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Figure 3.1: Acceptance characteristics of the spectrometer.

a) B vs. E matrix measured with a 170Lu source, the solid lines show the momentum
window calculated from (B/B⇢)E and the limits in Table 3.1.

b) Deduced (blue) and simulated (red) acceptance window for the 624.2 keV K-line in
137Cs. The distributions have been normalized to their total areas.
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The electric monopole (E0) transition strength ρ2 for the transition connecting the third 0þ level, a
“superdeformed” band head, to the “spherical” 0þ ground state in doubly magic 40Ca is determined via
eþe− pair-conversion spectroscopy. The measured value ρ2ðE0; 0þ3 → 0þ1 Þ ¼ 2.3ð5Þ × 10−3 is the smallest
ρ2ðE0; 0þ → 0þÞ found in A < 50 nuclei. In contrast, the E0 transition strength to the ground state
observed from the second 0þ state, a band head of “normal” deformation, is an order of magnitude larger
ρ2ðE0; 0þ2 → 0þ1 Þ ¼ 25.9ð16Þ × 10−3, which shows significant mixing between these two states. Large-
scale shell-model (LSSM) calculations are performed to understand the microscopic structure of the excited
states and the configuration mixing between them; experimental ρ2 values in 40Ca and neighboring isotopes
are well reproduced by the LSSM calculations. The unusually small ρ2ðE0; 0þ3 → 0þ1 Þ value is due to
destructive interference in the mixing of shape-coexisting structures, which are based on several different
multiparticle-multihole excitations. This observation goes beyond the usual treatment of E0 strengths,
where two-state shape mixing cannot result in destructive interference.

DOI: 10.1103/PhysRevLett.128.252501

Shape coexistence is a unique feature of self-bound,
finite, quantum many-body systems in which two or more
different shapes emerge at similar excitation energies. This
phenomenon is known to manifest in small atomic clusters
[1] and molecules [2]. It also appears to be ubiquitous in
atomic nuclei [3]. The shape of a nucleus is determined by
the mean field generated by its constituent protons and
neutrons. It is influenced by the number of nucleons,
energy level density at the Fermi surface, an attractive
residual interaction, and the principle that nuclear shapes
may change to lower the energy of the system. A crucial
difference between the atomic nucleus and more macro-
scopic systems is that quantum-mechanical tunneling
causes coexisting shapes to mix; each observed state is a
superposition of configurations that correspond to the
various shapes. In particular, shape coexistence occurs
near closed-shell nuclei, where it is based on competition
between the stabilizing effect of nucleon shell closures to
retain a spherical shape, and the proton-neutron residual
interaction which drives deformation via multiparticle-
multihole excitations [3].
With the aid of modern radioactive-ion-beam facilities,

shape coexistence has also been identified in nuclei far
from the valley of β stability. This potentially affects
locations of nuclear drip lines and waiting points that

influence competition between β decay and neutron capture
in cosmic nucleosynthesis. Experimental indications of
shape coexistence have been reported in the double-
closed-shell, neutron-rich nucleus 78Ni [4]. It can also be
closely associated with the breakdown of familiar shell
structures, such as suppression of the N ¼ 20 shell gap in
neutron-rich 32Mg [5,6]. The 0þ ground state, with very
large quadrupole deformation parameter β2 ≈ 0.6, is sup-
posed to coexist with a near-spherical first-excited 0þ level
[7]. Shape coexistence is generally discussed in terms of a
two-state mixing model [3]. However, a two-state analysis
of 32Mg questioned the aforementioned interpretation of a
deformed ground state and spherical excited state [8,9]. If
three-level mixing is applied in 32Mg [10,11], BðE2Þ
values, level energies, and transfer cross sections can be
successfully explained, but the 0þ3 level in this nucleus has
not been experimentally identified yet. More recently, the
insufficiency of the two-state mixing model applied to the
2þ states in 42Ca was also discussed [12].
Doubly magic 40Ca exhibits three distinct forms of

quadrupole deformation: “spherical,” “normal deforma-
tion” (ND), and “superdeformation” (SD). Therefore,
it provides a rare opportunity to study mixing effects
between multiple configurations within a single nuclide.

PHYSICAL REVIEW LETTERS 128, 252501 (2022)
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103r2(E0, 03→01) = 2.3(5)

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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Radiative Width of the Hoyle State from γ-Ray Spectroscopy
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The cascading 3.21 and 4.44 MeV electric quadrupole transitions have been observed from the Hoyle
state at 7.65 MeV excitation energy in 12C, excited by the 12Cðp; p0Þ reaction at 10.7 MeV proton energy.
From the proton-γ-γ triple coincidence data, a value of Γrad=Γ ¼ 6.2ð6Þ × 10−4 was obtained for the
radiative branching ratio. Using our results, together with ΓE0

π =Γ from Eriksen et al. [Phys. Rev. C 102,
024320 (2020)] and the currently adopted ΓπðE0Þ values, the radiative width of the Hoyle state is
determined as Γrad ¼ 5.1ð6Þ × 10−3 eV. This value is about 34% higher than the currently adopted value
and will impact models of stellar evolution and nucleosynthesis.

DOI: 10.1103/PhysRevLett.125.182701

The triple-alpha reaction, which produces stable 12C in
the Universe, is a fundamental process of helium burning
stars. The entry state of the triple-alpha process, the second
excited state in 12C, is a 0þ state at 7.65 MeV. It has
attracted significant attention [1–3] since it was first
proposed in 1953 by Hoyle [4]. The existence of the state
was confirmed in the same year from the analysis of the α
spectrum from the 14Nðd; αÞ12C reaction [5]. The Hoyle
state is α unbound and the dominant decay process
(> 99.94%) is through the emission of an α particle,
leading to the very short-lived isotope 8Be, which then
disintegrates into two α particles. Stable carbon will only be
produced either if the Hoyle state decays directly to the
ground state via an electric monopole (E0) transition or by
a cascade of two electric quadrupole (E2) transitions.
Because of its unusual structure, the Hoyle state has

attracted continuous attention; see the recent review of
Freer and Fynbo [1] and other recent works [2,6,7]. The
discussion includes nuclear clustering, a spacial arrange-
ment of the three α particle clusters of which the state is
believed to be composed, and discussion on a new form
of nuclear matter, in analogy with the Bose-Einstein
condensates. The characterization of the 2þ and 4þ states
on top of the 7.65 MeV 0þ state, forming the Hoyle band
[8], together with much improved ab initio calculations [9]
are important steps forward.
The production rate of stable carbon in the Universe is

cardinal for many aspects of nucleosynthesis. The reaction
rate is closely related to the decay properties of the Hoyle

state. The triple-alpha reaction rate can be expressed as
r3α ¼ Γrad expð−Q3α=kTÞ [10]. Here Γrad is the total
electromagnetic (radiative) decay width, Q3α is the energy
release in the three α breakup of the Hoyle state, and
T is the stellar temperature. Γrad has contributions from
the 3.21 MeV E2 and the 7.65 MeV E0 transitions.
The contributions of electron conversion are negligible,
so including photon (γ) and pair conversion (π), Γrad ¼
ΓE2
γ þ ΓE2

π þ ΓE0
π . Based on current knowledge, 98.4% of

the electromagnetic decay width is from the E2 photon
emission and 1.5% is from the E0 pair decay [11]. The ΓE2

π
contribution is less than 0.1%.
The value of Γrad cannot be directly measured. It is

usually evaluated as a product of three independently
measured quantities:

Γrad ¼
!
Γrad

Γ

"!
Γ

ΓπðE0Þ

"
½ΓπðE0Þ&; ð1Þ

where Γ is the total decay width of the Hoyle state, which
includes the α as well as the E2 and E0 electromagnetic
decays.
The only absolute quantity in Eq. (1) is ΓπðE0Þ, which

has been measured 8 times [12–19]. The two most recent
measurements [18,19] are the most precise; however, they
disagree by more than 5σ. Following the recommendation
of Freer and Fynbo [1], we have adopted a value of
62.3ð20Þ μeV from the latter study.

PHYSICAL REVIEW LETTERS 125, 182701 (2020)

0031-9007=20=125(18)=182701(6) 182701-1 © 2020 American Physical Society

GIPF(7.65 E0)/G=7.6(4)x10-6

3a rate up by 35%
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Searching for X17 in 7Li(p,gp)8Be*
18.15 MeV 1+ state 
q Resonant excitation at Ep=1.03 MeV
q G=138(6) keV

18.15 MeV M1 EM transition
q Gg=1.9(4) eV, Gg/G=1.5x10-5

q GIPF(M1)/Gg=3.2x10-3

18.15 MeV M1 X17 decay
q GIPF(X17)/Gg=5.8x10-6 Krasznahorkay PRL 2016

q Most intensity for E+ ~ E- pairs at 
qsep~140o 

q 50% of the intensity:
E+ [6.7:10.7] MeV; ±23%
Qsep [134o : 140o]

Double differential IPF cross sections
M1: Tim Grey & Jackson Dowie, ANU
X17: Lászlò Sarkadi, ATOMKI
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Searching for X17 in 7Li(p,gp)8Be* - Super-X (ANU)

 7.5

 8

 8.5

 9

 9.5

 110

 120

 130

 140

 150

 160
0.000

0.005

0.010

0.015

E p
 [M

eV
]ΔΘ

sep  [degrees]

Fr
eq

ue
nc

y

8Be X17 decays
18.15 MeV M1

  2   4   6   8  10  12  14  16
E+ [MeV]

 30

 60

 90

120

150

180

Θ
se

p 
[d
eg
]

 0

 0.0001

 0.0002

 0.0003

0

1

2

3

[10−4]

8Be

g

e-

e- e+

e+

X17

18.15 MeV M1

[10-4]

q Twin lens system to accept e+e- 110o < Qsep < 180o

q Three double sided DSSD to reconstruct 
trajectories; DQsep ~6o

q NaI energy detectors; Si(Li) or hpGe 
bremsstrahlung?

q 14 UD & energy degrader foil to run at 1.03 MeV 
resonance energy
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7Li(p,gp)8Be* - High resolution pair spectroscopy Super-e (ANU)
q Ep=1.03 MeV, energy degrader foil just 

before analysing magnet of the 14 UD
q Super-e pair spectrometer, looking for 

normal conversion of the 15.1 & 18.15 MeV 
M1

q Quantify the contribution of the 21.6 
MeV E1 ( G≈ 4 MeV)
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Time Projection Chamber to be installed on 5 MV Pelletron
Univ. Melbourne, details available at Sevior et al. arXiv:2302.13281)

Iron Yoke (Electromagnet)

Trigger 
scintillator
s

Beam Pipe

Electric Field Cage

Proton beam

MARTIN SEVIOR, CPPC SYDNEY SEMINAR, AUGUST, 202310 Slide courtesy of Martin Sevior

q 34 cm diam solenoid, up to 0.4 Tesla
q 35 cm long active volume He (90%) / CO2 (10%)

https://arxiv.org/abs/2302.13281
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MARTIN SEVIOR, CPPC SYDNEY SEMINAR, AUGUST, 202311 Slide courtesy of Martin Sevior
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MARTIN SEVIOR, CPPC SYDNEY SEMINAR, AUGUST, 202312 Slide courtesy of Martin Sevior

Expected performance of the TPC
q Design based on extensive 

simulations (Geant4, COMSOL, 
GARFIELD, ROOT, GenFit

q Full simulation and reconstruction 
of IPC+X17 with 50 µm Mylar 
vacuum wall

q 4 Day run on Pelletron. 2µA proton 
beam, 2x1019 /cm2 7Li target 

q Quantify sensitivity as a function 
of BR relative to 𝑝 + !𝐿𝑖 → "𝐵𝑒 + 𝛾

q ATOMKI found X17 with BR 
~6×10#$ !𝐿𝑖 (𝑝, 𝛾) at 6 σ

X17 BR= 6×10#$ !𝐿𝑖 𝑝, 𝛾
2300(48) events
50 σ significance
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