 1p; o and the strongly binding T = 1,52, J =0
two-body matrix-element, which in this case is identical to
the monopole. As a consequence according to eq. (2) after
filling of the j = 1/2 orbit its binding is increased opening
another gap. The effect was nicely demonstrated recently
for N = 32,34 [4,37]. Experimentally it is well established
since long for the pairs of nuclei *S-?4Si (151 /5) and %°Zr-
88y (1p1/2). When further proceeding beyond the point of
shell change the previously semi-magic nuclei will develop
deformation due to ph excitation across the quenched shell
gap as indicated by white squares in fig. 4.

Monopole driven shell structure is characterised by the
following signature, which substantially deviates from the
mechanisms described in the introduction (sect. 1):

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

— the change is rapid with subshell occupation, and
highly localized;

— the scenario is symmetric in isospin projection T;

— upon removal of protons the apparent SO splitting be-
tween the neutron I, j. and js SO partners (Al = 0)
due to the o7 interaction is increased, as, e.g., v0g7/2-
0gy/2 upon filling of the 70gg,5 shell (see long-dashed
lines in figs. 2, 5);

— contrary in the adjacent HO shell N + 1 the SO split-
ting between the [, j= and j. is decreased due to the
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Fig. 5. Evolution of the N = 82 shell gap below '*2Sn. For
symbols see fig. 2.

tensor force interaction with the Al = 1 partner, e.g.
70 f5/2-0f7/2 splitting increases when filling the v0gg /2
orbit (see dashed line in the upper panel of fig. 3).

Further verification is reviewed in refs. [3,5,6,37]. Pre-
dictions of this scenario comprise the N = 32,34 closures
in Ca isotopes, where first evidence has been presented [38,
39,40], the closure at N = 14, 16 in 34:36Ca probing isospin
symmetry, and the strongly deformed 22Ca, mirror to
32Mg, %Fe [41], 6"Fe [42] and ®4Cr, the N = 40 analogues
to N = 20 32Mg.

4.2 Implication for structure at the r-path

The success of the concept of monopole driven shell struc-
ture especially for the partially quenched N = 50 shell
at "®Ni, raises the question whether this could provide a
possible scenario to understand the r-path abundance de-
ficiency trough below the A ~ 130 peak in astrophysical
network calculations [43]. Quenching of the N = 82 shell
due to a softening of the neutron potential as described
in the introduction [2] has been invoked to explain this
abundance deficiency [43] and experimental evidence for
a reduced shell gap for N = 82, Z < 50 has been pre-
sented [44,45]. While the nuclear structure origin of the
astrophysics problem is still controversial, it might be ap-
propriate to also look into alternative structure scenarios.
In essence a reduced N = 82 shell gap causes increased ex-
citation of neutrons into orbitals beyond N = 82 leading
eventually to deformation. As a consequence the (-decay
halflives at the previous waiting points become shorter due
to larger ()g values while they are increased for smaller
neutron numbers due to the delayed filling of the v0g7 /o
subshell which is the key orbital for the v0g7,5 — 10gg /2
allowed Gamow-Teller (GT) transition.
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The relevant r-path nuclei are found below 32Sn at
Z < 50 with the single neutron states playing the key role.
In fig. 5 the evolution of neutron single-particle (hole) en-
ergies around the N = 82 shell gap from 32Sn towards
1227r is shown, where the 710gqy /2 orbit should be emptied.
Starting points are the experimental values adopted for
132Gn [8,6]. The slopes of the neutron hole states are gov-
erned by the same m0gg/o-vj interaction [24] as for the
neutron particles along N = 50 as shown in fig. 2 ex-
cept for a renormalisation due to the different shell model
core, which in the simplest case is an A~'/3 scaling (see
sect. 2). The 70gg/9-1 f7/2 monopole was scaled up from
the m0hy1/9-v1gg/2 interaction at 208ph [46]. Apparently
the shell gap remains unchanged on the way from 32Sn
to 122Zr. According to the caveat discussed in connection
with eq. (2) and the N = 50 shell gap extrapolation in
fig. 3 this does not exclude a shell gap reduction due to
cross shell excitations when moving away from a doubly
magic nucleus along a semi-magic chain of nuclei. Note
that from 1°°Sn to *Ru this amounts to a ~ 2 MeV reduc-
tion (fig. 3) without invoking any additional quenching.
The steep upsloping of the v0gy7/, level from the deepest
in the shell at Z = 50 to the Fermi surface at Z = 40,
however, provides an alternative scenario to explain the
same physics as the invoked shell quenching [43]. The al-
lowed GT transition is delayed as the v0gz /o starts to be
filled only about 12 nucleons below N = 82 thus increas-
ing B-decay halflives in the region A < 130. On the other
hand a filled v0g7/5 orbit at N ~ 82 at the Fermi sur-
face causes large effective () values, which decreases the
halflives in this region. As a consequence the abundance
peak intensities will be shifted to lighter masses.

It should be recalled with respect to the caveat ex-
pressed in sect. 2 that this is a qualitative estimate, which
hinges on the applicability of eq. (2) and the persistence
of a Z = 40 subshell in '22Zr. It therefore awaits cor-
roboration by a full shell model calculation employing a
monopole tuned realistic interaction, which can be done
in less remote nuclei as, e.g., °°Zr, 1°°Sn and '32Sn in this
case.

5 Summary and conclusions

It has been shown that isomer decay spectroscopy close
to magic nuclei provides a very sensitive probe of residual
interactions and single-particle energies employed in shell
model calculations. An indispensable prerequisite for
sound predictions are readily available large-scale shell
model codes along with realistic interactions that in their
monopole part are well adjusted to experimental single-
particle energies. This does not hamper the predictive
power of shell model calculations as the tuning can be
done in regions accessible to detailed spectroscopy (see
sects. 3 and 4.2). Monopole driven shell evolution can
account for many aspects of structural changes on the
pathway from proton-rich N ~ Z nuclei (1°°Sn) to the
neutron-rich N > Z ("®Ni) region. The concept has been

The European Physical Journal A

shown to account for the new shell closures established in
light nuclei and may provide an alternative access to the
structure of r-path nuclei.
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