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WITH ELECTRIC MONOPOLE, 

E0 TRANSITIONS

Electric monopole, E0 transitions are unique to nuclei; they 
are not observed in any other manifestations of matter.



CRICOS PROVIDER #00120C

2 2022 AIP, Adelaide

Electron spectroscopy and nuclei
We study nuclei by observing energy changes, notably by:
q Changes in particle energies — inelastic scattering of a monoenergetic 

beam by a target
q Emitted energies of radiations from radioactive decay or a reaction
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Electron spectroscopy and nuclei
We study nuclei by observing energy changes, notably by:
q Changes in particle energies — inelastic scattering of a monoenergetic 

beam by a target
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g-rays — g-ray spectroscopy

Conversion electrons — ICE spectroscopy

e- e+ pair formation — IPF spectroscopy
A fundamental limitation to g-ray spectroscopy is 
g-rays (photons) possess a spin of one (1 ℏ):
g-ray spectroscopy cannot “see” spin-0 → spin-0 

processes
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Nuclear states of spin-0
One quarter of all nuclei (even-even) 
possess ground states with spin-0

for some rare-earth nuclei and nuclei in the Pb region (Girod
and Reinhard, 1982; Girod et al., 1989). A more detailed
study was carried out for the190;192;194Hg nuclei byDelaroche
et al. (1989). Recently, the full solution of the collective
5DCH has been studied within constrained HFB theory based
on the Gogny D1S force. Studies in the Pb mass region have
been carried out (Libert, Girod, and Delaroche, 1999), and
also studying shell closure for light nuclei atN ¼ 16
(Obertelli et al., 2005) and for the N ¼ 20 and N ¼ 28
neutron-rich nuclei (Peru, Girod, and Berger, 2000) and the
role of triaxiality in the light Kr nuclei (Girod et al., 2009).
An overview o!ow-lying collective properties over the
whole mass region has been given, using the same methods,
by Delaroche et al. (2010).

A di"erent approach was proposed by Walecka who de-
veloped a relativistic mean-field formulation (RMF)
(Walecka, 1974). A detailed discussion on the Lagrangians
used is given in several review papers (Serot and Walecka,
1986; Reinhard, 1989; Serot, 1992; Ring, 1996). A study
within the relativistic Hartree-Bogoliubov (RHB) framework
was performed specifically concentrating on shape coexis-
tence in the Pt-Hg-Pb nuclei (Nikš ić et al., 2002). Within the
RMF approach, beyond-relativistic-mean-field studies were
performed recently, also incorporating configuration mixing
of mean-field wave functions projected onto angular momen-
tum J and particle numberðN; Z Þ, using the GCM approach,
restricting to axially symmetric systems (encompassing vi-
brational and rotational degrees o"reedom) with applications
for 32Mg and194Hg (Nikš ić, Vretenar, and Ring, 2006a) (only
J projected) and for24Mg, 32S, and 36Ar (J and particle
number projected) (Nikš ić, Vretenar, and Ring, 2006b).
Even more general studies have been performed using pro-
jected states starting from triaxial quadrupole constraints on
the mean-field level with applications to the neutron-rich Mg
nuclei (Yao et al., 2009) as well as using the resulting three-
dimensional relativistic mean-field wave functions in a GCM
configuration mixing calculation (Yao et al., 2010) with
application for24Mg. We mention that more restricted studies
of potential energy surfaces, aiming at the study of triaxial
ground-state shapes for the Sm and Pt nuclei, making use of
the three-dimensional RHB model have been performed
(Nikš ić et al., 2010) also.

Relativistic mean-field theory was also used to extensively
study the 5DCH, starting from the relativistic energy density
functional, and applied to the even-even Gd nuclei (Nikš ić
et al., 2009) and recently to the study of even-even Ba and Xe
nuclei (Li et al., 2010).

C. Similarities between shell-model and mean-field approaches

We come to the point that shell-model and mean-field
approaches, if technically possible, lead to much the same
physics. It seems clear that starting from a spherical mean
field only, and getting both the advantages and disadvantages
from the ensuing spherical closed-shell configurations near
stability, one inevitably runs out of computer capabilities.
Moreover, the model wave functions do not give genuine
physics insight (billions of components). Still, this approach
is a consistent and robust approach with strong predictive
power, such that systematic deviations between experiment

and theory have to be taken seriously and cannot be hidden by
parameter changes. On the other hand, making use of self-
consistent mean-field methods, one starts from an e"ective
nucleon-nucleon interaction in order to derive an optimized
deformed (quadrupole deformation, pairing, etc.) basis
j ðqÞi. Whereas the shell-model space itsel#s a Hilbert
space, the set of Slater determinants constitutes a geometrical
surface within the Hilbert space [seeRowe and Wood (2010)
for a more detailed exposition]. The mean-field method
produces an energy surface which is semiclassical. As a
consequence and in order to reach results to be compared
with the data in nuclei, one needs to go beyond the mean-field
approximation. Here the technicalities of projecting from the
intrinsic frame to the lab frame, with goodJ; N; Z; . . . are
demanding when exploring the full space of the, quad-
rupole variables. Moreover, one has to take into account
mixing of the various intrinsic projected states in order to
arrive at the exact eigenstates. Calculations starting from a
spherical shell-model basis, or, using mean-field methods
(applied to the Mg, S, and Zr istopes) resulted in a strong
resemblance [see Reinhard et al. (1999) for a detailed
discussion]. A particular example is 40Ca for which both
the shell-model results (see Sec.II.A.1 and Fig. 1) and
beyond-mean-field calculations (Bender, Flocard, and
Heenen, 2003) are available.

III. MANIFESTATION OF COEXISTENCE IN NUCLEI

The occurrence of energy gaps, due to spherical shells or
subshells, and the mixing of the resulting proton and neutron
configurations are the essential ingredients to a unified view
of coexistence in nuclei. Figure8 shows the regions of shape
coexistence that are discussed in this review and their location
with respect to magic numbers.

We present the experimental data that motivate this unified
view in a particular order. We first review mass regions for
which extensive data support the widespread and unequivocal
manifestation of shape coexistence, i.e., the regions centered

FIG. 8 (color online). The main regions of nuclear shape coex-
istence discussed in Sec. III are shown in relationship to closed
shells. Regions A, F: see Sec. III.B.1 ; regions B, C, D, and E: see
Sec. III.B.2 ; region G: see Sec. III.A.8 ; region H: see Sec. III.A.5 ;
region I: see Sec. III.A.3 ; region J: see Sec. III.A.2 ; region K: see
Sec. III.A.4 ; and region L: see Sec. III.A.1 .
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et al. (1989). Recently, the full solution of the collective
5DCH has been studied within constrained HFB theory based
on the Gogny D1S force. Studies in the Pb mass region have
been carried out (Libert, Girod, and Delaroche, 1999), and
also studying shell closure for light nuclei at N ¼ 16
(Obertelli et al., 2005) and for the N ¼ 20 and N ¼ 28
neutron-rich nuclei (Peru, Girod, and Berger, 2000) and the
role of triaxiality in the light Kr nuclei (Girod et al., 2009).
An overview of low-lying collective properties over the
whole mass region has been given, using the same methods,
by Delaroche et al. (2010).

A different approach was proposed by Walecka who de-
veloped a relativistic mean-field formulation (RMF)
(Walecka, 1974). A detailed discussion on the Lagrangians
used is given in several review papers (Serot and Walecka,
1986; Reinhard, 1989; Serot, 1992; Ring, 1996). A study
within the relativistic Hartree-Bogoliubov (RHB) framework
was performed specifically concentrating on shape coexis-
tence in the Pt-Hg-Pb nuclei (Nikšić et al., 2002). Within the
RMF approach, beyond-relativistic-mean-field studies were
performed recently, also incorporating configuration mixing
of mean-field wave functions projected onto angular momen-
tum J and particle number ðN; ZÞ, using the GCM approach,
restricting to axially symmetric systems (encompassing vi-
brational and rotational degrees of freedom) with applications
for 32Mg and 194Hg (Nikšić, Vretenar, and Ring, 2006a) (only
J projected) and for 24Mg, 32S, and 36Ar (J and particle
number projected) (Nikšić, Vretenar, and Ring, 2006b).
Even more general studies have been performed using pro-
jected states starting from triaxial quadrupole constraints on
the mean-field level with applications to the neutron-rich Mg
nuclei (Yao et al., 2009) as well as using the resulting three-
dimensional relativistic mean-field wave functions in a GCM
configuration mixing calculation (Yao et al., 2010) with
application for 24Mg. We mention that more restricted studies
of potential energy surfaces, aiming at the study of triaxial
ground-state shapes for the Sm and Pt nuclei, making use of
the three-dimensional RHB model have been performed
(Nikšić et al., 2010) also.

Relativistic mean-field theory was also used to extensively
study the 5DCH, starting from the relativistic energy density
functional, and applied to the even-even Gd nuclei (Nikšić
et al., 2009) and recently to the study of even-even Ba and Xe
nuclei (Li et al., 2010).

C. Similarities between shell-model and mean-field approaches

We come to the point that shell-model and mean-field
approaches, if technically possible, lead to much the same
physics. It seems clear that starting from a spherical mean
field only, and getting both the advantages and disadvantages
from the ensuing spherical closed-shell configurations near
stability, one inevitably runs out of computer capabilities.
Moreover, the model wave functions do not give genuine
physics insight (billions of components). Still, this approach
is a consistent and robust approach with strong predictive
power, such that systematic deviations between experiment

and theory have to be taken seriously and cannot be hidden by
parameter changes. On the other hand, making use of self-
consistent mean-field methods, one starts from an effective
nucleon-nucleon interaction in order to derive an optimized
deformed (quadrupole deformation, pairing, etc.) basis
j !ðqÞi. Whereas the shell-model space itself is a Hilbert
space, the set of Slater determinants constitutes a geometrical
surface within the Hilbert space [see Rowe and Wood (2010)
for a more detailed exposition]. The mean-field method
produces an energy surface which is semiclassical. As a
consequence and in order to reach results to be compared
with the data in nuclei, one needs to go beyond the mean-field
approximation. Here the technicalities of projecting from the
intrinsic frame to the lab frame, with good J; N; Z; . . . are
demanding when exploring the full space of the !, " quad-
rupole variables. Moreover, one has to take into account
mixing of the various intrinsic projected states in order to
arrive at the exact eigenstates. Calculations starting from a
spherical shell-model basis, or, using mean-field methods
(applied to the Mg, S, and Zr istopes) resulted in a strong
resemblance [see Reinhard et al. (1999) for a detailed
discussion]. A particular example is 40Ca for which both
the shell-model results (see Sec. II.A.1 and Fig. 1) and
beyond-mean-field calculations (Bender, Flocard, and
Heenen, 2003) are available.

III. MANIFESTATION OF COEXISTENCE IN NUCLEI

The occurrence of energy gaps, due to spherical shells or
subshells, and the mixing of the resulting proton and neutron
configurations are the essential ingredients to a unified view
of coexistence in nuclei. Figure 8 shows the regions of shape
coexistence that are discussed in this review and their location
with respect to magic numbers.

We present the experimental data that motivate this unified
view in a particular order. We first review mass regions for
which extensive data support the widespread and unequivocal
manifestation of shape coexistence, i.e., the regions centered

FIG. 8 (color online). The main regions of nuclear shape coex-
istence discussed in Sec. III are shown in relationship to closed
shells. Regions A, F: see Sec. III.B.1; regions B, C, D, and E: see
Sec. III.B.2; region G: see Sec. III.A.8; region H: see Sec. III.A.5;
region I: see Sec. III.A.3; region J: see Sec. III.A.2; region K: see
Sec. III.A.4; and region L: see Sec. III.A.1.
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One quarter of all nuclei (even-even) 
possess ground states with spin-0

Spin-0 excited states occur widely, 
where nuclei can have different shapes 
(deformation) — shape coexistence

Shape coexistence:

q from an exotic rarity (1980’)

q via a perception that is a phenomenon 
which exhibits “islands of 
occurrence” (1990’)
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Nuclear states of spin-0
One quarter of all nuclei (even-even) 
possess ground states with spin-0

Spin-0 excited states occur widely, 
where nuclei can have different shapes 
(deformation) — shape coexistence

Shape coexistence:

q from an exotic rarity (1980’)

q via a perception that is a phenomenon 
which exhibits “islands of 
occurrence” (1990’)

q to the current position in which it 
seems to occur in all nuclei (Z≥8)
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nucleon-nucleon interaction in order to derive an optimized
deformed (quadrupole deformation, pairing, etc.) basis
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space, the set of Slater determinants constitutes a geometrical
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III. MANIFESTATION OF COEXISTENCE IN NUCLEI
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subshells, and the mixing of the resulting proton and neutron
configurations are the essential ingredients to a unified view
of coexistence in nuclei. Figure 8 shows the regions of shape
coexistence that are discussed in this review and their location
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We present the experimental data that motivate this unified
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FIG. 8 (color online). The main regions of nuclear shape coex-
istence discussed in Sec. III are shown in relationship to closed
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Only E0 transitions allowed between spin-0 states
E0 transitions – ideal probes of shape coexistence

figure 1(c), the change is doubled due to the linearity of the monopole effect, if there are 4p
−4 h excitation as shown in figure 1(e). This reduction, of course, depends on the orbits
involved. If favorable combinations are involved, the final effect can be quite significant. We
now discuss such examples.

4.2. Structure of 68Ni

Figure 4(a) shows levels of 68Ni [72]. These levels are calculated by using the Monte Carlo
shell model (MCSM) [74, 75] by using the K computer facility [72]. The model space
consists of the full pf shell + g1 9 2 + d2 5 2 without any truncation. The variance extra-
polation ensures the accuracy of the result [76]. The shell-model Hamiltonian was modified
A3DA, which is a combination of G-matrix effective interaction, phenomenologically tuned
bare single-particle energies and two-body matrix elements [75, 72]. The level scheme and E2
properties of other Ni isotopes are presented in [72] with a salient systematic agreement with
experiment [73, 87, 88], suggesting the validity of the shell-model Hamiltonian. While there
have been many studies on 68Ni [77]–[89], we shall focus on messages contained in the
calculated results of [72].

Calculated positive-parity levels of 68Ni are classified according to their shapes: sphe-
rical, oblate or prolate. The shape assignment is made based on the intrinsic quadrupole
moments of primary MCSM basis vectors as explained below and also in [72]. The separation
in specific bands is consistent with the enhanced E2 transitions. The present calculation
exhibits rather good agreement with the data shown in figure 4(b) [73, 87, 88]. The
appearance of three different shapes within a narrow energy range points towards the presence
of shape coexistence.

Figure 5. Three dimensional total energy surface of 68Ni. A similar figure was shown in
[88]. Schematic images of the spherical, oblate and prolate shapes are shown along
the axes.
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Only E0 transitions allowed between spin-0 states
E0 transitions in nuclei do not have an intrinsic 
origin:
q Monopole moments do not define rotation
q Monopole vibrations only exist at high energy 

(~15 MeV, nuclear matter is incompressible)
q Low energy E0 transitions in nuclei originate 

from quantum mechanical mixing

E0 transitions – ideal probes of shape coexistence

figure 1(c), the change is doubled due to the linearity of the monopole effect, if there are 4p
−4 h excitation as shown in figure 1(e). This reduction, of course, depends on the orbits
involved. If favorable combinations are involved, the final effect can be quite significant. We
now discuss such examples.

4.2. Structure of 68Ni

Figure 4(a) shows levels of 68Ni [72]. These levels are calculated by using the Monte Carlo
shell model (MCSM) [74, 75] by using the K computer facility [72]. The model space
consists of the full pf shell + g1 9 2 + d2 5 2 without any truncation. The variance extra-
polation ensures the accuracy of the result [76]. The shell-model Hamiltonian was modified
A3DA, which is a combination of G-matrix effective interaction, phenomenologically tuned
bare single-particle energies and two-body matrix elements [75, 72]. The level scheme and E2
properties of other Ni isotopes are presented in [72] with a salient systematic agreement with
experiment [73, 87, 88], suggesting the validity of the shell-model Hamiltonian. While there
have been many studies on 68Ni [77]–[89], we shall focus on messages contained in the
calculated results of [72].

Calculated positive-parity levels of 68Ni are classified according to their shapes: sphe-
rical, oblate or prolate. The shape assignment is made based on the intrinsic quadrupole
moments of primary MCSM basis vectors as explained below and also in [72]. The separation
in specific bands is consistent with the enhanced E2 transitions. The present calculation
exhibits rather good agreement with the data shown in figure 4(b) [73, 87, 88]. The
appearance of three different shapes within a narrow energy range points towards the presence
of shape coexistence.

Figure 5. Three dimensional total energy surface of 68Ni. A similar figure was shown in
[88]. Schematic images of the spherical, oblate and prolate shapes are shown along
the axes.
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Only E0 transitions allowed between spin-0 states
E0 transitions in nuclei do not have an intrinsic 
origin:
q Monopole moments do not define rotation
q Monopole vibrations only exist at high energy 

(~15 MeV, nuclear matter is incompressible)
q E0 transitions in nuclei originate from quantum 

mechanical mixing
Mixing origin of E0 strengths
q Strength generated by difference in mean-

square radii of unmixed configurations
q Strength depends on mixing amplitudes
q Different deformations in nuclei = different 

mean-square charge radii

E0 transitions – ideal probes of shape coexistence

figure 1(c), the change is doubled due to the linearity of the monopole effect, if there are 4p
−4 h excitation as shown in figure 1(e). This reduction, of course, depends on the orbits
involved. If favorable combinations are involved, the final effect can be quite significant. We
now discuss such examples.

4.2. Structure of 68Ni

Figure 4(a) shows levels of 68Ni [72]. These levels are calculated by using the Monte Carlo
shell model (MCSM) [74, 75] by using the K computer facility [72]. The model space
consists of the full pf shell + g1 9 2 + d2 5 2 without any truncation. The variance extra-
polation ensures the accuracy of the result [76]. The shell-model Hamiltonian was modified
A3DA, which is a combination of G-matrix effective interaction, phenomenologically tuned
bare single-particle energies and two-body matrix elements [75, 72]. The level scheme and E2
properties of other Ni isotopes are presented in [72] with a salient systematic agreement with
experiment [73, 87, 88], suggesting the validity of the shell-model Hamiltonian. While there
have been many studies on 68Ni [77]–[89], we shall focus on messages contained in the
calculated results of [72].

Calculated positive-parity levels of 68Ni are classified according to their shapes: sphe-
rical, oblate or prolate. The shape assignment is made based on the intrinsic quadrupole
moments of primary MCSM basis vectors as explained below and also in [72]. The separation
in specific bands is consistent with the enhanced E2 transitions. The present calculation
exhibits rather good agreement with the data shown in figure 4(b) [73, 87, 88]. The
appearance of three different shapes within a narrow energy range points towards the presence
of shape coexistence.

Figure 5. Three dimensional total energy surface of 68Ni. A similar figure was shown in
[88]. Schematic images of the spherical, oblate and prolate shapes are shown along
the axes.
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E0 transition strengths: a model-independent description
Monopole strength parameter

𝜌!" =
𝑓 ∑# 𝑒#𝑟#$ 𝑖

𝑒𝑅$ ≡
𝑓 𝑚(𝐸0) 𝑖

𝑒𝑅$ ≡
𝑀!"(𝐸0)
𝑒𝑅$

Monopole strength from mixing of states with different <r2>
|i⟩=α|1⟩ + β |2⟩, |f⟩= − 𝛽|1⟩ + 𝛼 |2⟩

𝑀!" 𝐸0 = 𝛼𝛽 2 𝑚(𝐸0) 2 − 1 𝑚(𝐸0) 1 + 𝛼$ − 𝛽$ 1 𝑚(𝐸0) 2

𝑀"# 𝐸0 ≈ 𝛼𝛽 Δ 𝑟$

Δ 𝑟$ ≡ − 1 :
#

𝑒#𝑟#$ 1 + 2 :
#

𝑒#𝑟#$ 2

From David G Jenkins and John L Wood, Nuclear Data: A Primer, IOP, Bristol, UK, 2021 
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Observing E0 transitions
q Must be conversion electron (ICE) or 

electron-positron pair formation (IPF)

q Source/target and electron detector 
mast be in high vacuum

q g-ray emission more probable; need 
magnetic separation

q High resolution; thin targets
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Observing E0 transitions
q Must be conversion electron (ICE) or 

electron-positron pair formation (IPF)

q Source/target and electron detector 
mast be in high vacuum

q g-ray emission more probable; need 
magnetic separation

q High resolution; thin targets

Characterizing E0 transitions
q Monopole strength parameter

q g-ray spectroscopy, branching ratios, 
conversion coefficients, E2/M1 mixing 
ratios for M1+E2+E0 transitions 
between J>0 states (2+ - 2+)

q Lifetime measurements

ANU HIAF: Has the flexibility to 
measure conversion electrons, e+e-
pairs, g-rays and lifetimes

𝜌!" =
𝑀!"(𝐸0)
𝑒𝑅$

=
1

𝜏(𝐸0)×Ω(𝐸0)
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Observing E0 transitions

beam

positron

electron

Si(Li)
array

target

ANU – Super-e

hpGe
for g-rays

T. Kibédi, et al., NIM A294 (1990) 223
T. Eriksen, et al., Phys. Rev. C 102 (2020) 024320
J.T.H. Dowie, et al., Phys. Lett B 811 (2021) 135855
E. Ideguchi, et al., Phys. Lett. 128 (2022) 252501
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(c) electron-positron pairs

T. Eriksen, PhD, ANU (2018)

02 -01
K/IPF=0.017
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Gamma-rays

Conversion electrons

Electron-positron pairs
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The Hoyle state
There are few nuclei that have captured the imagination 
more than carbon-12

Carbon production, the triple-a and the 12C(a,g)16O 
reactions are the key to synthesis of all elements 
(except hydrogen and helium)
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Hoyle state 0+

2+

0+

4.44

7.65

E2

E2

E0

Stable carbon
production 

0.04%

α

α

Direct
α-decay 
<0.043%

α

yy

8Be

α

eBe

Sequential
α-decay 
99.92%

Seqquen

α

12C

0+ 7.6

8Be

α

Triple α-reaction

888888888888888888888888BBBBBBBBBBBBeBeBe

α
α

α

The production of the Hoyle state

Hoyle state 0+ 7.65 3a – 0.31 MeV

2a – 0.09 MeV

E0

There are few nuclei that have captured the imagination 
more than carbon-12. 

Carbon production, the triple-a and the 12C(a,g)16O 
reactions are key to synthesis of all elements (except 
hydrogen and helium)

The gateway through which that synthesis proceeds is 
dominated by the presence of the second excited state 
at 7.65 MeV, Jπ = 0+ in 12C; the Hoyle state.

2022 AIP, Adelaide
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The decay of the Hoyle state

Hoyle state 0+ 7.65 3a – 0.31 MeV

2a – 0.09 MeV

E0

There are few nuclei that have captured the imagination 
more than carbon-12. 

Carbon production, the triple-a and the 12C(a,g)16O 
reactions are key to synthesis of all elements (except 
hydrogen and helium)

The gateway through which that synthesis proceeds is 
dominated by the presence of the second excited state 
at 7.65 MeV, Jπ = 0+ in 12C; the Hoyle state.
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Hoyle state 0+
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What we know about the radiative width of the Hoyle state (2014)

Hoyle state 0+ 7.65 3a – 0.31 MeV

2a – 0.09 MeV

E0

There are few nuclei that have captured the imagination 
more than carbon-12. 

Carbon production, the triple-a and the 12C(a,g)16O 
reactions the key to synthesis of all elements (except 
hydrogen and helium)

The gateway through which that synthesis proceeds is 
dominated by the presence of the second excited state 
at 7.65 MeV, Jπ = 0+ in 12C; the Hoyle state.

The triple-a reaction rate:
r3a ∼ Grad

Grad = 0.0037(4) eV; G=9.3 eV

Challenge: Can the accuracy improved?

q Gp(E0)/G = 6.7(6) ×10−6

q Grad/G =  4.19(11) ×10−4

q Gp (E0) = 62(2) µeV1:2500 chance to make stable carbon!

Γ!"# =
$!"#
$

× 𝜞
𝜞𝝅(𝑬𝟎)

× Γ*(𝐸0)

2022 AIP, Adelaide
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q 12C(p,p`) @ 10.5 MeV, ~1 µA, 1-2 mg/cm2 nat C

q 4.44 MeV E2 to normalise proton to e+e- pair ratio 
q e+e- pair efficiency, ep from Monte Carlo
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Gp(E0)/G – Super-e (ANU)
IMPROVED PRECISION ON THE EXPERIMENTAL E0 … PHYSICAL REVIEW C 102, 024320 (2020)

FIG. 8. The summed pair spectrum of the three 12C experimental
runs. The transitions are normalized to the peak area of the 4.44 MeV
γ -ray transition measured by the monitor detector. Note that the
6048 keV and 7654 keV lines have been scaled up for visualization
purposes.

IV. RESULTS

Four transitions were sampled during the pair measure-
ments of the present work. They were the 4.44 MeV 2+

1 →
0+

1 , 3.22 MeV 0+
2 → 2+

1 , and 7.65 MeV 0+
2 → 0+

1 transitions
in 12C, and the 6.05 MeV 0+

2 → 0+
1 transition in 16O. An

initial objective was to detect the 3.22 MeV E2 pair transition
from the Hoyle state, however, this turned out to be too
ambitious as a large background rendered the observation
of this weak transition impossible. Instead, the focus turned
to the 4.44 MeV and the 7.65 MeV transitions, which were
clearly visible. These two pair transitions in 12C, as well
as the 16O line used for energy calibration, are shown in
Fig. 8. Note that the spectrum has been shifted up in energy
by 2m0c2 = 1022 keV to reflect the transition energy. The
spectrum in Fig. 8 corresponds to 9 days of beam on target,
from three experimental runs. To account for sampling time
and beam intensity, the individual spectra were normalized
to the peak area of the 4.44 MeV γ -ray transition measured
by the monitor detector before summation. Furthermore, the
spectra have been random subtracted by applying gates on
prompt and random time differences.

Since the 4.44 MeV E2 transition originates from the 2+
1

state, the pair emission distribution for the transmission effi-
ciency calculation had to be corrected for nuclear alignment
effects. In order to obtain the distribution coefficients needed
for the correction, the γ -ray intensities of the 4.44 MeV
transition were measured at θlab = 20◦–160◦ in 10◦ steps,
using a HPGe detector with a crystal size of 81 mm × 54 mm
(length × diameter) positioned 41.5 cm away from the target.
The attenuation factors for this setup were found to be close

FIG. 9. The angular distribution of γ rays from the 2+
1 → 0+

1
transition in 12C. The results are in good agreement with the previous
measurement performed by Alburger [23].

to unity. For these measurements, a 1 mg/cm2 thick natural
carbon target was used, and the 2+

1 state was populated by the
12C(p, p′) reaction at 10.5 MeV. The resulting angular distri-
bution is shown with fitted distribution coefficients in Fig. 9,
and corresponds very well with the one measured by Alburger
in 1977 [23]. By comparing Monte Carlo simulations for
pair transitions from unaligned and aligned cases of the 4.44
MeV state, a 7.45% reduction in transmission efficiency was
revealed for the aligned case with the measured distribution
coefficients.

The proton population ratio, Np(2+
1 )/Np(0+

2 ), is also
needed to extract #E0

π /# from the pair measurements ac-
cording to the method described in Sec. II. For this reason,
scattering measurements of 12C(p, p′) were carried out using
the ANU BALiN double sided silicon strip detector array
[41–43]. The proton scattering distributions of the 2+

1 and
0+

2 states were measured simultaneously for scattering angles
between 20◦–160◦. Measurements were performed using both
a 50 µg/cm2 and the same 1 mg/cm2 thick 12C target foil
used in the pair conversion measurements. The 50 µg/cm2

thick target was bombarded over several runs with proton
beams of energies ranging between 10.4–10.7 MeV, to obtain
the angular distributions as a function of proton energy with
little effect of energy loss in the target. The 1 mg/cm2 thick
target was bombarded with 10.5 MeV protons to obtain the
proton angular distributions under the same conditions as in
the 12C pair measurements of the present work. The angular
distributions will be discussed in detail in a separate paper
[44].

Angular distribution functions were fitted to the data,
and the ratio of the integrals over the full solid angle were
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Background: Stellar carbon synthesis occurs exclusively via the 3α process, in which three α particles fuse to
form 12C in the excited Hoyle state, followed by electromagnetic decay to the ground state. The Hoyle state
is above the α threshold, and the rate of stellar carbon production depends on the radiative width of this state.
The radiative width cannot be measured directly, and must instead be deduced by combining three separately
measured quantities. One of these quantities is the E0 decay branching ratio of the Hoyle state, and the current
10% uncertainty on the radiative width stems mainly from the uncertainty on this ratio. The rate of the 3α

process is an important input parameter in astrophysical calculations on stellar evolution, and a high precision is
imperative to constrain the possible outcomes of astrophysical models.
Purpose: To deduce a new, more precise value for the E0 decay branching ratio of the Hoyle state.
Method: The E0 branching ratio was deduced from a series of pair conversion measurements of the E0 and E2
transitions depopulating the 0+

2 Hoyle state and 2+
1 state in 12C, respectively. The excited states were populated

by the 12C(p, p′) reaction at 10.5 MeV beam energy, and the pairs were detected with the electron-positron pair
spectrometer, Super-e, at the Australian National University. The deduced branching ratio required knowledge of
the proton population of the two states, as well as the alignment of the 2+

1 state in the reaction. For this purpose,
proton scattering and γ -ray angular distribution experiments were also performed.
Results: An E0 branching ratio of #E0

π /# = 8.2(5) × 10−6 was deduced in the current work, and an adopted
value of #E0

π /# = 7.6(4) × 10−6 is recommended based on a weighted average of previous literature values and
the new result.
Conclusions: The new recommended value for the E0 branching ratio is about 14% larger than the previous
adopted value of #E0

π /# = 6.7(6) × 10−6, while the uncertainty has been reduced from 9% to 5%. The new
result reduces the radiative width, and hence 3α reaction rate, by 11% relative to the adopted value, and the
uncertainty to 6.1%. This reduction in width and increased precision is likely to constrain possible outcomes of
astrophysical calculations.

DOI: 10.1103/PhysRevC.102.024320

*Present address: Department of Physics, University of Oslo,
N-0316 Oslo, Norway.

†Corresponding author: Tibor.Kibedi@anu.edu.au
‡Present address: King Khalid University, Department of Physics,

Faculty of Science, Abha 61413, Saudi Arabia.
§Present address: Nuclear Futures Institute, Bangor University,

Bangor, Gwynedd, LL57 2DG, United Kingdom.
¶Present address: University of Botswana, 4775 Notwane Rd.,

Gaborone, Botswana.

I. INTRODUCTION

The synthesis of heavier elements in the universe is ini-
tiated by the pp-chain reactions in hydrogen burning stars,
where four protons are ultimately converted into one α particle
with the release of energy. However, proton capture reactions
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E− ≈ E+. Hence, the Born approximation was considered
satisfactory for the 12C pair emission simulations. The double
differential probability distribution for E0 pair transitions is
determined by [30]

d2!π (E0)
dE+dcosθs

= p+ p−(W+W− − m2
0c4 + p+ p−c2cosθs), (7)

where p± denote momenta and W± = E± + m0c2 the total
energies for electrons (−) and positrons (+). For higher
electric multipoles, EL, the double differential distribution
is given in terms of the pair conversion coefficient of the
transition [31] by

d2απ (EL)
dE+dcosθs

=
(

2α

π (L + 1)

)(
p+ p−

q

)
(q/ω)2L−1

(ω2 − q2)2
×

[
(2L + 1)

(
W+W− + 1 − p+ p−

3
cosθs

)

+ L
(

q2

ω2
− 2

)
(W+W− − 1 + p+ p−cosθs) + 1

3
(L − 1)p+ p−

(
3
q2

(p− + p+cosθs)(p+ + p−cosθs) − cosθs

)]
,

(8)

where α is the fine structure constant, q is the magnitude
of the quantization vector, $q = $p+ + $p−, and ω denotes the
transition energy. It is important to note that in Eq. (8),
h̄ = m0 = c = 1, so all energies are in terms of m0c2 and
p =

√
W 2 − 1.

The evaluation of the pair transmission efficiency was
performed using Monte Carlo simulations, by first simulating
emission, and then transmission through the spectrometer.
Pair emission was then sampled from the double differential
probability distribution of Eq. (7) for the E0 transition, and
according to Eq. (8) for the E2 transition. The distributions
were corrected for Coulomb distortion of the emitted electron
and positron energies, by multiplication with a correction fac-
tor as a function of positron energy. The Coulomb correction
factor was estimated as described in Appendix H in Ref. [32]

F = (2πB+)(2πB−)
(exp(2πB+) − 1)(1 − exp(−2πB−))

, (9)

where B± denotes the relativistic Sommerfeld parameter
(ZαE±)/p±. The Coulomb correction, which also depends
on the energy budget of the pair, is applied by multiplication
with the distributions provided in Eqs. (7) and (8). Double
differential distributions calculated for the 3.22 MeV E2 and
the 7.65 MeV E0 transitions from the Hoyle state in 12C
are shown in Figs. 6(a) and 6(b), respectively. Pairs emitted
in the 4.44 MeV E2 transition are distributed in a similar
fashion as shown in Fig. 6(a), but with a different energy
range. Since the 4.44 MeV E2 transition originates from the
2+

1 state of 12C, it is necessary to account for alignment of the
nuclear spin states induced by the reaction and the effects on
the corresponding pair emission distribution. The alignment
correction is evaluated by using the distribution coefficients,
A2 and A4, of the Legendre polynomials associated with the
γ -ray angular distribution of the transition

Wγ (θlab) = A0 + A2P2(cosθlab) + A4P4(cosθlab), (10)

where Pν denotes the Legendre polynomial of order ν, and
θlab is the γ -ray emission angle in the laboratory relative to
the beam axis. The procedure for applying these coefficients
to correct Eq. (8) for alignment is explained in Refs. [33,34].

Trajectories of electrons and positrons emitted from the
target were simulated by solving the relativistic equations

of motion with the fourth order Runge-Kutta method. The
equations were solved in a realistic magnetic-field profile for
the solenoid calculated with Poisson Superfish [35], and the
particle trajectories were projected within a detailed specifica-
tion of the spectrometer geometry in the spectrometer frame of
reference. A trajectory calculation was terminated if the cor-
responding particle struck the surface of the absorber system
or the inner bore. If both the electron and positron reached a
Si(Li) segment, the event was registered as successful and all
the parameters were stored. The pair-transmission efficiency
was ultimately found by the ratio of pairs reaching two
separate detector segments versus the number of emitted pairs.
Transmitted and detected events of the emitted 3.22 MeV E2
and 7.65 MeV E0 pair transitions are shown in Figs. 6(c) and

0
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FIG. 6. Monte Carlo simulations of pair emission and transmis-
sion. (a) and (b) Double differential pair emission distributions for
the transitions de-exciting the Hoyle state. The maximum emission
probabilities are for E− ≈ E+, and θs = 30◦ and 60◦ for the E2 and
E0 transitions, respectively. (c) and (d) Detected pairs following
emission according to the distributions in (a) and (b) and allowing
for transmission through the spectrometer.
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q ANU/Oslo experiment PRC 102, 024320 
(2020)

q CACTUS (26 5”x5”NaI) & SiRi (64 DE-E)
q 12C(p,p`) @ 10.7 MeV, 180 µg/cm2 nat C
q 𝑁+,+-./0 = 217(21) p-g-g from 𝑁1234-./0 = 2.78(6)×105

singles proton events
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Grad/G – CACTUS & SiRi (University of Oslo)
Γ!"# =

$!"#
$

× $
$%(6+)

× Γ*(𝐸0)
Hoyle state

7.65
0+

2+

0+

E2

12C

E2
E0

4.44
gates were 131(12), 157(13), 134(12), 63(8), which gives a
subtraction factor of 1.15(11), a value consistent with the
one obtained from the proton spectra. To deduce the final γγ
coincidence spectra, the scaling factor of 1.061(12) was
adopted. Figure 5 also shows the final matrix of γγ
coincidence events. A small residue of the 4.44-4.44
random coincidences is visible, but the number of related
events under the peaks of interest is negligible.

The final γ-ray spectrum of the 3.21–4.44 MeV cascade
is shown in Fig. 6. The areas of the 3.21 and 4.44 MeV
photon peaks, 208(21) and 213(21) counts, were obtained
by fitting Gaussian functions to these data.
Using the scaling factor of 1.061(12), the true triple

coincidence events in the prompt pγ peak in Fig. 3 were
evaluated as N7.65

020 ¼ 237ð23Þ. The adopted value of the
N7.65

020 ¼ 217ð21Þ was obtained as the weighted mean of the
three values deduced from the different projections.
The absolute photon detection efficiency ϵ was evaluated

using the PENELOPE code [38]. The same simulations were
used to evaluate the correction factors, W020 and W320, for
the γ-ray angular correlation, including geometrical attenu-
ation coefficients [39], listed in Table I. To confirm the
accuracy of the simulations, the proton gated spectrum of
the 1.78 and 4.50 MeV γ rays from the 6.28 MeV 3þ state
in 28Si was used. The ratio of the peak areas of the 1.78 and
4.50 MeV transitions is 1.58(3), which after applying the
1.0170(15) correction for the angular correlation is very
close to the value of 1.63(4) from the simulations.
By evaluating Eq. (2) with values from Table I and

considering all 325 NaI detector combinations, we
obtained ΓE2

γ =Γ ¼ 6.1ð6Þ × 10−4.
To reduce dependence on the Monte Carlo evaluation of

the absolute efficiencies and perform an analysis similar to
that of Obst and Braithwaite [33], the ΓE2

γ =Γ ratio was
deduced using

ΓE2
γ

Γ
¼ N7.65

020

N4.98
020

×
N4.98

singles

N7.65
singles

×
ϵ1.78γ

ϵ4.44γ
×
ϵ3.20γ

ϵ3.21γ
×
W4.98

020

W7.65
020

: ð3Þ

The symbols are as given for Eq. (1). An alternative
equation can be obtained using the 6.28 MeV 3þ state
in 28Si. Using the singles proton and pγγ triple coincidence
rates of the 4.98 and 6.28MeV states, the ratio of the proton
to photon efficiencies could be determined. Combining the
results from Eq. (3) and using numerical values from
Table I, we again obtain ΓE2

γ =Γ ¼ 6.1ð6Þ × 10−4.
Using the theoretical total conversion coefficient,

αtotðE2; 3.21 MeVÞ ¼ 8.77ð13Þ × 10−4 [40] and the rec-
ommended value of ΓπðE0Þ=Γ [25], we obtain
Γrad=Γ ¼ 6.2ð6Þ × 10−4. This value is more than 3σ away
from the currently recommended Γrad=Γ value [1]. Most of
the previous measurements [29–32] were based on count-
ing the number of 12C atoms surviving after the Hoyle state
was formed in various nuclear reactions. To achieve high
statistics, the particle detection was carried out without
magnetic selection and often with reported count rates
above 10 kHz. Under these conditions the elimination of
accidental coincidences is very challenging.
The investigation by Obst and Braithwaite [33] deduced

the ΓE2
γ =Γ ratio using a similar procedure to the present

study. Their final result, which was obtained using Eq. (14)
of their paper, contains five ratios (A–E). Despite
some differences between their experiment and ours,

FIG. 5. γ-ray energy versus summed γ-ray energy matrix
constructed from γ-γ coincidence events gated by protons
exciting the Hoyle state. Random events have been removed.
The gate representing the 3.21 plus 4.44 MeV summed energy
(7.65sum) is indicated with red horizontal lines. The inset shows
the region around the 3.21 and 4.44 MeV transitions in 3D. Data
have been compressed by factor 4. The location of the random
coincidences of the 4.44 MeV γ ray with itself is also marked.

FIG. 6. Random subtracted γ rays from the Hoyle state. The fit
to the spectrum including the 3.21 and 4.44 MeV transitions is
shown in red.

PHYSICAL REVIEW LETTERS 125, 182701 (2020)
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Recommended decay properties of the Hoyle state (2022)
Property Freer & 

Fynbo
(2014)

Present 
study

Change

Grad/G [x 10-4] 4.19(11) 6.2(6) +50(16)%

Gp(E0)/G [x 10-6] 6.7(6) 7.6(4) +14(12)%

Gp(E0)
[µeV]

6.23(20) adopted N/A

Radiative width 
[eV]

0.0037(4) 0.0052 6 +38(22)%

Total width 
[eV]

9.3(9) 8.2 5 -10(11)%

Γ!"# =
$%&'
$

× $
$((&')

× Γ)(𝐸0)

The only absolute 
transition rate, from 
(e,e’) scattering
M. Chernykh, et al.,
PRL 105 (2010) 022501

2022 AIP, Adelaide
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New Radiative width – impact on nuclear astrophysics
q 12C(a,g)16O rate: down by 15% (DeBoer, et al., Rev. Mod. Phys. 89 2017) 035007 

q Triple alpha rate: up by 38% (Kibédi, et al., PRL, 125 (2020) 182701

q Woosley & Heger, APJ 912 (2021) L31, “The Pair-instability Mass Gap for Black 
Holes”:

q First results that the increased 3a rate could not be ruled out:
Farag, et al., APJ 937(2022) 112 (Black Hole Mass Spectrum); 
Romano, Astron AstroPhys. Rev. 30 (2022) 7 (CNO nucleosynthesis)

The reliability of nucleosynthesis predictions depends on the quality 
of the stellar models and the nuclear reaction input parameters

Using this large value of 3α and a reduced value for 12C(a,g)16O may 
lead to difficulties in stellar nucleosynthesis that have yet to be fully 
explored; Increased 3a rate considered as the upper error limit

2022 AIP, AdelaideTIBOR KIBÉDI (ANU) 
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Summary & Outlook
q 12C: Grad is determined from 3 

independent measurements

Γ)*+ =
,?@A
,

× 𝜞
𝜞𝝅(𝑬𝟎)

× Γ2(𝐸0)

 2  3  4  5  6

Alburger (1961)
Seeger (1963)
Hall (1964)
Chamberlin (1974)
Davids (1975)
Mak (1975)
Markham (1976)
Obst (1976)

Kibedi (2020)
Adopted: 4.13 (11)

Γrad/Γ [x10-4]

From surviving 12C 
residues

G. Cardella, et al., PRC 104, 064315 (2021)
CHIMERA 1192 Si-CsI(Tl) telescopes

Grad/G=1.8(6) x10-3

Can Grad improved from pair conversion
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FIG. 8. The summed pair spectrum of the three 12C experimental
runs. The transitions are normalized to the peak area of the 4.44 MeV
γ -ray transition measured by the monitor detector. Note that the
6048 keV and 7654 keV lines have been scaled up for visualization
purposes.

IV. RESULTS

Four transitions were sampled during the pair measure-
ments of the present work. They were the 4.44 MeV 2+

1 →
0+

1 , 3.22 MeV 0+
2 → 2+

1 , and 7.65 MeV 0+
2 → 0+

1 transitions
in 12C, and the 6.05 MeV 0+

2 → 0+
1 transition in 16O. An

initial objective was to detect the 3.22 MeV E2 pair transition
from the Hoyle state, however, this turned out to be too
ambitious as a large background rendered the observation
of this weak transition impossible. Instead, the focus turned
to the 4.44 MeV and the 7.65 MeV transitions, which were
clearly visible. These two pair transitions in 12C, as well
as the 16O line used for energy calibration, are shown in
Fig. 8. Note that the spectrum has been shifted up in energy
by 2m0c2 = 1022 keV to reflect the transition energy. The
spectrum in Fig. 8 corresponds to 9 days of beam on target,
from three experimental runs. To account for sampling time
and beam intensity, the individual spectra were normalized
to the peak area of the 4.44 MeV γ -ray transition measured
by the monitor detector before summation. Furthermore, the
spectra have been random subtracted by applying gates on
prompt and random time differences.

Since the 4.44 MeV E2 transition originates from the 2+
1

state, the pair emission distribution for the transmission effi-
ciency calculation had to be corrected for nuclear alignment
effects. In order to obtain the distribution coefficients needed
for the correction, the γ -ray intensities of the 4.44 MeV
transition were measured at θlab = 20◦–160◦ in 10◦ steps,
using a HPGe detector with a crystal size of 81 mm × 54 mm
(length × diameter) positioned 41.5 cm away from the target.
The attenuation factors for this setup were found to be close

FIG. 9. The angular distribution of γ rays from the 2+
1 → 0+

1
transition in 12C. The results are in good agreement with the previous
measurement performed by Alburger [23].

to unity. For these measurements, a 1 mg/cm2 thick natural
carbon target was used, and the 2+

1 state was populated by the
12C(p, p′) reaction at 10.5 MeV. The resulting angular distri-
bution is shown with fitted distribution coefficients in Fig. 9,
and corresponds very well with the one measured by Alburger
in 1977 [23]. By comparing Monte Carlo simulations for
pair transitions from unaligned and aligned cases of the 4.44
MeV state, a 7.45% reduction in transmission efficiency was
revealed for the aligned case with the measured distribution
coefficients.

The proton population ratio, Np(2+
1 )/Np(0+

2 ), is also
needed to extract #E0

π /# from the pair measurements ac-
cording to the method described in Sec. II. For this reason,
scattering measurements of 12C(p, p′) were carried out using
the ANU BALiN double sided silicon strip detector array
[41–43]. The proton scattering distributions of the 2+

1 and
0+

2 states were measured simultaneously for scattering angles
between 20◦–160◦. Measurements were performed using both
a 50 µg/cm2 and the same 1 mg/cm2 thick 12C target foil
used in the pair conversion measurements. The 50 µg/cm2

thick target was bombarded over several runs with proton
beams of energies ranging between 10.4–10.7 MeV, to obtain
the angular distributions as a function of proton energy with
little effect of energy loss in the target. The 1 mg/cm2 thick
target was bombarded with 10.5 MeV protons to obtain the
proton angular distributions under the same conditions as in
the 12C pair measurements of the present work. The angular
distributions will be discussed in detail in a separate paper
[44].

Angular distribution functions were fitted to the data,
and the ratio of the integrals over the full solid angle were
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Super-e: background need to be reduced!
(a,a) could be a better reaction?
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Shape coexistence in the double-closed shell nuclei 
40Ca and 56Ni
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E. Ideguchi et al.,   
PRL 87  222501  (2001)

D. Rudolph et al., 
PRL 82  3763 
(1999)

8p-8h

4p-4h

?

?

Figure from  K. Heyde & J.L. Wood

q Shape coexistence:
40Ca: 36,38,40Ar, 42,44Ca, 44Ti; possible 
around  N=28: 52,54,56Fe, 50,52Cr, 50Ti(?)

q Superdeformation: 40Ca, 58,60Ni, 60Zn
q Limited number of nucleons – relatively

small model space in SM, and other
models

b~0.3

b~0.6
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ANU Super-e 40Ca(p,p`) at 8.6 MeV

The first-excited 0þ2 state at 3.35 MeV is the head of a ND
rotational band. The second-excited 0þ3 level at 5.21 MeV is
the head of a SD band [13,14]. In addition, the 2þ2 level at
5.24 MeV is interpreted as a member of a K ¼ 2, four-
particle four-hole (4p-4h) band [15]. Emergence of various
structures in low-lying levels in 40Ca indicates shape
coexistence. The main configurations for the ND and
SD structures are 4p-4h, and 8p-8h excitations across
the N; Z ¼ 20 shell gap, respectively [15–20]. The tran-
sition quadrupole moments for the low-spin and high-spin
part of the SD band were reported to have a significant
difference, indicating the mixing of lower-spin states with a
less deformed configuration [14].
Furthermore, there is another unique feature of the SD

band in 40Ca. Although SD nuclei are reported in several
mass regions [21], SD band heads with Jπ ¼ 0þ are only
observed in the A ¼ 40 [22,23] and fission-isomer [21]
regions. This makes it difficult to study their properties,
such as mixing with less-deformed configurations, in detail.
Therefore, 40Ca provides a unique testing ground in which
the electric monopole (E0) transition strength ρ2ðE0; 0þ →
0þÞ between a SD band head and spherical ground state can
be studied as a direct probe of shape mixing [24].
The ρ2ðE0; 0þ3 → 0þ1 Þ in 40Ca was previously investi-

gated via the 40Caðp; p0Þ reaction by measuring eþe− pair
decay with a plastic-scintillator pair spectrometer [25].
However, insufficient energy resolution meant that this
state at 5.21 MeV was not resolved from the 2þ2 state at
5.25 MeV, and an upper limit of ρ2ðE0; 0þ3 → 0þ1 Þ < 0.06
was deduced. In order to accurately determine the value of
ρ2ðE0; 0þ3 → 0þ1 Þ and understand the properties of the SD
band, measuring the E0 transition with higher energy
resolution and low-background conditions is critical.
This Letter reports on a new study of excited states in

40Ca following proton inelastic scattering from a self-
supporting, 1.5-mg=cm2-thick, natural Ca target. Proton
beams were delivered by the 14UD Pelletron tandem
accelerator of the Heavy Ion Accelerator Facility at the
Australian National University. The optimum beam energy
to populate the 0þ3 state, 8.6 MeV, was determined by
scanning the beam energy and comparing relative yields
of the 1.308-MeV 0þ3 → 2þ1 and 5.249-MeV 2þ2 → 0þ1 γ-ray
transitions.
Electron-positron (eþe−) pair decays from excited states

were measured by the superconducting solenoid, Super-e
spectrometer [26–28]. The solenoid axis is perpendicular to
the beam axis. The eþe− pairs emitted from the target are
transported by the magnetic field to the Miel detector,
an array of six 9-mm-thick Si(Li) crystals. Two axial,
HeavyMet baffles are mounted between the target and
detector to block γ rays and x rays, scattered beam particles,
and secondary electrons. In this arrangement, eþe− pairs of
nearly equal energy can reach the detector. The thickness of
the segments allows for full absorption of pair decays

formed from transition energies up to 8 MeV. The effi-
ciency of the pair-conversion spectrometer was derived
from Monte Carlo simulations that consider the magnetic
field, energy, and angular correlation of emitted eþe− pairs.
Spin alignment in the reaction and consequent angular
distributions of eþe−-pair emission were taken into
account [27].
A high-purity germanium (HPGe) detector was placed

1.5 m from the target and 135° relative to the beam axis to
simultaneously detect γ rays emitted in the reactions. The
relative γ-ray detection efficiency was measured using a
56Co source. Energies and detection times from the six
Miel segments, energies from the HPGe detector, and the
magnetic field values were stored event by event and sorted
off-line.
The γ-ray and eþe− coincidence spectra analyzed to

extract the ρ2ðE0Þ values are shown in Fig. 1. Gamma-ray
photo peaks, as well as single- and double-escape peaks
associated with the 5.249-MeV ð2þ2 → 0þ1 Þ, 5.629-MeV
ð2þ3 → 0þ1 Þ, and 5.903-MeV ð1−1 → 0þ1 Þ transitions of 40Ca
are evident. The half-lives of these states are 83þ11

−9 , 40(15),
and 15.8(22) fs, respectively [29]. Since the stopping time
of 40Ca recoils in the target is approximately 0.3 ps, these γ
rays are emitted while the nucleus is in motion, and the
peaks are consequently Doppler broadened. The γ-ray
energy spectrum corrected for Doppler shift is presented
in Fig. 1(a). Escape peaks of the 6.129-MeV γ ray in 16O
[30] from oxidation of the Ca target are also visible. Since
the half-life of this state is 18.4 ps, these γ rays are emitted
after stopping, and the associated peaks are sharp.
The eþe− pair spectrum is shown in Fig. 1(b) with the

energy axis shifted by 1.022 MeV to correspond to the
associated transition energies. A background that was
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FIG. 1. (a) The γ-ray energy spectrum measured by the HPGe
detector, (b) eþe− pair coincidence spectrum, (c) and eþe−

spectrum after background subtraction. Peaks at 5.212, 5.249,
and 5.629 MeVare labeled, as are single-escape (SE) and double-
escape (DE) contaminant peaks.
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ANU Super-e 40Ca(p,p`) at 8.6 MeV

The first-excited 0þ2 state at 3.35 MeV is the head of a ND
rotational band. The second-excited 0þ3 level at 5.21 MeV is
the head of a SD band [13,14]. In addition, the 2þ2 level at
5.24 MeV is interpreted as a member of a K ¼ 2, four-
particle four-hole (4p-4h) band [15]. Emergence of various
structures in low-lying levels in 40Ca indicates shape
coexistence. The main configurations for the ND and
SD structures are 4p-4h, and 8p-8h excitations across
the N; Z ¼ 20 shell gap, respectively [15–20]. The tran-
sition quadrupole moments for the low-spin and high-spin
part of the SD band were reported to have a significant
difference, indicating the mixing of lower-spin states with a
less deformed configuration [14].
Furthermore, there is another unique feature of the SD

band in 40Ca. Although SD nuclei are reported in several
mass regions [21], SD band heads with Jπ ¼ 0þ are only
observed in the A ¼ 40 [22,23] and fission-isomer [21]
regions. This makes it difficult to study their properties,
such as mixing with less-deformed configurations, in detail.
Therefore, 40Ca provides a unique testing ground in which
the electric monopole (E0) transition strength ρ2ðE0; 0þ →
0þÞ between a SD band head and spherical ground state can
be studied as a direct probe of shape mixing [24].
The ρ2ðE0; 0þ3 → 0þ1 Þ in 40Ca was previously investi-

gated via the 40Caðp; p0Þ reaction by measuring eþe− pair
decay with a plastic-scintillator pair spectrometer [25].
However, insufficient energy resolution meant that this
state at 5.21 MeV was not resolved from the 2þ2 state at
5.25 MeV, and an upper limit of ρ2ðE0; 0þ3 → 0þ1 Þ < 0.06
was deduced. In order to accurately determine the value of
ρ2ðE0; 0þ3 → 0þ1 Þ and understand the properties of the SD
band, measuring the E0 transition with higher energy
resolution and low-background conditions is critical.
This Letter reports on a new study of excited states in

40Ca following proton inelastic scattering from a self-
supporting, 1.5-mg=cm2-thick, natural Ca target. Proton
beams were delivered by the 14UD Pelletron tandem
accelerator of the Heavy Ion Accelerator Facility at the
Australian National University. The optimum beam energy
to populate the 0þ3 state, 8.6 MeV, was determined by
scanning the beam energy and comparing relative yields
of the 1.308-MeV 0þ3 → 2þ1 and 5.249-MeV 2þ2 → 0þ1 γ-ray
transitions.
Electron-positron (eþe−) pair decays from excited states

were measured by the superconducting solenoid, Super-e
spectrometer [26–28]. The solenoid axis is perpendicular to
the beam axis. The eþe− pairs emitted from the target are
transported by the magnetic field to the Miel detector,
an array of six 9-mm-thick Si(Li) crystals. Two axial,
HeavyMet baffles are mounted between the target and
detector to block γ rays and x rays, scattered beam particles,
and secondary electrons. In this arrangement, eþe− pairs of
nearly equal energy can reach the detector. The thickness of
the segments allows for full absorption of pair decays

formed from transition energies up to 8 MeV. The effi-
ciency of the pair-conversion spectrometer was derived
from Monte Carlo simulations that consider the magnetic
field, energy, and angular correlation of emitted eþe− pairs.
Spin alignment in the reaction and consequent angular
distributions of eþe−-pair emission were taken into
account [27].
A high-purity germanium (HPGe) detector was placed

1.5 m from the target and 135° relative to the beam axis to
simultaneously detect γ rays emitted in the reactions. The
relative γ-ray detection efficiency was measured using a
56Co source. Energies and detection times from the six
Miel segments, energies from the HPGe detector, and the
magnetic field values were stored event by event and sorted
off-line.
The γ-ray and eþe− coincidence spectra analyzed to

extract the ρ2ðE0Þ values are shown in Fig. 1. Gamma-ray
photo peaks, as well as single- and double-escape peaks
associated with the 5.249-MeV ð2þ2 → 0þ1 Þ, 5.629-MeV
ð2þ3 → 0þ1 Þ, and 5.903-MeV ð1−1 → 0þ1 Þ transitions of 40Ca
are evident. The half-lives of these states are 83þ11

−9 , 40(15),
and 15.8(22) fs, respectively [29]. Since the stopping time
of 40Ca recoils in the target is approximately 0.3 ps, these γ
rays are emitted while the nucleus is in motion, and the
peaks are consequently Doppler broadened. The γ-ray
energy spectrum corrected for Doppler shift is presented
in Fig. 1(a). Escape peaks of the 6.129-MeV γ ray in 16O
[30] from oxidation of the Ca target are also visible. Since
the half-life of this state is 18.4 ps, these γ rays are emitted
after stopping, and the associated peaks are sharp.
The eþe− pair spectrum is shown in Fig. 1(b) with the

energy axis shifted by 1.022 MeV to correspond to the
associated transition energies. A background that was

10000

15000

1.75 1.8 1.85 1.9 1.95

1.
87

7

20000

40000

4.8 5 5.2 5.4 5.6

5.
24

9S
E

5.
90

3D
E 5.

62
9

S
E

6.
12

9D
E

(16
O

)

5.
24

9
E

2

5.
90

3
S

E

6.
12

9
S

E
(16

O
)

5.
62

9
E

2

/

(a) gamma rays

0

1000

2000

4.8 5 5.2 5.4 5.6

C
ou

nt
s

(b) e+e- pairs

0
500

1000
1500

1.75 1.80 1.85 1.90

0

500

1000

4.8 5.0 5.2 5.4 5.6

5.
24

9
E

2

5.
62

9
E

2

5.
21

2
E

0

/

Transition energy [MeV]

(c) background subtracted

0

200

1.80 1.85 1.90

1.
83

7E
0

1.
86

0E
0

1.
87

7E
2

(42
C

a)

FIG. 1. (a) The γ-ray energy spectrum measured by the HPGe
detector, (b) eþe− pair coincidence spectrum, (c) and eþe−

spectrum after background subtraction. Peaks at 5.212, 5.249,
and 5.629 MeVare labeled, as are single-escape (SE) and double-
escape (DE) contaminant peaks.
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ANU Super-e 40Ca(p,p`) at 8.6 MeV

The first-excited 0þ2 state at 3.35 MeV is the head of a ND
rotational band. The second-excited 0þ3 level at 5.21 MeV is
the head of a SD band [13,14]. In addition, the 2þ2 level at
5.24 MeV is interpreted as a member of a K ¼ 2, four-
particle four-hole (4p-4h) band [15]. Emergence of various
structures in low-lying levels in 40Ca indicates shape
coexistence. The main configurations for the ND and
SD structures are 4p-4h, and 8p-8h excitations across
the N; Z ¼ 20 shell gap, respectively [15–20]. The tran-
sition quadrupole moments for the low-spin and high-spin
part of the SD band were reported to have a significant
difference, indicating the mixing of lower-spin states with a
less deformed configuration [14].
Furthermore, there is another unique feature of the SD

band in 40Ca. Although SD nuclei are reported in several
mass regions [21], SD band heads with Jπ ¼ 0þ are only
observed in the A ¼ 40 [22,23] and fission-isomer [21]
regions. This makes it difficult to study their properties,
such as mixing with less-deformed configurations, in detail.
Therefore, 40Ca provides a unique testing ground in which
the electric monopole (E0) transition strength ρ2ðE0; 0þ →
0þÞ between a SD band head and spherical ground state can
be studied as a direct probe of shape mixing [24].
The ρ2ðE0; 0þ3 → 0þ1 Þ in 40Ca was previously investi-

gated via the 40Caðp; p0Þ reaction by measuring eþe− pair
decay with a plastic-scintillator pair spectrometer [25].
However, insufficient energy resolution meant that this
state at 5.21 MeV was not resolved from the 2þ2 state at
5.25 MeV, and an upper limit of ρ2ðE0; 0þ3 → 0þ1 Þ < 0.06
was deduced. In order to accurately determine the value of
ρ2ðE0; 0þ3 → 0þ1 Þ and understand the properties of the SD
band, measuring the E0 transition with higher energy
resolution and low-background conditions is critical.
This Letter reports on a new study of excited states in

40Ca following proton inelastic scattering from a self-
supporting, 1.5-mg=cm2-thick, natural Ca target. Proton
beams were delivered by the 14UD Pelletron tandem
accelerator of the Heavy Ion Accelerator Facility at the
Australian National University. The optimum beam energy
to populate the 0þ3 state, 8.6 MeV, was determined by
scanning the beam energy and comparing relative yields
of the 1.308-MeV 0þ3 → 2þ1 and 5.249-MeV 2þ2 → 0þ1 γ-ray
transitions.
Electron-positron (eþe−) pair decays from excited states

were measured by the superconducting solenoid, Super-e
spectrometer [26–28]. The solenoid axis is perpendicular to
the beam axis. The eþe− pairs emitted from the target are
transported by the magnetic field to the Miel detector,
an array of six 9-mm-thick Si(Li) crystals. Two axial,
HeavyMet baffles are mounted between the target and
detector to block γ rays and x rays, scattered beam particles,
and secondary electrons. In this arrangement, eþe− pairs of
nearly equal energy can reach the detector. The thickness of
the segments allows for full absorption of pair decays

formed from transition energies up to 8 MeV. The effi-
ciency of the pair-conversion spectrometer was derived
from Monte Carlo simulations that consider the magnetic
field, energy, and angular correlation of emitted eþe− pairs.
Spin alignment in the reaction and consequent angular
distributions of eþe−-pair emission were taken into
account [27].
A high-purity germanium (HPGe) detector was placed

1.5 m from the target and 135° relative to the beam axis to
simultaneously detect γ rays emitted in the reactions. The
relative γ-ray detection efficiency was measured using a
56Co source. Energies and detection times from the six
Miel segments, energies from the HPGe detector, and the
magnetic field values were stored event by event and sorted
off-line.
The γ-ray and eþe− coincidence spectra analyzed to

extract the ρ2ðE0Þ values are shown in Fig. 1. Gamma-ray
photo peaks, as well as single- and double-escape peaks
associated with the 5.249-MeV ð2þ2 → 0þ1 Þ, 5.629-MeV
ð2þ3 → 0þ1 Þ, and 5.903-MeV ð1−1 → 0þ1 Þ transitions of 40Ca
are evident. The half-lives of these states are 83þ11

−9 , 40(15),
and 15.8(22) fs, respectively [29]. Since the stopping time
of 40Ca recoils in the target is approximately 0.3 ps, these γ
rays are emitted while the nucleus is in motion, and the
peaks are consequently Doppler broadened. The γ-ray
energy spectrum corrected for Doppler shift is presented
in Fig. 1(a). Escape peaks of the 6.129-MeV γ ray in 16O
[30] from oxidation of the Ca target are also visible. Since
the half-life of this state is 18.4 ps, these γ rays are emitted
after stopping, and the associated peaks are sharp.
The eþe− pair spectrum is shown in Fig. 1(b) with the

energy axis shifted by 1.022 MeV to correspond to the
associated transition energies. A background that was
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FIG. 1. (a) The γ-ray energy spectrum measured by the HPGe
detector, (b) eþe− pair coincidence spectrum, (c) and eþe−

spectrum after background subtraction. Peaks at 5.212, 5.249,
and 5.629 MeVare labeled, as are single-escape (SE) and double-
escape (DE) contaminant peaks.
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parametrized by a polynomial function was subtracted,
giving the eþe− pair spectrum presented in Fig. 1(c). There
is a peak at 5.212 MeV with no associated γ ray; this is the
E0, 0þ3 → 0þ1 transition. The only other peaks observed
in Figs. 1(b) and 1(c) are the 5.249- and 5.629-MeV E2
transitions from the 2þ2 and 2þ3 levels to the ground state.
The extraction of ρ2 values was based on an analysis of

γ-ray and eþe− spectral yields. The term ρ2 is related to the
measured E0 transition rate 1=τðE0Þ by [24]

1

τðE0Þ
¼ ρ2ðΩK þ ΩL1

þ % % % þΩπÞ; ð1Þ

where the Ωj terms are electronic factors associated with
atomic shells (K;L1;…). For both electron and eþe− pair
conversion (π), they depend on the atomic number and
transition energy; numerical evaluations are avail-
able [31,32]. The electron conversion contributions to
the E0 transitions considered here are < 0.6% (0þ2 → 0þ1
and 0þ3 → 0þ1 ) and 11% (0þ3 → 0þ2 ). The relevant values of
Ωπ are included in Table I.
The mean lifetime of the 0þ3 state τ ¼ 1.47ð30Þ ps is

known from Doppler-shift attenuation measurements [33].
Figure 2 shows the partial level scheme of 40Ca relevant
to the present analysis [29]; the 0þ3 state decays by a
1.308-MeV E2 γ-ray transition, or by 1.859- or 5.212-MeV
E0 transitions. While the 1.859-MeV 0þ3 → 0þ2 E0 com-
ponent was sought by optimizing the Super-e magnetic
field for that transition energy, a clear peak was not
observed above background [see Fig. 1(c)]; however, an
upper limit was established for the branching ratio.

Therefore, using the measured γ-ray and eþe− pair inten-
sities and theoretical pair-conversion coefficients from
Band-Raman internal conversion coefficient [32], all decay
branches from the 0þ3 state were determined. A value of
ρ2ðE0; 0þ3 → 0þ1 Þ ¼ 2.3ð5Þ × 10−3 was extracted. An
upper limit of ρ2ðE0; 0þ3 → 0þ2 Þ < 4.5 × 10−2 was also
obtained for the 1.859-MeV transition. The significantly
smaller value of ΩπðE0Þ explains why this transition was
not observed directly in the experiment.
Since the 0þ2 level is the lowest excited state and,

consequently, has a single E0 decay branch to the ground
state, the evaluation of ρ2ðE0; 0þ2 → 0þ1 Þ ¼ 25.9ð16Þ ×
10−3 from the known lifetime was less complex. This ρ2

value is large, indicating significant shape differences
and mixing between the two states. The E0 transition
strengths from our work are summarized in Table I.
Systematic behavior of the ρ2ðE0; 0þ → 0þ1 Þ values for
even-even nuclei with A < 50 [34] is presented in Fig. 3.
The dashed line corresponds to ρ2ðE0Þ ¼ 0.5A−2=3 [24].
The ρ2ðE0; 0þ2 → 0þ1 Þ value measured in the present
work shows good agreement with the systematic trend.
Conversely, ρ2ðE0; 0þ3 → 0þ1 Þ is significantly smaller than
the trend line and all of the other experimental values.
In general, the E0 transition strength between states in a

nucleus gives a direct measure of shape mixing between
them [35]. The associated mixing amplitude α is usually
estimated by considering a simple two-state model with
spherical and deformed wave functions [24]. In such a case,
ρ2ðE0Þ is related to α and the difference in square of
quadrupole deformation parameters Δðβ22Þ by

ρ2ðE0Þ ¼
!
3

4π
Z
"

2

α2ð1 − α2Þ½Δðβ22Þ'2: ð2Þ

Using the measured ρ2ðE0Þ and the reported β2 values of
0.27(5) and 0.59þ0.11

−0.07 for the 0þ2 and 0þ3 states, respectively
[13], α2→1 ¼ 0.55ð37Þ and α3→1 ¼ 2.9þ1.1

−0.8 × 10−2 were

TABLE I. Summary of the ρ2ðE0; 0þ → 0þÞ values in 40Ca.

Transition Energy (MeV) τðE0Þ (ns) ΩπðE0Þ (1/s)[31] ρ2 × 103

0þ2 → 0þ1 3.353 3.13(12) 1.24ð6Þ × 1010 25.9(16)
0þ3 → 0þ1 5.212 3.2(7) 1.36ð7Þ × 1011 2.3(5)
0þ3 → 0þ2 1.859 > 76 2.79ð14Þ × 108 < 45

5629

1859

3353

5212 5249
5903

3904

2277 1345
1896

1308

551

00

0 3353

2 3904

05212
25629

25249

15903

40Ca

E
xc

ita
tio

n 
E

ne
rg

y 
(M

eV
)

0

2

4

6

FIG. 2. Partial level scheme of 40Ca [29].

FIG. 3. Systematics of the ρ2ðE0; 0þ → 0þ1 Þ values of even-
even A < 50 nuclei (filled circles) [34]. The ρ2ðE0; 0þ3;2 → 0þ1 Þ in
40Ca from this Letter are shown as open and filled triangles.
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q Main configurations: gs: spherical, 02: 4p4h , 03: 8p8h
q 16O core, full sd + f7/2 + p3/2 space
q Significant configuration mixing between 0+ states

Large Scale Shell Model calculations 40Ca
N. Shimizu (CNS, UTK) and Y. Utsuno (JAEA) 
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determined for the 0þ2 → 0þ1 and 0þ3 → 0þ1 transitions.
Here, the β2ð0þ1 Þ ¼ 0 [36] was assumed. Within the two-
state model, the small mixing for the 0þ3 → 0þ1 transition
implies a very small overlap of wave functions between the
spherical ground state and SD band head.
Large-scale shell-model (LSSM) calculations were per-

formed to gain a microscopic understanding of the mea-
sured ρ2ðE0Þ values and the structure of 40Ca. Assuming an
inert 16O core, the valence model space included the full sd
shell (0d5=2; 1s1=2; 0d3=2) and restricted fp shell
(0f7=2; 1p3=2) orbitals. The calculations used E0 effective
charges of ðep; enÞ ¼ ð1.8; 0.8Þe, and harmonic-oscillator
(HO) single-particle wave functions with ℏω ¼ 45A−1=3−
25A−2=3 MeV.
The effective interaction was designed to describe multi-

particle-multihole (mp-mh) excitations across the N ¼
Z ¼ 20 shell gap by tuning the SDPF-M interaction
[37,38] within the model space, which was truncated to
include m ≤ 10. The tuning was carried out so that one-
neutron separation energies of 40;41Ca and one-α separation
energies of 40Ca and 44Ti were reproduced with the many-
body correlations that were included. Recently, this inter-
action was successfully applied to high-spin states in
35S [39].
The calculated mp-mh probabilities for the 0þ1;2;3 states

of 40Ca are listed in Table II. The dominance ofm ¼ 0, 4, 8
configurations in 0þ1;2;3 is clearly observed; this structure is
consistent with Ref. [20]. There is also considerable
mixing, especially with neighboring values of m.
Figure 4 shows the ρ2ðE0Þ values for A ≈ 40 nuclei

whose excited 0þ states are dominated by mp-mh excita-
tions. Data for 36S, 38Ar, 42Ca [34,40], and 40Ca (this Letter)
are plotted with the corresponding LSSM calculations.
Overall, the theory reproduces the experimental data fairly
well; in particular, excellent agreement was found for the
0þ3 → 0þ1 in 40Ca, despite its value being lowest among the
Z < 50 nuclei. The upper limit value for the 0þ3 → 0þ2
transition is also consistent with the LSSM result.
All of the ground states considered in Fig. 4 are near

spherical, whereas the 0þ2 states in 36S, 38Ar, and 40Ca are
considered to have normal deformations [41]. With similar
ρ2ðE0Þ × 103 ≈ 10–20 values, these 0þ2 → 0þ1 transitions
are in accordance with the two-state analysis of Eq. (2)
when similar mixing amplitudes are employed. However,

the 0þ2 state in 42Ca [42] and the 0þ3 state in 40Ca [13] are
strongly deformed, yet their ρ2 values for the transition to
the ground state are completely different. This unexpected
observation stimulates a detailed analysis of the role of
mixing, which is described below.
In the present calculation, HO wave functions were

used in a model space that prohibited single-nucleon
excitations of 2ℏω, such as 0s → 1s0d. A many-body
state jΨii may be decomposed into its mp −mh compo-
nents, jΨii ¼

P
m jΨiðmÞi, such that

hΨfjr2jΨii ¼ b2
X

m

wðmÞξifðmÞ; ð3Þ

where b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=ðMωÞ

p
is the HO length parameter, wðmÞ ¼

mþ cð40CaÞ are the weighting factors for each value of m
with cð40CaÞ ¼ 120, and ξifðmÞ ¼ hΨfðmÞjΨiðmÞi are the
overlap factors between states under inspection. Here, only
the cases where initial and final states denoted i and f, with
0þ assignments are considered. For f ≠ i,

P
m ξifðmÞ ¼ 0

must also be satisfied from the imposed orthogonality
condition, hΨfjΨii ¼ δif.
Since N ¼ Z ¼ 20 in 40Ca, T ¼ 0 for all 0þ states and

only isoscalar transitions contribute. Hence, the E0 matrix
element is given by

MðE0; i → fÞ ¼
X

m

MifðmÞ

¼ eIS × b2
X

m

½wðmÞ × ξifðmÞ&; ð4Þ

where eIS ¼ ðep þ enÞ=2. The individual MifðmÞ terms
are, therefore, described by a weight factor wðmÞ and an
overlap factor ξifðmÞ.
In Fig. 5, ξifðmÞ and MifðmÞ are plotted for each

contributing value of m. The orthogonality condition also
allows the weighting factors to be adjusted without

TABLE II. Calculated excitation energies and mp-mh proba-
bilities of the 0þ1;2;3 states in 40Ca.

Ex (MeV) 0p-0h 2p-2h 4p-4h 6p-6h 8p-8h 10p-10h

0þ1 0 0.46 0.39 0.13 0.02 0.00 0.00
0þ2 2.81 0.04 0.03 0.63 0.26 0.03 0.00
0þ3 6.37 0.02 0.07 0.11 0.23 0.56 0.01

FIG. 4. Systematics of the ρ2ðE0Þ values for 36S, 38Ar, 42Ca, and
40Ca. Open triangles are experimental values from Refs. [34,40]
and this Letter; filled circles are LSSM calculations.
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q Main configurations: gs: spherical, 02: 4p4h , 03: 8p8h
q 16O core, full sd + f7/2 + p3/2 space
q Significant configuration mixing between 0+ states
q Good agreement between experiment and prediction

4p-4h
8p-8h

SD to GS

SD to GS

Large Scale Shell Model calculations 40Ca
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Summary & Outlook
q 40Ca: Do we understand the relation of E0`s and shape coexistence?

§ Z=N=20 double magic nucleus
§ Alpha conjugate nucleus: 40Ca = 10 x 4He
§ Accessible for Large Scale SM
§ Is it an isolated case?
We want to understand how nuclear shape of a reasonable simple proton-
neutron quantum system is evolving
Essential experimental and theoretical tools are available to do it!
Potential candidate Si isotopes:
§ Deformed & superdeformed 0+ candidates, no E0 observed, 
§ Alpha conjugate nucleus: 28Si = 7 x 4He
§ Sudden changes in nuclear structure across Si isotopes
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