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A low-lying state in '3'Ing,, the one-proton hole nucleus with respect to double magic '*2Sn, was
observed by its y decay to the I” = 1/2~ f-emitting isomer. We identify the new state at an excitation
energy of E, = 1353 keV, which was populated both in the  decay of 13! Cdg; and after f-delayed neutron
emission from '*>Cdg,, as the previously unknown zp; ), single-hole state with respect to the '¥2Sn core.
Exploiting this crucial new experimental information, shell-model calculations were performed to study the
structure of experimentally inaccessible N = 82 isotones below !32Sn. The results evidence a surprising
absence of proton subshell closures along the chain of N = 82 isotones. The consequences of this finding
for the evolution of the N = 82 shell gap along the r-process path are discussed.
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The shell structure of the atomic nucleus is one of the
crucial ingredients in understanding the stability of this
mesoscopic system. It has been well understood since the
pioneering work of Goeppert-Mayer, and Haxel, Jensen,
and Suess, who realized that the experimental evidence for
nuclear magic numbers could be explained by assuming a
strong spin-orbit interaction, which generates large shell
and subshell gaps [1,2]. However, it has been recognized
for more than 20 years now that the single-particle ordering
which underlies nuclear shell structure changes in regions
far off the valley of stability, where nuclei have a large
excess of neutrons (or a large N/Z ratio). The under-
standing of this shell evolution is one of the key topics in
current nuclear structure research.

The region around '32Sn, a particle-bound spherical
nucleus, is of particular importance in this respect since
it is the only region around a heavy, neutron-rich doubly
closed shell nucleus far off stability (eight neutrons relative
to the last stable isotope '>*Sn) for which spectroscopic
information can be obtained. '*?Sn and its nearest Sn and
5;5b neighbors have been studied in detail in the past [3-5]
and consequently almost all the neutron single-particle and
hole states as well as the proton single-particle states with
respect to '32Sn are firmly established. Below '32Sn,
however, experimental information is scarce: along the
N = 82 chain of isotones, masses are known only for '3'In
and 13°Cd [6] while S-decay half-lives are measured down
to '2Ag [7]. Energies of excited states are available for
Bl1y, 130Cq, and '?8Pd [8-10]. While there is consensus
about the magic nature of '*2Sn, even further from stability,
below '32Sn, a weakening of magicity, and in particular a
reduction of the N = 82 gap, was predicted long ago [11].
Clear experimental evidence for such a “quenching” of the
N = 82 gap is however still lacking [8-10,12].

Besides the nuclear structure aspect, the lack of exper-
imental information for lighter isotopes along the N = 82
line is also regrettable with respect to nuclear astrophysics.
These nuclei play a key role in the dynamics (e.g., time
scale and neutron density) of the rapid neutron-capture
process of nucleosynthesis, the so-called r-process, since
they act as a bottleneck for the reaction flow. The unknown
evolution of the shell structure in this region is one of the
main sources of nuclear physics uncertainty in r-process
calculations. Theoretical models have to be relied upon
whose predictions for regions far off stability diverge
significantly. Since the nuclear physics uncertainties can
have as much influence on the r-process abundances as the
astrophysical environment, they currently prevent a reliable
extraction of site-specific signatures from observational
data [13].

To amend this unsatisfactory situation we present in this
work the experimental determination of the energy of the
7p3)» single-hole state in '*2Sn. Then, exploiting this new
information, we study for the first time the spectroscopic
properties of the experimentally inaccessible N = 82

isotones on the r-process path below '32Sn using the
nuclear shell model (SM). These properties depend on
the same sequence of proton single-particle orbitals (SPOs)
as that of the N = 50 isotones below '°°Sn, one major
neutron shell below. The relevant proton SPOs being filled
between ,gNi and 5,Sn are 0f5/5, 1p3/2, 1p1/2, and 0gy 5.
In the '°°Sn region [14,15], extrapolated gaps of significant
size between the 1p3/, and 1p;/, (1.28 MeV) and the 1p, ,
and 0gg/» (0.65MeV) SPOs lead to proton subshell
closures at Z =38 and 40. As a result the stable
N = 50 isotones ¥Sr and *°Zr show typical signatures
of closed-shell nuclei, such as high excitation energies of
the first excited 27 states, E(2"), and maxima of the two-
proton gap, A,, [defined here as A,, = M(Z +2,N)+
M(Z—2,N) —2M(Z,N), where M(Z, N) is the mass of a
nucleus with Z protons and N neutrons] as illustrated in
Figs. 1(a) and 1(b) (filled black boxes). For this region
systematic shell-model calculations have been performed in
the past [14-16] which successfully describe the vast
amount of available experimental data, including the
properties of the N =50 isotones below '®Sn [blue
asterisks in Figs. 1(a) and 1(b)].
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FIG. 1 (color online). (a) Experimental energies of the first
excited 2% states, E(2") and (b) proton gaps, A,,, in even
N = 50 isotones (filled black boxes) compared to the results of
the shell-model calculations of Ref. [15] (blue asterisks). The
results of new SM calculations (present work), using realistic
interactions derived in the same way as the ones used in the
calculations for the N = 82 isotones, are shown as filled red
circles. (c) Energies of the first excited 27 states, E(27), and (d)
proton gaps, A,,, for the N = 82 isotones as calculated in the
present work (filled red circles). The experimental 2" energies in
130Cd and '*8Pd (filled black boxes) are included for comparison
[9,10]. The black lines (solid, dashed, and dotted) represent the
results of SM calculations assuming an increase of the 1p
splitting by 0.5, 1.0, and 1.5 MeV, respectively.
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In the '#2Sn region, only the position of the proton 1p
SPO relative to the Ogg/, SPO, ie., the Z =40 gap, is
known [4] from the excitation energy of a f-decaying
(1/27) isomer in "'In (T,/, = 350(50) ms). A more
precise value of this energy has been obtained recently
from mass measurements [17] indicating a gap of only 365
(8) keV, corresponding to a reduction of nearly 300 keV as
compared to the same gap at N = 50. The positions of the
1p3/, and Ofs;, SPOs are unknown. While the deeply
bound 0f'5/, orbital is not expected to play a major role in
the description of the N = 82 isotones down to ,,Zr and
3857, the position of the 1p3,, SPO relative to its spin-orbit
partner orbital 1p;, is crucial. This spin-orbit splitting
determines whether a proton subshell closure exists in the
major Z = 28-50 shell at N = 82. Its experimental deter-
mination is therefore of the utmost importance.

The decay of the second excited state in '3!In, populated
in the radioactive decay of '*'Cd and '3?>Cd, has been
observed in an experiment performed at the Radioactive
Isotope Beam Factory at RIKEN in the framework of the
EURICA project [18,19]. A 23U beam with a kinetic
energy of 345 MeV/u and an average intensity of 8-10
pnA was directed onto a Be target placed in front of the
BigRIPS separator [20]. The neutron-rich Cd isotopes were
produced by projectile fission, identified event by event by
the BigRIPS separator and finally implanted into the
WAS3ABI array, a stack of highly segmented silicon strip
detectors. The y-rays emitted after the decay of the radio-
active nuclei were detected by the EURICA array. EURICA
comprises 84 germanium detectors arranged in a close
geometry around the Si detectors assuring a high y-ray
detection efficiency. Figure 2 shows the y-ray spectra
observed in prompt coincidence with the first decay event
detected within one mm in each of the three dimensions
from the implantation position of a '*!Cd (respectively,
132Cd) ion in WAS3ABi. The time window between the
implantation and the decay was limited to 210 ms for '3!Cd
and 300 ms for '32Cd, corresponding to roughly three times
their respective half-lives [T’ , = 68(3) ms for '*'Cd and
T1/, =97(10) ms for '*2Cd [21]]. The decay y-ray spec-
trum of '32Cd contains only one line at an energy of
988 keV. The same line is also visible in the decay spectrum
of B!Cd, in which several additional high-energy transi-
tions in the ranges 3—4 and 5-6 MeV are observed [22]. In
131n, the lowest core-excited three-quasiparticle states are
known to have excitation energies larger than 3.5 MeV [8].
Below this energy at most two additional states are
expected besides the known (9/2%) ground state and the
p-decaying (1/27) isomer, namely the 3/2~ and 5/2~
proton single-hole states. We therefore assign the 988 keV
y-ray as decaying from the second excited state in '3'In at
an excitation energy of 1353 keV, with a spin of either 3/2~
or 5/27, to the first excited (1/27) level at 365(8) keV. A
decay branch to the (9/27) ground state is unlikely, due to
angular momentum selection rules.
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FIG. 2 (color online). Spectra of y-rays detected in prompt
coincidence with the # decay of '32Cd (upper panel) and '3'Cd
(lower panel). The lines labeled with symbols correspond to
known transitions in '*°In (#), populated after $-delayed neutron
emission from 13!Cd, in 13!Sn (&), populated in the /3 decay of the
daughter nucleus '3'In, and the annihilation of positrons from the
pair creation of high-energy y-rays in the Ge detectors (@). The
inset shows a schematic decay scheme for '3-132Cd.

Unfortunately it is not possible to unequivocally assign a
spin value to the newly established state solely on the basis
of the available experimental information. However, there
is a strong argument from systematics favoring a 3/2~
(1p3/, SPO) overa5/2~ (0fs/, SPO) assignment. In Fig. 3
the splitting of several 1p, 1d, and 1f spin-orbit partner
orbitals in the vicinity of the neutron-rich double magic
nuclei 7Ni, 132Sn, and 2°®Pb is compared to the energy of
the neighboring 0fs/», 0g;/2, and Ohg/, orbitals, respec-
tively. All energies are quoted relative to the lowest spin-
orbit partner. While, as expected, the spin-orbit splitting
slightly increases with angular momentum (see for example
the proton 1p, 1d, and 1f pairs in 78Ni, '32Sn, and 2°*Pb,
respectively), the 0fs/, 0972, or Ohg/, orbital does not
interlope the spin-orbit pair in any of the cases. It actually
does not even come closer than about 900 keV. Duflo
and Zuker [23] parametrized the nuclear monopole
Hamiltonian and adjusted it to 90 experimental energies
of particle and hole states outside double magic cores all
over the chart of nuclides, from '°O to 2°8Pb. The results of
this global fit, including the prediction of the relative
positions of the 1p;3, and Ofs/,, proton-hole states in
1328n with respect to the 1p;,, SPO (1.1 and 3.7 MeV,
respectively), are shown as dashed lines in Fig. 3. Based on
this prediction, the experimental energy systematics, and
similarities between the experimental decay schemes of
131Cd and 2"Hg [22], we tentatively assign spin 3/2~ to the
newly established state in '3'In at an excitation energy of
1353 keV. With respect to the unknown position of the
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FIG. 3 (color online). Energy systematics of several 1p, 1d, and
1f spin-orbit partner orbitals in the vicinity of the neutron-rich
double magic nuclei 7Ni, '32Sn, and °®Pb compared to the
position of the neighboring 0f’s/», 097/, and Ohg/, SPOs (see text
for details). Experimental (calculated) values from Ref. [23] are
shown as solid (dashed) lines. For 78Ni, shell-model extrapolated
energies are replacing the unknown experimental ones. (Note that
for 1p3/, both lines coincide.)

fourth proton single-hole state, namely Of’s », we infer from
Fig. 3 that it is unlikely to be located at an energy below 2.2
MeV with respect to the 1p;,, SPO.

Employing this crucial new piece of experimental
information, shell-model calculations were performed to
study the properties of the N = 82 isotones down to '22Zr
and '?°Sr. These calculations employ a two-body effective
interaction derived from the CD-Bonn nucleon-nucleon
potential renormalized by way of the V, approach [24].
Specifically, the interaction is constructed by assuming
1328n as closed core and considering the full N = 50-82
major shell for neutrons (i.e., the 0g; /5, 1ds)s, 1d3)5, 2512,
and Ohy;/, orbitals) and the Z = 28-50 shell for protons
(i.e., the Ofs/», Ip3/2, 1py/2, and Ogy ), orbits). The single-
particle energies were taken from experiment (from Ref. [5]
and the present work) except for the still unknown 0f’s/,
SPO for which a value of 2.6 MeV relative to Ogy/, was
assumed. To check the quality of the interaction first the
results were inspected for all Pd, Cd, In, and Sn isotopes
with N <82, for which experimental information on
excited states is available. This comparison revealed two
deficiencies of the interaction which subsequently have
been corrected: the pairing in the proton-proton (z7)
channel is too strong, and the multipole part in the
neutron-neutron (vv) and zv channels is too weak. Using
the modified set of interactions, the experimental-level
schemes and transition rates of '26-130Sn [25], 3%In [12],
127.128Cd [26,27], 13°Cd [9], and '?%128Pd [10] are all nicely
reproduced.

Once such a consistent description of the relevant
features in the region was obtained, the basic properties

of the N = 82 isotones were calculated. Figures 1(c)
and 1(d) show the resulting excitation energies of the first
excited 2% states, E(21), as well as the two-proton gap,
A,,, as a function of the proton number Z (red filled
circles). To account for Coulomb repulsion and to be
consistent with the N = 50 results, a general shift of
4300 keV was added to all diagonal zz two-body matrix
elements in the calculation of A,,. In contrast to the
behavior of the same quantities for the N = 50 isotones
[compare Figs. 1(a) and 1(b)], here E(2%") increases only
smoothly from ,,Cd down to ;,Kr, while the two-proton
gap A,, remains constant within 70keV in the same Z
range. Note that this behavior of E(2*) and A,, does not
depend on the general zz pairing reduction to 88%, which
was applied in order to better describe the excited-state
energies in '*°Cd and '*8Pd. Figures 1(c) and 1(d) clearly
show that the diminishment of the 0gg,-1p;,, and
1pi»—1p3/, gaps by about 300 keV each when moving
one major neutron shell up from N = 50 towards N = 82 is
sufficient to completely erode the proton subshell structure
in the chain of N = 82 isotones. To challenge the predictive
power of our approach, the 2" excitation energies of the
N = 50 isotones have been calculated within the shell-
model framework in the same way as described above for
the N = 82 isotones, i.e., using a realistic effective inter-
action derived from the CD-Bonn potential. A good
agreement between calculated (filled red circles) and
experimental (filled black boxes) energies was found as
shown in Fig. 1(a).

At this point we would like to stress that the disappear-
ance of the proton subshell structure neither depends on the
tentative assignment of spin 3/2~ to the newly identified
state at 1353 keV nor on the position of the Of5,, proton-
hole state. To prove this claim additional SM calculations
were performed, first by exchanging the positions of the
Ip3;, and Ofs;; SPOs and second by increasing the
unknown energy of the Ofs/, state from 2.6 to 4.5 MeV.
In the relevant range of Z, the behavior of E(2") and 4, is
not affected by these drastic modifications. It is really the
mere proximity (less than 1 MeV) of the next SPO to the
1p;/, orbit, independent of its character, that is solely
responsible for the disappearance of the proton subshell
closure. A hypothetical increase of the energy gap between
the 1p;/, and the next SPO in the SM calculations imme-
diately leads to the development of maxima at Z = 38 for
both E(2") and A,, and thus a restoration of the proton
subshell closure at Z = 38 [compare the black lines in
Figs. 1(c) and 1(d)]. The disappearance of the Z = 38, 40
subshell closures is the first evidence for a changing shell
structure in the region of neutron-rich nuclei below '32Sn.

As we will discuss now, this finding has an important
impact on the evolution of the N = 82 neutron-shell gap in
the region most relevant for the r process. It is well known
that a given magic shell gap attains a maximum value when
the number of nucleons of the other kind is magic, too. This
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effect is referred to as mutual support of magicities [28].
Moving away from a double magic nucleus along a
semimagic chain of isotones (or isotopes), the neutron
(proton) gap then decreases rapidly due to enhanced cross-
shell excitations. An inspection of the compilation of
experimental masses [6] reveals that this behavior is
observed without any exception all over the chart of
nuclides (for an overview see Fig. 8 of Ref. [29]). In the
absence of a subshell structure the gap size reaches a
minimum in the middle of the major shell. However, in
regions of proton (or neutron) subshell closures the cross-
shell excitations are hampered and local maxima are
observed for the size of the neutron (proton) gap. A
prominent example of such behavior is the N =50 gap
around the Z = 38, 40 subshell closures discussed above.
These subshell closures are at the origin of the stability of
the N = 50 gap from Z = 48 down to Z = 38. It is only
below the Z = 38 subshell closure that this gap shrinks
significantly towards Z = 32 [30,31]. For the N = 82
neutron gap, in contrast, due to the disappearance of the
proton subshell structure, a significant reduction is
expected already between Sn and Zr, similar to the one
observed above '32Sn between Sn and ((,Nd (%2.5 MeV).

Finally, we confront this expectation of a reduction of the
N = 82 gap between Sn and Zr with the predictions of two
of the theoretical mass models most frequently employed in
r-process calculations today, namely, the microscopic-
macroscopic finite-range droplet model (FRDM) [32]
and a model based on the self-consistent Hartree-Fock-
Bogoliubov theory (HFB-24) [29]. Although based on very
different physics ingredients, both models reproduce the
more than 2300 experimentally known masses, to which
they are fitted, with an average deviation below 600 keV.
However, severe differences are observed when predictions
of unknown masses are compared. While the N = 82 gap is
predicted to remain nearly constant from Z = 50 down to
Z =40 by the FRDM model, a significant quenching is
prognosticated by the HFB-24 approach. In light of the new
findings presented here, we suggest that in future r-process
calculations preference should be given to the HFB-24
model, which predicts a N = 82 evolution consistent with
the expectations based on the changes of shell structure in
this region.

To conclude, we presented the measurement of the
energy of the 1p;, proton-hole state in '*2Sn. This energy
constitutes a crucial piece of information, allowing for the
study of the structure of experimentally inaccessible
N = 82 isotones on the r-process path below '32Sn using
the nuclear shell model and a modern realistic interaction.
Our study provides robust evidence for the disappearance
of the Z = 38, 40 proton subshell closures at N = 82 and
thereby manifests for the first time changes in the shell
structure in this region far off stability. As a consequence of
these changes a significant reduction of the N = 82 gap in
the region of the r-process path is expected. We believe that

for the time being, until the lighter N = 82 isotones
eventually become accessible for direct mass measure-
ments, this indirect evidence for a quenching of the N = 82
neutron-shell gap in the region of interest provides a
valuable guidance for the choice of mass models to be
employed in r-process calculations.
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