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A B S T R A C T

SPIDER is a new array of segmented silicon detectors for low-energy Coulomb-excitation experiments, designed
as an ancillary device for modern �-ray spectrometers such as GALILEO and AGATA. Currently, it is used at the
INFN Legnaro National Laboratories (LNL) for experiments with the GALILEO �-ray array and the stable beams
provided by the Tandem-XTU, ALPI-PIAVE accelerator complex. In this paper, a detailed description of SPIDER
is presented, as well as the outcomes from the first in-beam experiment of the array coupled with GALILEO. In
particular, radiation damage and cross-talk/charge-sharing effects induced by energetic heavy ions in SPIDER
are investigated and the capabilities of the array to perform on-line Rutherford back-scattering analysis of
the exploited target are presented. The material reported here can be used to plan future experiments with
the GALILEO-SPIDER setup with the presently available stable beams at LNL and paves the way for future
experimental campaigns with the radioactive beams provided in the near future by the SPES facility at LNL.

1. Introduction

The study of shapes and collective properties of atomic nuclei is
nowadays a vast and very active area of research, particularly rele-
vant for the development of modern theoretical models for nuclear
physics and with important outcomes also in the fields of fundamental
interaction physics and nuclear astrophysics (see for instance [1–5]).
Low-energy Coulomb-excitation is one of the most powerful experimen-
tal techniques for such studies. It is a unique method that offers the
possibility to determine not only the reduced transition probabilities,

< Correspondence to: INFN Sezione di Firenze, via G. Sansone 1, 50019 Sesto Fiorentino (FI), Italy.
E-mail address: nannini@fi.infn.it (A. Nannini).

1 Present address: University of Guelph, Department of Physics, N1G2W1 Guelph, Canada.

describing the collectivity of the transitions, but also the spectro-
scopic quadrupole moments of excited states, as well as the relative
signs of the extracted transitional and diagonal matrix elements [6,7].
According to the Cline’s safe-distance criterion [8], the appropriate
beam energy can be chosen for which the nuclear contributions to
the excitation mechanism can be neglected and only the well-known
electromagnetic interaction formalism is used in the description of
the scattering process, thus allowing to extract experimental quantities
in a model-independent way. The technique is extensively used for
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Low-Energy Coulomb Excitation
▸ Inelastic scattering between two interacting nuclei, in the “purely” electromagnetic regime
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Low-Energy Coulomb Excitation
▸ Inelastic scattering between two interacting nuclei, in the “purely” electromagnetic regime


▸ The time-dependent electromagnetic field between the two nuclei can induce excitations
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▸ Example: first 2+ state in an even-even target nucleus

Low-Energy Coulomb Excitation
▸ Inelastic scattering between two interacting nuclei, in the “purely” electromagnetic regime


▸ The time-dependent electromagnetic field between the two nuclei can induce excitations


▸ The nuclei then de-excite; in Coulex 
we are mostly interested in γ-ray 
emission
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Quadrupole Sum Rules
▸ Unique feature of low-energy Coulomb excitation ⟹ Possible to get relative signs of transitional matrix elements, and 

spectroscopic quadrupole moments of excited states with their sign


▸ Quadrupole Sum Rules ⟹ (β, γ) deformation parameters for g.s. and excited states in a model-independent way
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▸ Unique feature of low-energy Coulomb excitation ⟹ Possible to get relative signs of transitional matrix elements, and 

spectroscopic quadrupole moments of excited states with their sign
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Do we understand excited 0+ states in nuclei? 

John L Wood1 
School of Physics, Georgia Institute of Technology, Atlanta, Georgia, 30332-0430, 
USA 
 
E-mail: john.wood@physics.gatech.edu 
 
Abstract. Excited 0+ states are the least understood of any low-energy degree of freedom in 
nuclei. Some examples of excited 0+ states that are reasonably well understood are followed by 
details, from recent experimental work, of excited 0+ states that are causing major reassessment 
of some models.  

1. Introduction 
     Excited 0+ states can arise in nuclei in association with the nucleon pairing degree of freedom and 
in model spaces with collective shape degrees of freedom. Models of pairing in nuclei are by now 
developed to the point that there is a wide consensus regarding the basic physics issues. Models of 
collective shape degrees of freedom are much further from a consensus on the basic physics issues. 
Collectivity in nuclei has been one of the major topics of nuclear structure research for sixty years. 
From Bohr’s initial work [1], Bohr and Mottelson [2] working with their many collaborators at the 
Niels Bohr Institute in Copenhagen, extensively explored the case for low-energy collective motion in 
nuclei dominated by quadrupole shapes. This developed the Bohr model into a more unified 
perspective (with coupling of nucleon degrees of freedom) that has come to be known as the Bohr-
Mottelson model. Finer details of the Bohr model were developed by Greiner and the Frankfurt School 
(see [3]). 
     Three further lines of development were pursued beyond the early work in Copenhagen and 
Frankfurt. The first attempted to arrive at the parameters of the Bohr-Mottelson-Frankfurt model by 
mapping from many-nucleon degrees of freedom: this approach was initiated by Kumar and Baranger 
[4]; and activity along this line continues intensively. The second adopted a boson approximation: the 
many boson model approaches are reviewed in Klein and Marshalek [5]. The most notable of the 
boson-based models is the interacting boson model (IBM) of Arima and Iachello [6]; and activity 
using this model remains intensive. The IBM has particularly introduced many practitioners of nuclear 
structure research, especially experimentalists, to the language of dynamical groups and spectrum 
generating algebras. The third approached the successes of the Bohr model from the fundamental view 
that it must be a submodel of the nuclear shell model. Building on work of Elliott [7] and Weaver, 
Biedenharn and Cusson [8], Rosensteel and Rowe [9] showed that the solution to this problem resided 
in the symplectic group, Sp(3,R). 
     This rich arsenal of collective models has provided the language with which theorists and 
experimentalists have expressed their ideas and discoveries for sixty years. But, do data point towards 
a preference between these models? The best-established mode of quadrupole collectivity in nuclei is 
                                                        
1  To whom any correspondence should be addressed. 

HITES 2012 IOP Publishing
Journal of Physics: Conference Series 403 (2012) 012011 doi:10.1088/1742-6596/403/1/012011

Published under licence by IOP Publishing Ltd 1
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From detailed spectroscopy of 110Cd and 112Cd following the βþ/electron-capture decay of 110;112In and
the β− decay of 112Ag, very weak decay branches from nonyrast states are observed. The transition rates
determined from the measured branching ratios and level lifetimes obtained with the Doppler-shift
attenuation method following inelastic neutron scattering reveal collective enhancements that are
suggestive of a series of rotational bands. In 110Cd, a γ band built on the shape-coexisting intruder
configuration is suggested. For 112Cd, the 2þ and 3þ intruder γ-band members are suggested, the 0þ3 band is
extended to spin 4þ, and the 0þ4 band is identified. The results are interpreted using beyond-mean-field
calculations employing the symmetry conserving configuration mixing method with the Gogny D1S
energy density functional and with the suggestion that the Cd isotopes exhibit multiple shape coexistence.

DOI: 10.1103/PhysRevLett.123.142502

The shape of a nucleus is one of its most fundamental
properties, and its exploration across the nuclear landscape
provides insight into the mechanisms underlying how
protons and neutrons are organized. Unlike atomic systems,
which are exclusively spherical due to the 1=r potential
generated by the pointlike nucleus, nuclear shapes can be
complicated because the potential is generated by the
nucleons themselves. Minima in the total energy can be
found for shapes that include spherical, axially symmetric
prolate- or oblate-deformed ellipsoids, axially nonsymmet-
ric (triaxial) ellipsoids, etc. Unlike other finite-bodied
quantum-mechanical systems, a nucleus can exhibit differ-
ent shapes for individual states, i.e., shape coexistence.
Shape coexistence, for which the most common form is

the appearance of two distinct shapes, was long viewed as a
rare and exotic phenomenon but has now been discovered
spanning the nuclear chart (see, e.g., Ref. [1] for a recent
review). Typically, the coexisting shapes are associated
with a weakly deformed, and often spherical, ground state
and a more deformed excited state upon which rotational
states can be built. The reason that this form of shape

coexistence is the most prevalent is related to the fact that it
is usually easier to identify a rotational band in a region of
low level density of excited states (built on a spherical
ground state) than vice versa. Since the driving mechanism
behind the development of deformation is the strong
proton-neutron quadrupole-quadrupole interaction at (or
near) closed major shells, where the number of valence
particles is zero (or small), the ground states have spherical
(or weakly deformed) shapes, and the mechanism behind
shape coexistence is often described as involving the
promotion of pairs of particles across the large energy
gap to orbitals above the shell closure. While the energy
required to promote a pair of particles can be high, this may
be offset by the gain in energy that arises from correlations,
especially those associated with pairing, the neutron-proton
interactions, and quadrupole deformation.
It is in the vicinity of closed major shells where the

greatest abundance of shape-coexisting states have been
sought and observed; an example of this occurs in the Sn
region with its Z ¼ 50 closed proton shell [1,2]. The first
nuclei in this region to be considered as candidates for
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of the previously published data [12,13],
as outlined in Ref. [8], yields lifetimes for the 2287,
2706, and 2927 keV levels of τ ¼ 395þ30

−24 , τ ¼ 221þ68
−44 ,

and τ ¼ 245þ500
−110 fs, respectively—the latter two deter-

mined for the first time. The extracted BðE2; 4þ5 → 2þ4 Þ
of 55% 14 W:u: indicates a large collective enhancement.
Similarly, collective enhancements are observed for the
decays of the 2927 keV 5þ level to lower-lying 3þ, 4þ, and
6þ states. Also shown in Fig. 1 is a spectrum of γ rays in
coincidence with the 1253 keV γ ray from the 1871 keV 0þ4
state in 112Cd. The inset displays the 360 keV γ-ray peak
that is assigned as the 2þ6 → 0þ4 transition and a very small
peak from a 285 keV γ ray that is assigned as the 2þ5 → 0þ4
transition. The branching extracted for the latter is
7.9ð33Þ × 10−4, yielding BðE2; 2þ5 → 0þ4 Þ ¼ 34ð15Þ W:u:
with the lifetime from Ref. [14]. Further analysis of
the γ − γ coincidence data reveals a transition from the
2711 keV 4þ state to the 2156 keV 2þ level; its branching is
deduced to be 0.059%0.008, resulting in BðE2;4þ6 →2þ5 Þ¼
77%30W:u: Further examples of coincidence spectra, and
tables of the results, are found in Ref. [6].
The assignment of the levels into bands, as shown in

Figs. 2 and 3, is generally based on the presence of an
enhanced E2 transition or a large relative BðE2Þ value.
Exceptions to this practice are some of the levels associated
with the intruder γ band. (Herein, we follow the convention
of using the label of γ for the 2þ, 3þ, 4þ, etc. ordering of
states, independent of its exact nature as γ vibrational or
nonaxial rotational.) In 110Cd, a sequence formed by the
2287 − 2þ, 2566 − 3þ, 2706 − 4þ, 3008 − 5þ (first
observed in Ref. [15]), and 3240 keV − 6þ states was
observed, with an enhanced 4þ → 2þ transition and a large
6þ → 4þ branch. This sequence of levels is a candidate for
the γ band based on the intruder 0þ2 configuration, expected
if the 0þ2 level is indeed a deformed shape-coexisting state.
In 112Cd, the 2þ and 3þ levels at 2231 and 2403 keV are
considered as intruder γ band candidates; there is insuffi-
cient knowledge of higher spin levels to make suggested
assignments. From the sensitivity achieved with the 112Ag
decay, the 0þ3 band in 112Cd has been extended to spin 4,
and the 0þ4 band has been located based on enhanced
4þ → 2þ and 2þ → 0þ BðE2Þ values (see Ref. [6]).
The collective states are compared to the results of BMF

calculations using the symmetry conserving configuration
mixing method with the Gogny D1S energy density func-
tional, as described in Ref. [16] and outlined in Ref. [6].
This is the first application of this method to the midshell
nuclei in the Z ¼ 50 region that have previously been
described as good spherical vibrators (see, e.g., Ref. [17]).
The BMF effects are taken into account through the exact
angular-momentum and particle-number restoration and
include the possibility of axial and nonaxial shape mixing.
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FIG. 2. The partial experimental level scheme deduced for
110Cd (top) and from the BMF calculation (bottom) showing the
collective, low-lying, positive-parity bands with their in-band and
bandhead decays. The transitions are labeled by BðE2Þ values in
W.u. with uncertainties in parentheses; square brackets indicate
relative values. Quantities in bold italic are newly determined.
Upper limits result from lower limits for the level lifetimes, or
unknown E2=M1 mixing ratios, and the values given assume E2
multipolarity. Also shown are the collective wave function
distributions for the bandheads, plotted in the β − γ plane, with
a color scheme of red for the maximum and blue for the minimum
contribution. The average particle-hole occupation numbers
extracted for protons (π) and neutrons (ν) for the 0þ states are
indicated.
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The occupation numbers are computed in a similar fashion
as in Ref. [18] using the 0s, 0p, 1s0d, 1p0f, and 0g9=2
orbits as the reference to define the particle-hole structure
for both protons and neutrons.
Rather than focus on the details, we concentrate on the

overall gross features of the calculations. Considering that
the calculations have no free parameters, there is remark-
able similarity between the observed and predicted bands
shown in Figs. 2 and 3. For both nuclei, four low-lying
collective 0þ states are predicted with distinct shapes: the
prolate ground state band with β ≈ 0.20, a triaxial-
deformed 0þ2 band with β ≈ 0.4 and γ ≈ 20°, an oblate
0þ3 band with β ≈ 0.30, and a prolate 0þ4 band with
β ≈ 0.25. Two γ bands are also predicted, the lowest-lying

of which has β ≈ 0.20 (similar to the ground state) and
triaxial, and the second band has a deformation nearly
identical to that of the 0þ2 state. The γ bands strongly mix in
the calculations, resulting in enhanced E2 transitions
between the band members. There is also strong mixing
of the spin 4 and 6 states of the 0þ bands with states in other
bands, especially those in close proximity, resulting in a
fragmentation of the E2 decay strength. The 0þ2 states have
enhanced E2 transitions to the 2þ1 states (predicted, 16 and
40 W.u.; observed, <40 and 51" 14 in 110Cd and 112Cd,
respectively), the 0þ3 bandheads have enhanced decays to
the 2þ bandheads of the γ bands (predicted 97 and
108 W.u., observed <1680 and 81" 7 W:u:, respectively),
and the 0þ4 states have enhanced decays to the 2þ member
of the 0þ2 band (23 and 25 W.u. predicted, and exper-
imentally these E2 transitions are favored by approximately
2 orders of magnitude versus other possible E2 transitions).
The predicted energies of the states, as given in Figs. 2 and

3, are generally overestimated; this feature, however, is quite
common in BMF calculations. The ratios of the 4þ to 2þ

energies are 2.63 and 2.38 in 110;112Cd, respectively, whereas
experimentally they appear slightly closer to the vibrational
limit of 2.0 with values of 2.34 and 2.29. The in-bandBðE2Þ
values are also generally greater than observed, suggesting
that the calculated deformation may be slightly too large, as
also reflected in the quadrupole moments of the 2þ1 states;
the observed spectroscopic moments are −0.40ð3Þ and
−0.38ð3Þ eb for 110;112Cd, respectively, and the correspond-
ing predicted values are −0.60 and −0.57 eb.
A remarkable aspect of the present calculations is that

they do not support spherical vibrational interpretations for
the excited states of 110;112Cd; the low-lying states are
predicted to possess significant deformation and none of
the states have vibrational wave functions. Detailed inves-
tigations of the Cd isotopes have revealed systematic
discrepancies that are problematic to reconcile with their
long-standing view as spherical vibrational systems
[4,17,19]. Recently, the spherical vibrational interpretation
was resurrected by considering terms in the Hamiltonian
that mix phonon states, introducing a partial dynamical
symmetry that preserves the typical spherical vibrator
pattern for some states while allowing for departures for
others [20]. In this model, the mixing with shape-coexisting
intruder states remains weak, as reflected in the data [8].
The effect of the phonon mixing essentially interchanges
the positions of the low-spin N þ 1 and N phonon states.
The 0þ3 and 0þ4 states, which would normally be members
of the two- and three-phonon multiplets, respectively,
interchange their characters, as do the 2þ members of
the three- and four-phonon multiplets. The present BMF
calculations suggest an alternative explanation to the “Cd
problem” [20], and the observation of enhanced BðE2Þ
values supports their interpretation as rotational structures
associated with the excited 0þ states.
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matrix. This gives us the three axes of the ellipsoid with
quadrupole momenta Q0 and Q2 in the usual way [2]. One
can then plot this MCSM basis vector as a circle on
the potential energy surface (PES), as shown in Fig. 2. The
overlap probability of this MCSM basis vector with the
eigenstate is indicated by the area of the circle. Thus, one
can pin down each MCSM basis vector on the PES
according to its Q0 and Q2 with its importance by the
area of the circle. Note that the PES in Fig. 2 is obtained by
constrained HF calculation for the same SM Hamiltonian,
and is used for the sake of an intuitive understanding of
MCSM results. This method, called a T-plot [46,47],
enables us to analyze SM eigenstates from the viewpoint
of intrinsic shape. Figure 2(a) shows that the MCSM basis
vectors of the 0þ1 state of 98Zr are concentrated in a tiny
region of the spherical shape, while its 0þ2 state is composed
of basis vectors of prolate shape with Q0 ∼ 350 fm2 [see
Fig. 2(b)]. A similar prolate shape dominates the 0þ1 state of
100Zr with slightly larger Q0, as shown in Fig. 2(c). We
point out the abrupt change of the ground-state property
from Fig. 2(a) to 2(c), and will come back to this point later.
The T-plot shows stable prolate shape for the 0þ1 state from
100Zr to 110Zr [see Fig. 2(d)].
Figure 1(c) displays BðE2; 2þ1 → 0þ1 Þ values, with small

values up to N ¼ 58 and a sharp increase at N ¼ 60,
consistent with experiment [13,20–23]. The effective
charges ðep; enÞ ¼ ð1.3e; 0.6eÞ are used. Because the
BðE2; 2þ1 → 0þ1 Þ value is a sensitive probe of the quadru-
pole deformation, the salient agreement here implies that
the present MCSM calculation produces quite well the
shape evolution as N changes. In addition, theoretical and
experimental BðE2; 2þ2 → 0þ2 Þ values are shown for
N ¼ 54 [24] and 56. The value for N ¼ 56 has been
measured by experiment, discussed in the following Letter
[25], as an evidence of the shape coexistence in 96Zr. The
overall agreement between theory and experiment appears
to be remarkable. It is clear that the 2þ2 → 0þ2 transitions at
N ¼ 54 and 56 are linked to the 2þ1 → 0þ1 transitions in
heavier isotopes, via 2þ1 → 0þ2 transition at N ¼ 58.
Figure 1(d) shows the deformation parameter β2 [1].

The results of IBM [30], HFB [34], and FRDM [38]
calculations are included, exhibiting much more
gradual changes. The MCSM values are obtained from
BðE2; 2þ1 → 0þ1 Þ.

The systematic trends indicated by the 2þ1 level, the ratio
R4=2, the BðE2; 2þ1 → 0þ1 Þ value (or β2), and the T-plot
analysis are all consistent among themselves and in agree-
ment with relevant experiments. We can, thus, identify the
change between N ¼ 58 and 60 as a QPT, where in general
an abrupt change should occur in the quantum structure of
the ground state for a certain parameter [17,18]. The
parameter here is nothing but the neutron number N,
and the transition occurs from a “spherical phase” to a
“deformed phase.” Figure 1(b) demonstrates that the 0þ1
state is spherical up to N ¼ 58, but the spherical 0þ state is
pushed up to the 0þ4 state at N ¼ 60, where the prolate-
deformed 0þ state comes down to the ground state from the
0þ2 state at N ¼ 58. This sharp crossing causes the present
QPT. The discontinuities of various quantities, one of
which can be assigned the order parameter, at the crossing
point imply the first-order phase transition. The shape
transition has been noticed in many chains of isotopes and
isotones, but appears to be rather gradual in most cases, for
instance, from 148Sm to 154Sm. The abrupt change in the
Zr isotopes is exceptional.
We comment on the relation between the QPT and the

modifications of the interaction mentioned above. Without
them, the 2þ1 level is still ∼0.2 MeV at N ¼ 60 close to
Fig. 1(a), while at N ¼ 58 it is higher than the value in
Fig. 1(a). Thus, the present QPT occurs rather insensitively
to the modifications, whereas experimental data can be
better reproduced by them.
We now discuss the origin of such abrupt changes.

Figure 3(a) displays the occupation numbers of proton
orbits for the 0þ1;2 states of 98Zr, the 0þ1 state of 100Zr and
the 0þ1;2 states of

110Zr. From the spherical 0þ1 to prolate 0þ2
states of 98Zr, the occupation number of the proton 0g9=2
increases from 0.4 to 3.5, while those of the pf-shell orbits
decrease. The proton 0g9=2 orbit is more occupied in the
prolate 0þ1 state of 100;110Zr.
Figure 3(b) shows effective single-particle energies

(ESPE) of neutron orbits calculated with the occupation
numbers of the SM eigenstates, shown in Fig. 3(a) (see
Refs. [46,47] for explanations). At a glance, one notices
that the ESPEs from 2s1=2 to 0g7=2 are distributed over a
range of 4 MeV for the 0þ1 state of 98Zr, but are within
2 MeV for the prolate states, such as 0þ2 of 98Zr, 0þ1 of
100Zr, and 0þ1 of 110Zr. We notice also a massive (3.5–5.5)

FIG. 2. T-plots for 0þ1;2 states of 98;100;110Zr isotopes.
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Quantum Phase Transition in the Shape of Zr isotopes
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The rapid shape change in Zr isotopes near neutron number N ¼ 60 is identified to be caused by type II
shell evolution associated with massive proton excitations to its 0g9=2 orbit, and is shown to be a quantum
phase transition. Monte Carlo shell-model calculations are carried out for Zr isotopes of N ¼ 50–70 with
many configurations spanned by eight proton orbits and eight neutron orbits. Energy levels and BðE2Þ
values are obtained within a single framework in good agreement with experiment, depicting various
shapes in going from N ¼ 50 to 70. The novel coexistence of prolate and triaxial shapes is suggested.
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The shape of the atomic nucleus has been one of the
primary subjects of nuclear structure physics [1], and
continues to provide intriguing and challenging questions
in going to exotic nuclei. One such question is the
transition from spherical to deformed shapes as a function
of the neutron (proton) number N (Z), referred to as shape
transition. The shape transition is visible in the system-
atics of the excitation energies of low-lying states, for
instance, the first 2þ levels of even-even nuclei: it turns
out to be high (low) for spherical (deformed) shapes [1–3].
A shell model (SM) calculation is suited, in principle, for
its description, because of the high capability of calculat-
ing those energies precisely. On the other hand, since the
nuclear shape is a consequence of the collective motion of
many nucleons, the actual application of the SM encoun-
tered some limits in the size of the calculation.
In this Letter, we present results of large-scale

Monte Carlo shell model (MCSM) calculations [4] on
even-even Zr isotopes with a focus on the shape transition
from N ¼ 50 to N ¼ 70, e.g., Ref. [5]. Figure 1(a) shows
that the observed 2þ1 level moves up and down within the
1–2 MeV region for N ¼ 50–58, whereas it is quite low
(∼0.2 MeV) for N ≥ 60 [6–16]. Namely, a sharp drop by a
factor of ∼6 occurs at N ¼ 60, which is consistent with the
corresponding BðE2Þ values shown in Fig. 1(c). These
features have attracted much attention, also because no
theoretical approach seems to have reproduced those rapid
changes covering both sides. More importantly, an abrupt
change seems to occur in the structure of the ground state as
a function of N, which can be viewed as an example of the
quantum phase transition (QPT), satisfying its general
definition to be discussed [17,18]. This is quite remarkable,
as the shape transition is, in general, rather gradual. In
addition, there is much interest in those Zr isotopes from
the viewpoint of the shape coexistence [19].

The advanced version of MCSM [26,27] can cover all
Zr isotopes in this range of N with a fixed Hamiltonian,
when taking a large model space, as shown in Table I. The
MCSM, thus, resolves the difficulties of conventional
SM calculation, where the largest dimension reaches
3.7 × 1023, much beyond its current limit. Note that no
truncation on the occupation numbers of these orbits is
made in the MCSM. The structure of Zr isotopes has been
studied by many different models and theories. For in-
stance, a recent large-scale conventional SM calculation
showed a rather accurate reproduction of experimental data
up to N ¼ 58, whereas it was not extended beyond N ¼ 60
[28]. The 2þ1 levels have been calculated in a wider range in
interacting boson model (IBM) calculations, although the
aforementioned rapid change is absent [29,30]. Some
other works were restricted to deformed states [5,31,32],
or indicated gradual shape changes [33–40].
It is, thus, very timely and needed to apply the MCSM to

Zr isotopes, particularly heavy exotic ones. The
Hamiltonian of the present work is constructed from
existing ones, so as to reduce ambiguities. The JUN45
Hamiltonian is used for the orbits, 0g9=2 and below it [41].
The SNBG3 Hamiltonian [42] is used for the T ¼ 1
interaction for 0g7=2, 1d5=2;3=2, 2s1=2, and 0h11=2. Note that
the JUN45 and SNBG3 interactions were obtained by
adding empirical fits to microscopically derived effective
interactions [41,42]. The VMU interaction [43] is taken for
the rest of the effective interaction. The VMU interaction
consists of the central part given by a Gaussian function in
addition to the π- and ρ-meson exchange tensor force [43].
The parameters of the central part were fixed from
monopole components of known SM interactions [43].
The T ¼ 0 part of the VMU interaction is kept unchanged
throughout this work. The T ¼ 1 central part is reduced by
a factor of 0.75 except for 1f7=2 and 2p3=2 orbits. On top of
this, T ¼ 1 two-body matrix elements for 0g9=2 and above
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the wave functions is large and associated with a smooth
shape change. We suggest that this fact is related to the
sudden onset of deformation at N ¼ 60, and that a larger
mixing would give rise to a more gradual transition from a
spherical to a deformed ground state in Sr isotopes.
Information on intrinsic quadrupole properties of indi-

vidual states can be obtained from experimentally deter-
mined matrix elements using the quadrupole sum rule
approach [30,45]. This method relates E2 matrix elements
to deformation parameters Q (overall deformation) and δ
(deviation from axial symmetry, with δ ¼ 0 for maximum
triaxiality) by constructing quadrupole invariants hQ2i and
hQ3 cosð3δÞi. In 98Sr, an abrupt change in deformation is
observed between the ground state [hQ2i ¼ 1.30ð4Þ e2b2]
and the low-lying 0þ2 state [hQ2i ¼ 0.38ð2Þ e2b2]. Since
the matrix elements connecting the 0þ1 state to the 2þ2;3 states
in 96Sr are unknown, the hQ2i value of 0.22(4) e2b2 for this
nucleus constitutes a lower limit. We note, however, that in
the well-studied N ¼ 58 isotone 100Mo [43], higher-lying
2þ states have a minor influence (2%) on the final value of
hQ2i. The behavior of the hQ2i deformation parameters is
consistent with what is obtained for the spectroscopic
quadrupole moments: the deformation of the ground state
in 96Sr and the low-lying 0þ2 state in 98Sr is similar,
supporting the scenario in which these two configurations
interchange atN ¼ 60. The triaxiality parameters hcosð3δÞi
for 0þ1;2 states in

98Sr are both equal to 0.46(13) and suggest
a prolate deformation with a large contribution of the
triaxial degree of freedom corresponding to γ̄ ≃ δ̄ ¼
1=3 arccoshcosð3δÞi ¼ 20°. In view of the similarity
between the 0þ2 state in 98Sr and the 0þ1 state in 96Sr,
one can speculate on a significant contribution of the
triaxial degree of freedom for the 96Sr ground state, that
could explain the reduction of the 2þ1 spectroscopic quadru-
pole moment as compared to the deformation deduced
from the BðE2; 2þ → 0þÞ value.

We have performed extensive beyond-mean-field
calculations using the Gogny D1S interaction in a
five-dimensional collective Hamiltonian (5DCH) formal-
ism [46–49] for the 96Sr and 98Sr isotopes in order to
interpret the experimental results. The comparison of
experimental and theoretical BðE2Þ and Qs values are
summarized in Fig. 2, Table I, and Table II. The calculated
excited states were grouped into band structures (GSB, A,
B) as shown in Fig. 2 according to the evolution of their
spectroscopic quadrupole moments with spin, the K com-
position of the wave function, and the reduced transition
probabilities between states. The experimental spectro-
scopic quadrupole moment of the 2þ1 state in 96Sr, equal
to −22þ33

−31 e fm2, is in agreement with the very small
calculated value Qs ¼ −5.6 e fm2. The calculated
BðE2; 2þ1 → 0þ1 Þ and BðE2; 0þ2 →2þ1 Þ are significantly
higher than the experimental values. The calculations
predict, in general, higher collectivity between states than
experimentally measured as previously observed for the Kr
isotopes with a symmetry-conserving configuration mixing
method using the Gogny force [50]. Two excited bands
(A, B) are predicted above the low-lying 0þ2 state. In the
excited band (B), the large BðE2Þ values are not associated
with a large axial deformation as indicated by the small
spectroscopic quadrupole moments. This band is predicted
to have a large contribution from the triaxial degree of
freedom with a K ¼ 0 component below 50%. It has been
shown that the triaxial degree of freedom is a key element
in the description of neighboring nuclei [5,50]. The excited
band (A) is slightly more deformed with a larger contri-
bution of K ¼ 0. Unfortunately, experimental data con-
cerning higher-lying levels in 96Sr are not yet available,
which does not allow us to verify these predictions.
Similarly, the continuous increase in the quadrupole defor-
mation of the ground-state band, predicted in calculations,
awaits experimental verification.

FIG. 2. Comparison between the theoretical and experimental level schemes of 96Sr (left) and 98Sr (right). The excitation energies (in
keV) are given in brackets. The widths and labels of the arrows represent the measured and calculated BðE2Þ in e2b2. The measured and
calculated spectroscopic quadrupole moments are given in efm2 next to each state.
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Spectroscopic Quadrupole Moments in 96;98Sr: Evidence for Shape Coexistence
in Neutron-Rich Strontium Isotopes at N ¼ 60
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Neutron-rich 96;98Sr isotopes have been investigated by safe Coulomb excitation of radioactive beams at
the REX-ISOLDE facility. Reduced transition probabilities and spectroscopic quadrupole moments have
been extracted from the differential Coulomb excitation cross sections. These results allow, for the first
time, the drawing of definite conclusions about the shape coexistence of highly deformed prolate and
spherical configurations. In particular, a very small mixing between the coexisting states is observed,
contrary to other mass regions where strong mixing is present. Experimental results have been compared to
beyond-mean-field calculations using the Gogny D1S interaction in a five-dimensional collective
Hamiltonian formalism, which reproduce the shape change at N ¼ 60.
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Throughout the nuclear chart, ground-state properties
such as nuclear radii and shapes tend to evolve gradually as
a function of the nucleon number. However, interactions
between nucleons in an effective mean field may cause a
sudden rearrangement of the entire nucleus when few
protons or neutrons are added, leading to a strong shell
closure or a rapid onset of deformation. One of the major
challenges in modern nuclear structure studies is to fully
understand and describe these abrupt transitions that result
from the delicate interplay between macroscopic (i.e.,

liquid droplike) properties and microscopic (i.e., shell
structure) effects in nuclear matter.
Dramatic shape changes are often interpreted as a result

of an inversion of two distinct quantum configurations of
nucleons associated with different nuclear shapes. These
structures may coexist at low excitation energy, as
observed, for example, in Pb [1], Hg [2], and Kr [3]
isotopes. Systematic studies of transition strengths and
quadrupole moments in the 182–188Hg [4] and 74–76Kr [3,5]
have revealed that both structures tend to strongly mix,
which results, for example, in an almost constant excitation
energy of the first 2þ state in 182–188Hg. The mixing,
reflected both in level energies and transition probabilities,
is most prominent when the configurations invert and
makes the change of the ground state properties more
gradual.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Multifaceted Quadruplet of Low-Lying Spin-Zero States in 66Ni:
Emergence of Shape Isomerism in Light Nuclei
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A search for shape isomers in the 66Ni nucleus was performed, following old suggestions of various
mean–field models and recent ones, based on state-of-the-art Monte Carlo shell model (MCSM), all
considering 66Ni as the lightest nuclear system with shape isomerism. By employing the two-neutron
transfer reaction induced by an 18O beam on a 64Ni target, at the sub-Coulomb barrier energy of 39 MeV, all
three lowest-excited 0þ states in 66Ni were populated and their γ decay was observed by γ-coincidence
technique. The 0þ states lifetimes were assessed with the plunger method, yielding for the 0þ2 , 0

þ
3 , and 0þ4

decay to the 2þ1 state the BðE2Þ values of 4.3, 0.1, and 0.2 Weisskopf units (W.u.), respectively. MCSM
calculations correctly predict the existence of all three excited 0þ states, pointing to the oblate, spherical,
and prolate nature of the consecutive excitations. In addition, they account for the hindrance of the E2
decay from the prolate 0þ4 to the spherical 2þ1 state, although overestimating its value. This result makes
66Ni a unique nuclear system, apart from 236;238U, in which a retarded γ transition from a 0þ deformed state
to a spherical configuration is observed, resembling a shape-isomerlike behavior.
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The concept of potential energy surface (PES) is central
in many areas of physics. Usually, the PES displays the
potential energy of the system as a function of its geometry.
As an example, the PES of a molecule expressed in such
coordinates as bond length, valence angles, etc., can be
used for finding the minimum energy shape or calculating
chemical reaction rates [1]. The idea of potential energy
surface in deformation space has also been widely applied
to the nucleus at a given spin. For an even-even nucleus at
spin 0, the lowest PES minimum corresponds to the ground
state (g.s.), while there may exist additional (secondary)
minima in which excited 0þ states can reside: they can be
interpreted as ground states of different shapes [2–6]. When
a secondary minimum is separated from the main minimum
by a high barrier, in the extreme case a long-lived isomer,
called shape isomer, can be formed [7]. Shape isomerism at
spin zero, so far, has clearly been observed only in actinide
nuclei - these isomers decay mainly by fission, and in

two cases only, 236U and 238U, by very retarded γ-ray
branches [8–11].
The existence of shape isomers in lighter systems has

been a matter of debate for a long time. Already in the
1980s, a study based on microscopic Hartree-Fock plus
BCS calculations, in which a large number of nuclei was
surveyed, identified ten isotopes in which a deformed 0þ

state is separated from a spherical structure by a signifi-
cantly high barrier: 66Ni and 68Ni, 190;192Pt, 206;208;210Os,
and 194;196;214Hg [12]. Other investigations [13,14], which
used a nonaxial Hartree-Fock-Bogoliubov approach,
selected a rather restricted number of candidates, among
which the lightest were 66;68Ni, 74;76Kr, 78;80;98Sr,
80;82;100Zr, and 86Mo. Quite recently, Möller et al. [15]
presented a global study of potential energy surfaces in
7206 nuclei from A ¼ 31 to A ¼ 290 by employing a
well-benchmarked macroscopic-microscopic finite-range
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liquid-drop model [16]. Here, secondary PES minima at
spin 0 were found in a few tens of nuclei, among which
66Ni was also present. To summarize, 66Ni is the lightest
system for which all three models, discussed above, suggest
the existence of a pronounced secondary PES minimum
which may give rise to shape isomerism.
Recently, state-of-the-art shell model calculations became

capable of calculating shape coexistence in nuclei with
masses A ¼ 60–100 [17–22]. In particular, it became pos-
sible to assess transition probabilities between states of
different shapes, and to search for retarded decays which
would be the signature of a shape-isomerlike structure.
Monte Carlo shell model (MCSM) studies [23–26] have
been performed for the neutron-rich 68–78Ni isotopes and
coexistence of low-lying spherical, oblate, and strongly
deformed prolate shapes has been found in 68Ni and 70Ni
[17,18]. A significant hindrance for the E2 transition
deexciting the prolate deformed 0þ state was predicted in
68Ni only. On the experimental side, the lifetimes of the
supposedly well-deformed prolate 0þ states, located at 2511
and 1567 keV in 68Ni [27,28] and 70Ni [29,30], respectively,
were assessed in a very recent β-decay study of 68Co and
70Co [31].Nohindrancewas observed in both cases, pointing
to a substantial mixing (or a low potential barrier) between
deformed and spherical configurations in 68Ni and 70Ni
isotopes.
At this point, we turned our attention to 66Ni, for which

mean-field calculations already predicted a secondary PES
deep minimum [12–16]. We performed new theoretical and
experimental studies of 66Ni low-lying states, with a particular
focus on 0þ states. The theoretical investigation was carried
out within the Monte Carlo shell model [23–26], using the
same Hamiltonian and model space as the ones previously
employed for 68–78Ni [17]. Figure 1 shows the potential energy
surface of 66Ni, obtained similarly to Refs. [17,18,32].
In comparison with 68Ni, the barrier height is similar, but
the prolate minimum is lower in 66Ni, due to stronger p − n
interaction coming from more neutron holes in the N ¼ 40
closed shell. As a consequence, a more strict hindrance to the
decay to themain spherical minimum, from the prolate one, is
expected in 66Ni. The circles on the plot of Fig. 1 indicate the
intrinsic quadrupole moments of a given basis vector of the
MCSM eigenstate, and their size implies the overlap proba-
bility of this basis vector with the eigenwave function [17,18].
In Fig. 1, the circles are concentrated in spherical (0þ1 and

0þ3 ), oblate (0þ2 ), and prolate (0þ4 ) domains, with β2 ≈ 0.0,
−0.2, and 0.3, respectively. While the local minimum in the
prolate domain is profound, due to a shell evolution of type II
[18], the one in the oblate domain is very shallow, being
almost a shoulder.
With respect to the 0þ1 state, the 0þ2;4 states are found to be

composed of sizable excitations of protons, from f7=2 to
f5=2 and p3=2;1=2, as well as neutrons, from f5=2 and p3=2;1=2

to g9=2 and d5=2. In the 0þ2 state, ∼1 proton and ∼1.5

neutrons are excited, whereas these numbers are doubled in
the 0þ4 state. This large difference in particle-hole excita-
tions leads to very different deformations between 0þ2 and
0þ4 states. On the contrary, the 0þ1;3 and 2þ1 states have
similar occupation numbers, being spherical.
The reduced probabilities for E2 transitions deexciting

the 0þ2 oblate, 0þ3 spherical, and 0þ4 prolate states to the
spherical 2þ1 state are 4.1, 0.01, and 0.006 Weisskopf units
(W.u.), respectively. While the retardation of the 0þ4 decay
arises from the prolate to spherical shape change, the
hindrance of the spherical 0þ3 decay is caused by cancella-
tion effects in the E2 transition matrix elements due to
different structures within spherical states.
Experimentally, a first inspection of 66Ni data, established

prior to our study, already shows remarkable features in line
with theMCSMcalculations: three excited 0þ states (out of a
total of 6 excitations below 3 MeV) have been located at
2444, 2664, and 2965 keV by using a (t,p) reaction [33]. Out
of those, the first two were confirmed by the discrete γ-ray
studies of [27,34,35] and their energieswere determinedwith
higher precision at 2443 and 2671 keV. On the contrary, the
0þ4 state was not observed. We propose that these three 0þ

excited states correspond to the three0þ excitations predicted
by theMCSMcalculations at 1971 (oblate), 2596 (spherical),
and 3296 keV (prolate), respectively [see Figs. 2(d) and (e)].
This experiment-theory correspondence is supported by two
independent observations: (i) both experiment [27,35,36]
and MCSM calculations show that, out of the four 0þ states
in 66Ni, the β decay of the 1þ ground state of 66Co feeds only
the spherical ground state and the 0þ3 state, what points to
similarly spherical (although configuration-wise different)
structures of these two states; (ii) in the (t,p) reaction study
[33], the population of the 0þ2 and 0þ3 states is strongly

FIG. 1. Potential energy surface (PES) for the lowest 0þ states
of 66Ni, as a function of prolate and oblate quadrupole moments.
Circles on the PES represent shapes in the MCSM basis vectors:
white (orange) circles for 0þ1 (0þ3 ) spherical states, green (red) for
0þ2 oblate (0þ4 prolate) states, respectively.
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The quadrupole collectivity of low-lying states and the anomalous behavior of the 0+
2 and 2+

3 levels in 
72Ge are investigated via projectile multi-step Coulomb excitation with GRETINA and CHICO-2. A total 
of forty six E2 and M1 matrix elements connecting fourteen low-lying levels were determined using 
the least-squares search code, gosia. Evidence for triaxiality and shape coexistence, based on the 
model-independent shape invariants deduced from the Kumar–Cline sum rule, is presented. These are 
interpreted using a simple two-state mixing model as well as multi-state mixing calculations carried out 
within the framework of the triaxial rotor model. The results represent a significant milestone towards 
the understanding of the unusual structure of this nucleus.

 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The structure of low-lying states in even–even Ge isotopes has 
been the subject of intense scrutiny for many years due to the 
inherent challenge of interpreting their systematics as a function 
of mass A. These nuclei possess at least one excited 0+ state in 
their low-energy spectrum that differs from the ground state in 
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its properties. Systematically, the energy of the 0+
2 level varies 

parabolically with A and reaches a minimum in 72Ge, where it 
becomes the first excited state. The existence of even-mass nuclei 
with a Jπ = 0+ first excited state is an uncommon phenomenon 
which, to date, has been observed in only a few nuclei located 
near or at closed shells: 16O [1], 40Ca [2,3], 68Ni [4,5], 90Zr [6], 
180,182Hg [7–9], 184,186,188,190,192,194Pb [10–15]. There are also ex-
amples of such nuclei where a subshell appears to play a role 
similar to a closed shell such as 96,98Zr [16,17]. These cases have 
all been explained as resulting from shape coexistence due to the 
presence of intruder configurations; i.e., configurations involving 
the excitation of at least one pair of nucleons across a shell or 
subshell energy gap [18].

The structure of 72Ge is highly unusual in that this nucleus is 
far from closed shells and, yet, possesses a 0+ first excited state. It 
shares this distinction with only two other known nuclei: 72Kr [19]

http://dx.doi.org/10.1016/j.physletb.2016.01.036
0370-2693/ 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.

Shape Coexistence 
(and maybe multiple SC?) 

seems to be going from a rare 
to an ordinary phenomenon
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ γ-ray detector:


▸ To measure γ-ray yields for the different transitions


▸ Particle detector:


▸ To select the events of interest


▸ To distinguish between projectile and target nuclei


▸ To perform the Doppler correction


▸ To select the scattering angle


▸ To monitor the experiment

Experimental Setup
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ Modular segmented silicon detector, originally designed for low-energy Coulomb-excitation measurements


▸ Independent sectors, 8 strips + guard ring


▸ Detector thickness ~ 300 µm, dead layers ~ 50 nm in the junction (front) side and ~ 350 nm in the ohmic (rear) side


▸ Cone configuration (7 sectors) at backward angles: 8.5 cm from the target ⟹ ΔΘ = 37.4°, Ω/4π = 17.3%

SPIDER: the Silicon PIe DEtectoR
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ nTD silicon detectors, high quality, high energy resolution (less than ~ 1% for 5.5-MeV α particles)

Energy Resolution
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ The detector can be mounted in different arrangements, 

using from 1 to 8 sectors, giving different Doppler-
correction capabilities and angular coverages

Modularity
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Table 1
The minimum, centre-of-mass (mean) and maximum angle covered by the 8 SPIDER
strips when the array is coupled to GALILEO are shown in column 2, 3 and 4
respectively (all the angles are given with respect to the beam direction). The polar
angular coverage �✓ of each strip is shown in column 5, while their subtended solid
angle ⌦ in column 6.
Strip ✓min ✓mean ✓max �✓ ⌦

[deg] [deg] [deg] [deg] [srad]

7 123.5 125.4 127.5 4.0 0.046
6 127.5 129.6 131.8 4.3 0.046
5 131.8 134.0 136.4 4.6 0.045
4 136.4 138.7 141.2 4.8 0.043
3 141.2 143.6 146.1 5.0 0.040
2 146.1 148.6 151.2 5.1 0.035
1 151.2 153.7 156.3 5.1 0.030
0 156.3 158.8 161.3 5.1 0.028

Fig. 6. The GALILEO-SPIDER setup at INFN LNL is shown, together with 4
large-volume LaBr

3
:Ce detectors.

segmentation of SPIDER by sub-dividing the collected statistics into the
8 different polar angular ranges defined by the size of the array. The
number of counts related to the 0

+

2
ô 2

+

1
transition is large enough to

obtain, for the first time, the B(E2) values for transitions depopulating
the 0

+

2
state. The three low-statistics transitions, namely 2

+

3
ô 2

+

1
,

2
+

2
ô 0

+

1
and 3

*

1
ô 2

+

1
have been observed for the first time in a

Coulomb-excitation experiment. The first two are important to reliably
apply quadrupole sum rules and to extract the deformation parameters
(Q, �) of the ground state, while the latter will give us the possibility to
determine the B(E3; 3

*

1
ô 0

+

1
) value, never measured through Coulomb-

excitation. From the preliminary analysis, the sign and the magnitude
of the measured spectroscopic quadrupole moment for the first excited
state (Qexp(2

+

1
) = +24(9) efm2) is in excellent agreement with the

result reported in Ref. [22] (Qlit(2
+

1
) = +24(8) efm2). This already indi-

cates a successful outcome of the first experiment performed with the
GALILEO-SPIDER setup. Results and further details will be published in
a separate paper.

Prior to the experiment, the Doppler-correction capabilities of the
GALILEO-SPIDER setup were carefully evaluated with the GEANT4
simulation package [26]. Information on the population of the states
was extracted by using the GOSIA code [27], performing calculations
with the set of matrix elements obtained in the course of the current
analysis. The simulated �-ray energy spectrum is shown in the bottom
panel of Fig. 8. The simulated FWHM of 11.8 keV obtained for the
strong 2

+

1
⇤ 0

+

1
transition is in good agreement with the experimental

value, 11.3 keV.

Fig. 7. The SPIDER array inside the GALILEO vacuum chamber. In green, the PCB
used to connect the detector to the acquisition system of GALILEO is shown. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Top panel: total �-ray spectrum acquired during the 66Zn experiment by the
GALILEO array in coincidence with the back-scattered projectiles detected by the
SPIDER array. The �-ray lines coming from the de-excitation of 66Zn are indicated.
Gamma lines due to the excitation of target contaminants 207Pb and 206Pb are labelled
by open and full dots respectively. Bottom panel: same spectrum of top panel but
simulated with the GEANT4 code (target contaminants have not been included in the
calculations). In both spectra, time coincidence was defined by requiring a time interval
of 100 ns and by subtracting random-coincidences.

5

▸ Polar and solid angles with an 8.5-cm distance from 
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Simulated 60Ni on 208Pb at the safe energy
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ Geant4 package available to simulate in detail each experiment


▸ Input from GOSIA (reference code for Coulomb-excitation cross-section 
calculations)


▸ Possibility to include both the beam and the target excitations

Geant4 Simulations
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FIG. 3: GEANT4 simulation of the expected Doppler-corrected g-ray spectrum following Coulomb exci-
tation of 122Te by the 58Ni beam obtained in coincidence with scattered particles detected in SPIDER. The
statistics corresponds to about a day of data taking. The inset shows a partial g-ray spectrum obtained by
gating on the 564-keV g ray (2+1 ! 0+1 transition).

III. EXPERIMENTAL GOALS AND BEAM TIME REQUEST

The main goals of the proposed experiment are to
• measure the quadrupole moment of the 2+3 state (the proposed spin-2 member of the band

built on the 0+2 state);

• extract the hQ2i and hQ3 cos3di values for the 0+1 and 0+2 states;

• measure the B(E2) values for transitions from the 0+3 , and possibly the 0+4 , states;

• measure the B(E2) values for the transitions from the 4+2 and 4+3 states.
The proposed experiment will be performed in conditions favoring second-order effects in

Coulomb excitation, i.e. reorientation effect and multi-step excitation, and builds on the com-
plementary study using the lighter collision partners 14N and 32S.

In order to provide an estimate of the time required, we focus on the measurement of the B(E2)
values for transitions from the 0+3 state, which has a large relative B(E2) value for decay to the
2+2 level in comparison to the decay to the 2+1 state. Knowledge of the B(E2;0+3 ! 2+2 ) value is
important to probe the structural similarity to the Cd isotopes where the corresponding transition
is highly enhanced (the 0+3 state is predicted to have an oblate shape in 110,112Cd [6, 8]). However,
both transitions depopulating the 0+3 state are close in energy to those depopulating the 2+3 state.
Moreover, the 0+3 ! 2+2 transition (490 keV) will be observed in an energy region with high back-
ground due to Compton-scattering events while the 0+3 ! 2+1 transition (1183 keV) will overlap
with the sum peak (1181 keV) resulting from the 2+1 ! 0+1 and 4+1 ! 2+1 transitions. Therefore,
g-g-particle coincidences are necessary to clearly observe the 0+3 ! 2+2 transition, and to eliminate
the contamination from the sum peak for the 0+3 ! 2+1 transition. The estimated g-g-particle count-
ing rates are about 200 counts/shift for the 0+3 ! 2+2 transition and 350 counts/shift for the more
intense decay to the 2+1 state. Within 4 days of data taking we expect to reach sufficient number of
g-g-particle coincidences to observe the decay of the 0+3 state and extract the corresponding inten-
sities with a precision of 2%. The simulated spectrum, obtained by gating on the 564-keV g-ray
(2+1 ! 0+1 ) is shown in the inset of Fig. 3. The doublet peak at 1185 keV can be clearly observed,
but is free from the sum peak.
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Developed by A. Goasduff, 
M. Balogh (INFN-LNL)

66Zn on 208Pb 
at the safe 

energy
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Pulse Height Correlations 
▸ Time coincidences between SPIDER signals 

(rejected in the analysis)


▸ A = double hits (~ 0.2‰ of the total statistics)


▸ B,C = real signals in coinc. with noise and low-
amplitude signals


▸ D = noise coincidences
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66Zn on 208Pb at the safe energy



Active Stoppers for Decay Experiments, 24th - 26th March 2025, Valencia (Spain) Marco Rocchini

The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Pulse Height Correlations 
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▸ Time coincidences between SPIDER signals 
(rejected in the analysis)


▸ A = double hits (~ 0.2‰ of the total statistics)


▸ B,C = real signals in coinc. with noise and low-
amplitude signals


▸ D = noise coincidences


▸ Negative polarity signals
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66Zn on 208Pb at the safe energy
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ Permanent lattice defects or temporary effects (temperature, auto-recovered displacements …)

Radiation Damage
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ The high energy resolution of SPIDER allows for the online application of the 

Rutherford-backscattering technique (e.g., using the SIMNRA code)


▸ Target thickness, contaminants, carbon-built-up layer, etc…


▸ Example in 66Zn on 208Pb with GALILEO:


▸ 208Pb thickness = 616(11) mg/cm2, 12C built-up = 114(12) mg/cm2
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN
▸ The high energy resolution of SPIDER allows for the online application of the 

Rutherford-backscattering technique (e.g., using the SIMNRA code)


▸ Target thickness, contaminants, carbon-built-up layer, etc…


▸ Example in 66Zn on 208Pb with GALILEO:


▸ 208Pb thickness = 616(11) mg/cm2, 12C built-up = 114(12) mg/cm2
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Results validated with an independent RBS measurement at the LABEC laboratory in Florence



INFN GALILEO

A. Goasduff, D. Mengoni, F. Recchia, J.J. Valiente-Dobón et al., NIMA 1015 (2021) 165753

▸ 25 HPGe Compton-suppressed detectors 
(GASP type)


▸ FWHM (@1332.5 keV) < 2.4 keV


▸ Efficiency (@1332.5 keV) = 2.1%


▸ Full digital electronics (takes advantage of 
the developments made for AGATA):


▸ Trigger-less mode


▸ Typical operational rate ~ 20 kHz/det


▸ Common clock synchronization


▸ Local data processing
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Triaxiality and an “Isolated” 02+ State in 66Zn
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▸ GALILEO+SPIDER commissioning


▸ New results:


▸ B(E2; 02+ ⟶ 21+) = 3.0(10) W.u. 
B(E2; 02+ ⟶ 22+) = 1.6(6) W.u.


▸ ρ2(E0; 02+ ⟶ 01+) = 4.0(15)


▸ 01+: β = 0.224(6), γ = 44º(8º)


▸ 02+: β ≥ 0.051(7)
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Triaxial ground state and a 
02+ state that seems to 
possess a different and 

isolated structure
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The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Type-II Shell Evolution in 94Zr
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Neutron Number

Neutron Number

T. Togashi, Y. Tsunoda, T. Otsuka et al., PRL 
117  (2016) 172502

Analysis by N. Marchini
N. Marchini, M. Rocchini, A. Nannini, D.T. Doherty, Zielińska et al., 
EPJ Web of Conferences 223 (2019) 01038

First application of quadruple sum 
rules in the Zr isotopic chain:


“Spherical” g.s. coexisting with a 
deformed, oblate 02+ state

▸ New results:


▸ 01+: 
  β = 0.118(2) 
  v(β; 0) = 0.151(3) 
  γ = 37.2+1.5-1.4


▸ 02+: 
  β = 0.194(2) 
  v(β; 0) = 0.091(2) 
  γ = 48+12-5

matrix. This gives us the three axes of the ellipsoid with
quadrupole momenta Q0 and Q2 in the usual way [2]. One
can then plot this MCSM basis vector as a circle on
the potential energy surface (PES), as shown in Fig. 2. The
overlap probability of this MCSM basis vector with the
eigenstate is indicated by the area of the circle. Thus, one
can pin down each MCSM basis vector on the PES
according to its Q0 and Q2 with its importance by the
area of the circle. Note that the PES in Fig. 2 is obtained by
constrained HF calculation for the same SM Hamiltonian,
and is used for the sake of an intuitive understanding of
MCSM results. This method, called a T-plot [46,47],
enables us to analyze SM eigenstates from the viewpoint
of intrinsic shape. Figure 2(a) shows that the MCSM basis
vectors of the 0þ1 state of 98Zr are concentrated in a tiny
region of the spherical shape, while its 0þ2 state is composed
of basis vectors of prolate shape with Q0 ∼ 350 fm2 [see
Fig. 2(b)]. A similar prolate shape dominates the 0þ1 state of
100Zr with slightly larger Q0, as shown in Fig. 2(c). We
point out the abrupt change of the ground-state property
from Fig. 2(a) to 2(c), and will come back to this point later.
The T-plot shows stable prolate shape for the 0þ1 state from
100Zr to 110Zr [see Fig. 2(d)].
Figure 1(c) displays BðE2; 2þ1 → 0þ1 Þ values, with small

values up to N ¼ 58 and a sharp increase at N ¼ 60,
consistent with experiment [13,20–23]. The effective
charges ðep; enÞ ¼ ð1.3e; 0.6eÞ are used. Because the
BðE2; 2þ1 → 0þ1 Þ value is a sensitive probe of the quadru-
pole deformation, the salient agreement here implies that
the present MCSM calculation produces quite well the
shape evolution as N changes. In addition, theoretical and
experimental BðE2; 2þ2 → 0þ2 Þ values are shown for
N ¼ 54 [24] and 56. The value for N ¼ 56 has been
measured by experiment, discussed in the following Letter
[25], as an evidence of the shape coexistence in 96Zr. The
overall agreement between theory and experiment appears
to be remarkable. It is clear that the 2þ2 → 0þ2 transitions at
N ¼ 54 and 56 are linked to the 2þ1 → 0þ1 transitions in
heavier isotopes, via 2þ1 → 0þ2 transition at N ¼ 58.
Figure 1(d) shows the deformation parameter β2 [1].

The results of IBM [30], HFB [34], and FRDM [38]
calculations are included, exhibiting much more
gradual changes. The MCSM values are obtained from
BðE2; 2þ1 → 0þ1 Þ.

The systematic trends indicated by the 2þ1 level, the ratio
R4=2, the BðE2; 2þ1 → 0þ1 Þ value (or β2), and the T-plot
analysis are all consistent among themselves and in agree-
ment with relevant experiments. We can, thus, identify the
change between N ¼ 58 and 60 as a QPT, where in general
an abrupt change should occur in the quantum structure of
the ground state for a certain parameter [17,18]. The
parameter here is nothing but the neutron number N,
and the transition occurs from a “spherical phase” to a
“deformed phase.” Figure 1(b) demonstrates that the 0þ1
state is spherical up to N ¼ 58, but the spherical 0þ state is
pushed up to the 0þ4 state at N ¼ 60, where the prolate-
deformed 0þ state comes down to the ground state from the
0þ2 state at N ¼ 58. This sharp crossing causes the present
QPT. The discontinuities of various quantities, one of
which can be assigned the order parameter, at the crossing
point imply the first-order phase transition. The shape
transition has been noticed in many chains of isotopes and
isotones, but appears to be rather gradual in most cases, for
instance, from 148Sm to 154Sm. The abrupt change in the
Zr isotopes is exceptional.
We comment on the relation between the QPT and the

modifications of the interaction mentioned above. Without
them, the 2þ1 level is still ∼0.2 MeV at N ¼ 60 close to
Fig. 1(a), while at N ¼ 58 it is higher than the value in
Fig. 1(a). Thus, the present QPT occurs rather insensitively
to the modifications, whereas experimental data can be
better reproduced by them.
We now discuss the origin of such abrupt changes.

Figure 3(a) displays the occupation numbers of proton
orbits for the 0þ1;2 states of 98Zr, the 0þ1 state of 100Zr and
the 0þ1;2 states of

110Zr. From the spherical 0þ1 to prolate 0þ2
states of 98Zr, the occupation number of the proton 0g9=2
increases from 0.4 to 3.5, while those of the pf-shell orbits
decrease. The proton 0g9=2 orbit is more occupied in the
prolate 0þ1 state of 100;110Zr.
Figure 3(b) shows effective single-particle energies

(ESPE) of neutron orbits calculated with the occupation
numbers of the SM eigenstates, shown in Fig. 3(a) (see
Refs. [46,47] for explanations). At a glance, one notices
that the ESPEs from 2s1=2 to 0g7=2 are distributed over a
range of 4 MeV for the 0þ1 state of 98Zr, but are within
2 MeV for the prolate states, such as 0þ2 of 98Zr, 0þ1 of
100Zr, and 0þ1 of 110Zr. We notice also a massive (3.5–5.5)

FIG. 2. T-plots for 0þ1;2 states of 98;100;110Zr isotopes.
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A. Tredici, A. Nannini, M. Rocchini, P. Napiórkowski et al., LNL Annual Report 2019 
(2020) 59
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their dispersions for the g.s. 
should be accessible from 

GOSIA analysis

▸ On-going analysis:


▸ More than 30 states 
populated


▸ 5 excited 0+ candidates 
populated


▸ More than 50 transitions 
observed, 10 new

Low-Energy 
Coulomb 
Excitation


SPIDER


Pulse Height 
Correlations


Radiation 
Damage


Online Target 
Analysis


The GALILEO 
Campaign


The AGATA 
Campaign

16



Active Stoppers for Decay Experiments, 24th - 26th March 2025, Valencia (Spain) Marco Rocchini

The Silicon PIe DEtectoR for low-energy Coulomb excitationINFN Coulex of 58Ni and 116Sn

56Ni 58Ni

58Zn

60Ni

60Zn

60Ge

62Ni

62Zn

62Ge

64Ni

64Zn

64Ge

66Ni

66Zn

66Ge

66Se

68Ni

68Zn

68Ge

68Se

68Kr

70Ni

70Zn

70Ge

70Se

70Kr

72Ni

72Zn

72Ge

72Se

72Kr

74Ni

74Zn

74Ge

74Se

74Kr

74Sr

76Ni

76Zn

76Ge

76Se

76Kr

76Sr

78Ni

78Zn

78Ge

78Se

78Kr

78Sr

80Ni

80Zn

80Ge

80Se

80Kr

80Sr

80Zr

82Zn

82Ge

82Se

82Kr

82Sr

82Zr

84Zn

84Ge

84Se

84Kr

84Sr

84Zr

84Mo

86Ge

86Se

86Kr

86Sr

86Zr

86Mo

88Ge

88Se

88Kr

88Sr

88Zr

88Mo

88Ru

90Se

90Kr

90Sr

90Zr

90Mo

90Ru

92Kr

92Sr

92Zr

92Mo

92Ru

92Pd

94Kr

94Sr

94Zr

94Mo

94Ru

94Pd

96Kr

96Sr

96Zr

96Mo

96Ru

96Pd

96Cd

98Kr

98Sr

98Zr

98Mo

98Ru

98Pd

98Cd

100Kr

100Sr

100Zr

100Mo

100Ru

100Pd

100Cd

100Sn

102Sr

102Zr

102Mo

102Ru

102Pd

102Cd

102Sn

104Sr

104Zr

104Mo

104Ru

104Pd

104Cd

104Sn

104Te

106Sr

106Zr

106Mo

106Ru

106Pd

106Cd

106Sn

106Te

108Zr

108Mo

108Ru

108Pd

108Cd

108Sn

108Te

108Xe

110Zr

110Mo

110Ru

110Pd

110Cd

110Sn

110Te

110Xe

112Zr

112Mo

112Ru

112Pd

112Cd

112Sn

112Te

112Xe

114Mo

114Ru

114Pd

114Cd

114Sn

114Te

114Xe

116Mo

116Ru

116Pd

116Cd

116Sn

116Te

116Xe

118Mo

118Ru

118Pd

118Cd

118Sn

118Te

118Xe

120Ru

120Pd

120Cd

120Sn

120Te

120Xe

122Ru

122Pd

122Cd

122Sn

122Te

122Xe

124Ru

124Pd

124Cd

124Sn

124Te

124Xe

126Pd

126Cd

126Sn

126Te

126Xe

128Pd

128Cd

128Sn

128Te

128Xe

130Cd

130Sn

130Te

130Xe

132Sn

132Te

132Xe

134Te

134Xe 136Xe

Primary Decay Mode
Stable n e- capture

Fission 2n p

α β+ 2p

β- 2β+ 3p

2β- e+

Long-lived

Estimated

Unknown

58Ni on 116Sn | SPs: M. Siciliano, A. Illana, M. Saxena

58Ni on 208Pb,196Pt | SPs: M. Rocchini, A. Nannini, K. Hadyńska-Klȩk
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▸ 116Sn (analysis ongoing):


▸ Population of 2+ states 
above the 02,3+ states 
achieved


▸ Cut on the fusion 
evaporation 
background

▸ 58Ni (analysis ongoing):


▸ 03+ state populated


▸ States above the 22+ state ⟹ 
Qs(22+) achievable

M. Siciliano, A. Goasduff, M. Rocchini et al., LNL Annual 
Report 2019 (2020) 52

M. Rocchini, A. Nannini, K. Hadyńska-Klȩk et al., LNL Annual Report 2020 
(2021) 39
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INFN AGATA

J.J. Valiente-Dobón, R. Menegazzo, A. Goasduff et al., NIMA 1049 (2023) 168040

▸ Last generation γ-ray spectrometer 
composed of higly-segmented HPGe 
detectors


▸ Employs advanced PSA and γ-ray tracking 
methods to avoid Compton-suppressors and 
garantee high efficiency 

12Active Stoppers for Decay Experiments, Marco Rocchini

The Silicon PIe DEtectoR
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SPIDER
AGATA

AGATA with SPIDER  (2022 - ongoing)
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SPIDER
AGATA

M. Balogh & N. Marchini

AGATA with SPIDER  (2022 - ongoing)
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▸ First Coulex campaign with AGATA and SPIDER 
successfully performed in October 2022


▸ Investigated nuclei: 74Se, 96Zr, 110Cd

58Ni on 96Zr | SPs: N. Marchini, D.T. Dohery, M. Zielińska

60Ni on 110Cd | SPs: K. Wrzosek-Lipska, P.E. Garrett, 
A.Nannini, M. Rocchini, M. Zielińska

74Se on 208Pb, 120Sn | SPs: W. Korten, K. Wrzosek-Lipska, E. Clement

Preliminary

Preliminary

Preliminary
AGATA+SPIDER 1st Campaign
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▸ A second Coulex campaign with AGATA and 
SPIDER successfully performed in July 2024, 
focused on 64Zn and 106Pd


▸ A third Coulex campaign with AGATA 
and SPIDER ongoing right now, 
112Cd and 122Te already 
succesfully performed

AGATA+SPIDER 2nd and 3rd Campaign
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The Silicon PIe DEtectoR for low-energy Coulomb excitation

▸ SPIDER is a segment, modular silicon detector designed for 
low-energy Coulomb excitation measurements with modern 
γ-ray spectrometers


▸ The detector is characterized by an excellent energy 
resolution, which makes it possible to take into account the 
target thickness in the Doppler correction of the γ-ray 
energy


▸ We studied radiation damage and 
pulse height correlations for our 
applications


▸ The detector is “as simple as 
possible”, making it a very reliable 
instrument (100% success rate)

Summary
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A B S T R A C T

SPIDER is a new array of segmented silicon detectors for low-energy Coulomb-excitation experiments, designed
as an ancillary device for modern �-ray spectrometers such as GALILEO and AGATA. Currently, it is used at the
INFN Legnaro National Laboratories (LNL) for experiments with the GALILEO �-ray array and the stable beams
provided by the Tandem-XTU, ALPI-PIAVE accelerator complex. In this paper, a detailed description of SPIDER
is presented, as well as the outcomes from the first in-beam experiment of the array coupled with GALILEO. In
particular, radiation damage and cross-talk/charge-sharing effects induced by energetic heavy ions in SPIDER
are investigated and the capabilities of the array to perform on-line Rutherford back-scattering analysis of
the exploited target are presented. The material reported here can be used to plan future experiments with
the GALILEO-SPIDER setup with the presently available stable beams at LNL and paves the way for future
experimental campaigns with the radioactive beams provided in the near future by the SPES facility at LNL.

1. Introduction

The study of shapes and collective properties of atomic nuclei is
nowadays a vast and very active area of research, particularly rele-
vant for the development of modern theoretical models for nuclear
physics and with important outcomes also in the fields of fundamental
interaction physics and nuclear astrophysics (see for instance [1–5]).
Low-energy Coulomb-excitation is one of the most powerful experimen-
tal techniques for such studies. It is a unique method that offers the
possibility to determine not only the reduced transition probabilities,

< Correspondence to: INFN Sezione di Firenze, via G. Sansone 1, 50019 Sesto Fiorentino (FI), Italy.
E-mail address: nannini@fi.infn.it (A. Nannini).

1 Present address: University of Guelph, Department of Physics, N1G2W1 Guelph, Canada.

describing the collectivity of the transitions, but also the spectro-
scopic quadrupole moments of excited states, as well as the relative
signs of the extracted transitional and diagonal matrix elements [6,7].
According to the Cline’s safe-distance criterion [8], the appropriate
beam energy can be chosen for which the nuclear contributions to
the excitation mechanism can be neglected and only the well-known
electromagnetic interaction formalism is used in the description of
the scattering process, thus allowing to extract experimental quantities
in a model-independent way. The technique is extensively used for
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