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I. INTRODUCTION

We consider the atomic nucleus as a quantum object
composed of A nucleons (mass number): Z protons (atomic
number) and N neutrons, held together mainly by strong
nuclear forces. A neutral atom with the specified numbers
A and Z is called a nuclide. When using this term, however,
we focus on the nuclear component of the atom. Such a
system is stable only for certain combinations of numbers Z
and N. Presently, 256 stable nuclides are known. Systems
different from stable configurations undergo spontaneous,
radioactive decays until the stability is reached. A nucleus
of such an unstable nuclide is considered as a well defined
object if its half-life is much longer than 10!21 s, which is a
characteristic time scale for processes governed by strong
interaction. These nuclides are bound by nuclear forces and/
or by Coulomb and centrifugal barriers. The number of
unstable nuclides synthesized in laboratories is constantly
growing, and up until now more than 3000 were identified.
In this review, we concentrate on radioactive processes ob-
served for nuclides located at the limits of the nuclear chart.
The emphasis is given on new decay processes and features of
classical decay modes which do not take place among nu-
clides close to stability. We refrain, however, from discussing
the heavy frontier of the nuclear chart. The quest for the
superheavy elements was reviewed by Hofmann and
Münzenberg (2000) and more recently by Oganessian
(2007) and Hofmann (2009a).

A. Radioactivity and nuclides

The notion of radioactivity is useful in making distinction
between emission of rays or particles by a highly unstable
system (for example, undergoing a nuclear reaction) from
radiation emitted spontaneously by a system whose nuclear

and atomic degrees of freedom are close to equilibrium. Such
distinction, however, has to be arbitrary and usually a char-
acteristic time scale is used as a criterion. Throughout this
review, we adopt the following definition. Radioactivity is a
process of emission of particles by an atomic nucleus which
occurs with characteristic time (half-life) much longer than
the K-shell vacancy half-life in a carbon atom, which
amounts to about 2" 10!14 s (Bambynek et al., 1972). A
relativistic particle travels in the time of 10!14 s a distance of
a few micrometers, which is close to the measurement limit in
a nuclear emulsion. In addition, this value coincides with a
decay width, defined as ! ¼ ln2ℏ=T1=2, of about 0.03 eV
which is roughly the thermal energy at room temperature.
Thus, nuclear processes much slower than filling the K
vacancy, whose duration, in principle, can be measured di-
rectly, and with the width much smaller than the thermal
energy at room temperature, will be called radioactive. This
definition applies both to nuclear ground states and to long-
lived excited nuclear states (isomers).

The definition of a nuclide relates to the definition of
radioactivity. A nuclide is a neutral atom, specified by the
numbers A and Z of its nucleus, which is either stable or lives
long enough to be classified as radioactive. We say that a
nuclide does not ‘‘exist’’ if its nucleus decays too fast to be
called radioactive. All existing nuclides are represented on a
chart of nuclides spanned by the atomic number Z and
neutron number N (Fig. 1). In the last three decades their
number was growing almost steadily from about 2200 in 1981
to about 3000 in 2006 (Pfennig et al., 2008), giving an average
of about 30 new nuclides identified per year. Because of
vigorous growth of nuclear facilities (Sec. III.B), this trend is
expected to continue in next decades.

FIG. 1 (color online). The chart of nuclei. The stable nuclides are
represented by black squares, while the radioactive ones, which
were experimentally identified, are shown by the light shaded area.
The nuclides predicted to have positive nucleon separation energy
according to the FRDM mass model (Möller, Nix, and Kratz, 1997),
but not yet observed, are shown by the dark shaded area. The lines
indicate the position of magic numbers corresponding to the closed
neutron and proton shells (the numbers smaller than 20 are not
shown). The insets show the location on the chart of the decay
products of the parent nucleus which is indicated by a dark square.
The observed decay channels of the proton-rich and the neutron-rich
nuclei are shown on the left and on the right inset, respectively.
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I. INTRODUCTION

We consider the atomic nucleus as a quantum object
composed of A nucleons (mass number): Z protons (atomic
number) and N neutrons, held together mainly by strong
nuclear forces. A neutral atom with the specified numbers
A and Z is called a nuclide. When using this term, however,
we focus on the nuclear component of the atom. Such a
system is stable only for certain combinations of numbers Z
and N. Presently, 256 stable nuclides are known. Systems
different from stable configurations undergo spontaneous,
radioactive decays until the stability is reached. A nucleus
of such an unstable nuclide is considered as a well defined
object if its half-life is much longer than 10!21 s, which is a
characteristic time scale for processes governed by strong
interaction. These nuclides are bound by nuclear forces and/
or by Coulomb and centrifugal barriers. The number of
unstable nuclides synthesized in laboratories is constantly
growing, and up until now more than 3000 were identified.
In this review, we concentrate on radioactive processes ob-
served for nuclides located at the limits of the nuclear chart.
The emphasis is given on new decay processes and features of
classical decay modes which do not take place among nu-
clides close to stability. We refrain, however, from discussing
the heavy frontier of the nuclear chart. The quest for the
superheavy elements was reviewed by Hofmann and
Münzenberg (2000) and more recently by Oganessian
(2007) and Hofmann (2009a).

A. Radioactivity and nuclides

The notion of radioactivity is useful in making distinction
between emission of rays or particles by a highly unstable
system (for example, undergoing a nuclear reaction) from
radiation emitted spontaneously by a system whose nuclear

and atomic degrees of freedom are close to equilibrium. Such
distinction, however, has to be arbitrary and usually a char-
acteristic time scale is used as a criterion. Throughout this
review, we adopt the following definition. Radioactivity is a
process of emission of particles by an atomic nucleus which
occurs with characteristic time (half-life) much longer than
the K-shell vacancy half-life in a carbon atom, which
amounts to about 2" 10!14 s (Bambynek et al., 1972). A
relativistic particle travels in the time of 10!14 s a distance of
a few micrometers, which is close to the measurement limit in
a nuclear emulsion. In addition, this value coincides with a
decay width, defined as ! ¼ ln2ℏ=T1=2, of about 0.03 eV
which is roughly the thermal energy at room temperature.
Thus, nuclear processes much slower than filling the K
vacancy, whose duration, in principle, can be measured di-
rectly, and with the width much smaller than the thermal
energy at room temperature, will be called radioactive. This
definition applies both to nuclear ground states and to long-
lived excited nuclear states (isomers).

The definition of a nuclide relates to the definition of
radioactivity. A nuclide is a neutral atom, specified by the
numbers A and Z of its nucleus, which is either stable or lives
long enough to be classified as radioactive. We say that a
nuclide does not ‘‘exist’’ if its nucleus decays too fast to be
called radioactive. All existing nuclides are represented on a
chart of nuclides spanned by the atomic number Z and
neutron number N (Fig. 1). In the last three decades their
number was growing almost steadily from about 2200 in 1981
to about 3000 in 2006 (Pfennig et al., 2008), giving an average
of about 30 new nuclides identified per year. Because of
vigorous growth of nuclear facilities (Sec. III.B), this trend is
expected to continue in next decades.

FIG. 1 (color online). The chart of nuclei. The stable nuclides are
represented by black squares, while the radioactive ones, which
were experimentally identified, are shown by the light shaded area.
The nuclides predicted to have positive nucleon separation energy
according to the FRDM mass model (Möller, Nix, and Kratz, 1997),
but not yet observed, are shown by the dark shaded area. The lines
indicate the position of magic numbers corresponding to the closed
neutron and proton shells (the numbers smaller than 20 are not
shown). The insets show the location on the chart of the decay
products of the parent nucleus which is indicated by a dark square.
The observed decay channels of the proton-rich and the neutron-rich
nuclei are shown on the left and on the right inset, respectively.

568 Pfützner et al.: Radioactive decays at limits of nuclear stability

Rev. Mod. Phys., Vol. 84, No. 2, April–June 2012

Outline

4

Radius 2
l Complex radius
l Halo-like enhancement

Introduction 1
l Dripline region
l Continuum effect

Decay 3
l 2p decay
l pp correlation

Mirror 4
l Thomas-Ehrman effect
l Mirror symmetry breaking



Contiuum effect

5

Halo 
o Weakly bound
o low-l orbital
o Enhanced radius

o Large cross-section
o Narrow p distribution
o E1 response/MSB

9ECT* , 28 June-2 July, 2021

Large enhancement factor for the probability of finding the eigenenergy around 
the threshold

Barker, Proc. Phys. Soc. 84, 681 (1964)
R-matrix in the Lane-Thomas formulation. One level approximation

neutral particles charged particles

F. C. Barker, Proc. Phys. Soc. 84, 681 (1964)

Wigner cusp

Enhancement 
factors

Introduction
Radius
Decay
Mirror

Complex radius
Halo-like enhancement



Complex radius of unbound system

6

°2 0 2

1

3

r̃ r
m

s
(f

m
) Re(r̃rms)

Im(r̃rms)
(a)

1 3

10°4

10°1

°
(M

eV
)

(b)

Qp (MeV)

15F ºd5/2HO

Halo-like enhancement
Radius enhanced by the continuum

o Contiuum coupling is enhanced near the threshold.
o Complex radius Y. R. Lin, SW, and W. Nazarewicz, PRL 136, 122501 (2026)

T. Myo and K. Katō, PTEP 2014, 083D01 (2014).

   
   

   
   

  C
om

pl
ex

 r
ad

iu
s 

Introduction
Radius
Decay
Mirror

Complex radius
Halo-like enhancement



Contiuum effect on electromagnetic transition

7

− 3
− 2
− 1
0
1
2
3
4
5

E
−
E
(34
A
r)
(M
eV
)

36Ca

Exp GSM SM

0+1

2+1
0+2
2+2

− 7
− 6
− 5
− 4
− 3
− 2
− 1
0
1
2
3

E
−
E
(36
A
r)
(M
eV
)

38Ca

Exp GSM SM

0+1

2+1
0+2
2+2

13
1(
20
) 3065

10
1(
11
) 62 45

Spectra and B(E2) values of 36,38Ca Density evolution

Z. Xu, SW et al., PRC 112, L011302 (2025).
T. Beck, A. Gade et al., PRC  108, L061301 (2023)
N. Dronchi, D. Weisshaar et al., PRC 107, 034306 (2023)

Introduction
Radius
Decay
Mirror

Complex radius
Halo-like enhancement



Contiuum effect on electromagnetic transition

8

2 4 6 8
r (fm)

0.0

0.5

1.0

0.0

0.5

1.0
(a)GSM

(b)  SM

38Ca
36Ca

− 3
− 2
− 1
0
1
2
3
4
5

E
−
E
(34
A
r)
(M
eV
)

36Ca

Exp GSM SM

0+1

2+1
0+2
2+2

− 7
− 6
− 5
− 4
− 3
− 2
− 1
0
1
2
3

E
−
E
(36
A
r)
(M
eV
)

38Ca

Exp GSM SM

0+1

2+1
0+2
2+2

13
1(
20
) 3065

10
1(
11
) 62 45

Spectra and B(E2) values of 36,38Ca E2 (0+ → 2+) Transition densities

Continuum

Z. Xu, SW et al., PRC 112, L011302 (2025).
T. Beck, A. Gade et al., PRC  108, L061301 (2023)
N. Dronchi, D. Weisshaar et al., PRC 107, 034306 (2023)

Introduction
Radius
Decay
Mirror

Complex radius
Halo-like enhancement



How to extract structures of unbound nuclei

9

Decay properties might help

Introduction
Radius
Decay
Mirror

Complex radius
Halo-like enhancement



2. Two-proton emission from excited states 600

3. Two-proton radioactivity 602

C. Simplified theoretical models 603

1. Direct decay model 603

2. Simultaneous versus sequential decay 604

3. Diproton model 605

D. Three-body model of 2p radioactivity 606

1. Lifetimes 606

2. Spatial correlations 607

3. Momentum correlations and nuclear structure 608

4. Long-range character of Coulomb interaction
in the three-body continuum 608

E. Two-proton radioactivity and many-body
nuclear structure 608

1. Spectroscopic information in R-matrix
approaches 609

2. Three-body model plus relativistic mean field
amplitudes 609

3. Shell-model approaches 609

4. Microscopic cluster models 610

F. Three- and four-proton emission 610
VIII. Emission of Neutrons 610
IX. Conclusions 612

I. INTRODUCTION

We consider the atomic nucleus as a quantum object
composed of A nucleons (mass number): Z protons (atomic
number) and N neutrons, held together mainly by strong
nuclear forces. A neutral atom with the specified numbers
A and Z is called a nuclide. When using this term, however,
we focus on the nuclear component of the atom. Such a
system is stable only for certain combinations of numbers Z
and N. Presently, 256 stable nuclides are known. Systems
different from stable configurations undergo spontaneous,
radioactive decays until the stability is reached. A nucleus
of such an unstable nuclide is considered as a well defined
object if its half-life is much longer than 10!21 s, which is a
characteristic time scale for processes governed by strong
interaction. These nuclides are bound by nuclear forces and/
or by Coulomb and centrifugal barriers. The number of
unstable nuclides synthesized in laboratories is constantly
growing, and up until now more than 3000 were identified.
In this review, we concentrate on radioactive processes ob-
served for nuclides located at the limits of the nuclear chart.
The emphasis is given on new decay processes and features of
classical decay modes which do not take place among nu-
clides close to stability. We refrain, however, from discussing
the heavy frontier of the nuclear chart. The quest for the
superheavy elements was reviewed by Hofmann and
Münzenberg (2000) and more recently by Oganessian
(2007) and Hofmann (2009a).

A. Radioactivity and nuclides

The notion of radioactivity is useful in making distinction
between emission of rays or particles by a highly unstable
system (for example, undergoing a nuclear reaction) from
radiation emitted spontaneously by a system whose nuclear

and atomic degrees of freedom are close to equilibrium. Such
distinction, however, has to be arbitrary and usually a char-
acteristic time scale is used as a criterion. Throughout this
review, we adopt the following definition. Radioactivity is a
process of emission of particles by an atomic nucleus which
occurs with characteristic time (half-life) much longer than
the K-shell vacancy half-life in a carbon atom, which
amounts to about 2" 10!14 s (Bambynek et al., 1972). A
relativistic particle travels in the time of 10!14 s a distance of
a few micrometers, which is close to the measurement limit in
a nuclear emulsion. In addition, this value coincides with a
decay width, defined as ! ¼ ln2ℏ=T1=2, of about 0.03 eV
which is roughly the thermal energy at room temperature.
Thus, nuclear processes much slower than filling the K
vacancy, whose duration, in principle, can be measured di-
rectly, and with the width much smaller than the thermal
energy at room temperature, will be called radioactive. This
definition applies both to nuclear ground states and to long-
lived excited nuclear states (isomers).

The definition of a nuclide relates to the definition of
radioactivity. A nuclide is a neutral atom, specified by the
numbers A and Z of its nucleus, which is either stable or lives
long enough to be classified as radioactive. We say that a
nuclide does not ‘‘exist’’ if its nucleus decays too fast to be
called radioactive. All existing nuclides are represented on a
chart of nuclides spanned by the atomic number Z and
neutron number N (Fig. 1). In the last three decades their
number was growing almost steadily from about 2200 in 1981
to about 3000 in 2006 (Pfennig et al., 2008), giving an average
of about 30 new nuclides identified per year. Because of
vigorous growth of nuclear facilities (Sec. III.B), this trend is
expected to continue in next decades.

FIG. 1 (color online). The chart of nuclei. The stable nuclides are
represented by black squares, while the radioactive ones, which
were experimentally identified, are shown by the light shaded area.
The nuclides predicted to have positive nucleon separation energy
according to the FRDM mass model (Möller, Nix, and Kratz, 1997),
but not yet observed, are shown by the dark shaded area. The lines
indicate the position of magic numbers corresponding to the closed
neutron and proton shells (the numbers smaller than 20 are not
shown). The insets show the location on the chart of the decay
products of the parent nucleus which is indicated by a dark square.
The observed decay channels of the proton-rich and the neutron-rich
nuclei are shown on the left and on the right inset, respectively.
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This yields the branching ratio for the 2p decay of 0.70(4).
Using the maximum likelihood method, the decay half-life
of 45Fe was determined as 2.6(2) ms. The partial 2p decay
half-life of 45Fe is then T1=2!2p" # 3:7!4" ms and the cor-
responding 2p decay width !2p#1:23$0:15

%0:12&10%19 MeV.
The deduced partial 2p decay width of 45Fe is presented

in Fig. 2 showing the dependence of the 2p half-life on the
decay energy as predicted by the 3-body model of
Grigorenko and Zhukov [13,21]. The experimental decay
energy is taken from Ref. [11] as it is the most precise value
to date. The various theoretical lines correspond to differ-
ent configurations of the two valence protons in the initial
nucleus. The location of the experimental point suggests
that the initial state is characterized by the ratio of the
dominant p2 and f2 configurations equal to about 30=70.
This finding is consistent with the realistic shell-model
calculation for 45Fe predicting the dominant role of the f
orbitals with a significant contribution of the p states [12].

The information contained in the image and in the time
profile allows the reconstruction of the decay event in three
dimensions. By using a fitting procedure that takes into
account the ionization density distribution along a proton
track in the OTPC gas and includes corrections for the
detector response, the angles # of both proton tracks with
respect to the axis normal to the image plane can be
determined. This procedure, applied to the event shown
in Fig. 1, resulted in values #1 # 110' ( 3' and #2 #
70' ( 2'. The combination of these angles with the angle
! between tracks measured on the image plane allows the
calculation of the angle "pp between the momenta of the
two protons. For the event of Fig. 1, ! # 140' ( 3' and
"pp # 143' ( 5'.

This procedure was applied to all recorded 2p decay
events, and for 75 of them it yielded reliable and unambig-
uous results. The distribution of the opening angle has been
constructed in the following way. Each event was repre-
sented by a Gaussian distribution centered at the deter-
mined value of "pp, with the area and the variance equal to
one and to the estimated error, respectively. The sum of all
such contributions is shown as a histogram in Fig. 3. A two-
bumped structure is evident—one broad peak is centered
around 50' and a second smaller one is present at about
145'. In the case of the pure diproton scenario, the distri-
bution was expected to contain one narrow peak centered
at about 30' [22] while in the case of fully uncorrelated
emission, the distribution would be proportional to sin"pp.
Evidently, measured distribution does not follow these
scenarios. It agrees, however, with the prediction of the
3-body model for the f-p shell nuclei. The calculated
distributions for three mixtures of p2 and f2 configura-
tions, normalized to the same integral as the experimental
spectrum, are shown in Fig. 3 by smooth lines. Using a
quadratic interpolation we estimate that the experimental
data are best described by the model when the contribution
of the p2 configuration is equal to !30( 10"%.

We would like to stress the following points. (i) There is
remarkable consistency between observables shown in
Figs. 2 and 3 and theoretical predictions [21]. Both the
2p decay width as a function of the decay energy and the
opening angle distribution are best described by the same
composition of the initial 2p wave function. (ii) In two-
body decays, like proton radioactivity, the structure infor-
mation (spectroscopic factor) is extracted only by the
comparison of the measured width with the theoretically
calculated value (namely, the Wigner limit). In this experi-
ment we show for the first time that in a three-body decay
the structure information can be extracted both from the

FIG. 2 (color online). The partial 2p half-life of 45Fe as a
function of the 2p decay energy. The experimental result is
shown superimposed on predictions of the 3-body model
[13,21]. The decay width is taken from this work; the energy
is taken from Ref. [11]. The numerical labels indicate the relative
weights of the p2 and f2 configurations, respectively.

FIG. 3 (color online). The measured distribution of the open-
ing angle between two protons emitted in the decay of 45Fe
(histogram). Lines show the predictions of the 3-body model for
the same mixtures of p2 and f2 configurations as shown in Fig. 2
with the dashed lines.
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I. INTRODUCTION

We consider the atomic nucleus as a quantum object
composed of A nucleons (mass number): Z protons (atomic
number) and N neutrons, held together mainly by strong
nuclear forces. A neutral atom with the specified numbers
A and Z is called a nuclide. When using this term, however,
we focus on the nuclear component of the atom. Such a
system is stable only for certain combinations of numbers Z
and N. Presently, 256 stable nuclides are known. Systems
different from stable configurations undergo spontaneous,
radioactive decays until the stability is reached. A nucleus
of such an unstable nuclide is considered as a well defined
object if its half-life is much longer than 10!21 s, which is a
characteristic time scale for processes governed by strong
interaction. These nuclides are bound by nuclear forces and/
or by Coulomb and centrifugal barriers. The number of
unstable nuclides synthesized in laboratories is constantly
growing, and up until now more than 3000 were identified.
In this review, we concentrate on radioactive processes ob-
served for nuclides located at the limits of the nuclear chart.
The emphasis is given on new decay processes and features of
classical decay modes which do not take place among nu-
clides close to stability. We refrain, however, from discussing
the heavy frontier of the nuclear chart. The quest for the
superheavy elements was reviewed by Hofmann and
Münzenberg (2000) and more recently by Oganessian
(2007) and Hofmann (2009a).

A. Radioactivity and nuclides

The notion of radioactivity is useful in making distinction
between emission of rays or particles by a highly unstable
system (for example, undergoing a nuclear reaction) from
radiation emitted spontaneously by a system whose nuclear

and atomic degrees of freedom are close to equilibrium. Such
distinction, however, has to be arbitrary and usually a char-
acteristic time scale is used as a criterion. Throughout this
review, we adopt the following definition. Radioactivity is a
process of emission of particles by an atomic nucleus which
occurs with characteristic time (half-life) much longer than
the K-shell vacancy half-life in a carbon atom, which
amounts to about 2" 10!14 s (Bambynek et al., 1972). A
relativistic particle travels in the time of 10!14 s a distance of
a few micrometers, which is close to the measurement limit in
a nuclear emulsion. In addition, this value coincides with a
decay width, defined as ! ¼ ln2ℏ=T1=2, of about 0.03 eV
which is roughly the thermal energy at room temperature.
Thus, nuclear processes much slower than filling the K
vacancy, whose duration, in principle, can be measured di-
rectly, and with the width much smaller than the thermal
energy at room temperature, will be called radioactive. This
definition applies both to nuclear ground states and to long-
lived excited nuclear states (isomers).

The definition of a nuclide relates to the definition of
radioactivity. A nuclide is a neutral atom, specified by the
numbers A and Z of its nucleus, which is either stable or lives
long enough to be classified as radioactive. We say that a
nuclide does not ‘‘exist’’ if its nucleus decays too fast to be
called radioactive. All existing nuclides are represented on a
chart of nuclides spanned by the atomic number Z and
neutron number N (Fig. 1). In the last three decades their
number was growing almost steadily from about 2200 in 1981
to about 3000 in 2006 (Pfennig et al., 2008), giving an average
of about 30 new nuclides identified per year. Because of
vigorous growth of nuclear facilities (Sec. III.B), this trend is
expected to continue in next decades.

FIG. 1 (color online). The chart of nuclei. The stable nuclides are
represented by black squares, while the radioactive ones, which
were experimentally identified, are shown by the light shaded area.
The nuclides predicted to have positive nucleon separation energy
according to the FRDM mass model (Möller, Nix, and Kratz, 1997),
but not yet observed, are shown by the dark shaded area. The lines
indicate the position of magic numbers corresponding to the closed
neutron and proton shells (the numbers smaller than 20 are not
shown). The insets show the location on the chart of the decay
products of the parent nucleus which is indicated by a dark square.
The observed decay channels of the proton-rich and the neutron-rich
nuclei are shown on the left and on the right inset, respectively.
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qualitative features of the phenomenon. The illustrations are
provided mainly by the examples of 6Be, 19Mg, and 45Fe.
These nuclei belong to p, s-d, and p-f shells, respectively,
and their lifetimes span about 18 orders of the magnitude,
providing support for universality of the currently achieved
understanding of the two-proton decay.

The emission of two protons from a nuclear state is in
principle possible in various decay scheme situations which
are sketched in Fig. 25. We introduce here the following
notation: ET is the system energy relative to the nearest
three-body breakup threshold, while E2r is the lowest two-
body resonance energy relative to this threshold. The 2p
decay in the pure form, which we will call the true 2p decay
(or true three-body decay) is represented in Fig. 25(c). In this
case sequential emission of protons is energetically prohib-
ited and all final-state fragments are emitted simultaneously.
Such a situation is common among even-Z nuclei at the
proton drip line and results from pairing interactions; see
Sec. II. The decay dynamics of true 2p decay is not reducible
to the conventional two-body dynamics and should be ad-
dressed by the methods of few-body physics.

A somewhat special situation, represented in Fig. 25(d),
occurs when the ground state of the subsystem is so broad that
the emission of the first proton becomes energetically pos-
sible (although E2r > ET) which opens a way for a sequential
transition. Similarly, the decay may formally proceed in a
sequential manner (E2r < ET), but the ground state of the
subsystem is so broad that no strong correlation between
outgoing fragments at given resonance energy can be formed;
see Fig. 25(e). We refer to such scenarios as democratic
decays and discuss them in Sec. VII.B.1.

The three-body character of the 2p radioactivity places it
in the broader context of nuclear processes exhibiting essen-
tial many-body features. This includes studies of the broad
states in continuum and excitation modes, like the soft dipole
mode (Aumann, 2005). Another topic, pursued actively in the
last decades, is the phenomenon of two-neutron halo (Zhukov
et al., 1993) with its Borromean property that none of the
three two-body subsystems is bound. The 2p decay can be
seen as an analog of the two-neutron halo, requiring similar
ingredients in the proper many-body description of its prop-
erties. The illustration of this point is provided by the isobaric
mirror partners 6He and 6Be: the first is the classical
Borromean halo nucleus and the second is the lightest true
2p emitter. The crucial difference, however, comes from the
fact that the 2p decays involve charged particles in the
continuum which significantly complicates the theoretical
description. Another example: 17Ne is a Borromean two-
proton halo nucleus, while the first excited state of 17Ne
and the less bound 16Ne are true 2p emitters.

All ground-state two-proton emitters studied experimen-
tally up to now are collected in Table VI.

1. Two-proton correlations

The two-body decay of a resonance is characterized only
by the energy and the width of the state. The three-body decay
is much more ‘‘rich’’ as complex information about momen-
tum correlations becomes available.

For decays with three particles in the final state, there are
9 degrees of freedom (spins are not counted). Three of them
describe the center-of-mass (c.m.) motion and three describe
the Euler rotation of the decay plane. Therefore, for a fixed
decay energy ET there are two parameters representing the
complete correlation picture. It is convenient to choose the

FIG. 25. Energy conditions for different modes of the two-proton emission: (a) typical situation for decays of excited states (both 1p and 2p
decays are possible), (b) sequential decay via narrow intermediate resonance, and (c) true 2p decay. The cases (d) and (e) represent
‘‘democratic’’ decays. The gray dotted arrows in (c) and (d) indicate the ‘‘decay path’’ through the states available only as virtual excitations.

TABLE VI. Ground-state 2p emitters investigated experimentally.
The indicated half-life corresponds to the partial value for the 2p
decay.

NZ E (keV) ! or T1=2 Reference

6Be 1371(5) 92(6) keV Whaling (1966)
12O 1820(120) 400(250)a keV KeKelis et al. (1978)

1790(40) 580(200)a keV Kryger et al. (1995)
1800(400) 600(500)a keV Suzuki et al. (2009)

16Ne 1350(80) 200(100)a keV KeKelis et al. (1978)
1400(20) 110(40)a keV Woodward, Tribble,

and Tanner (1983)
1350(80) <200 keV Mukha et al. (2008b)

19Mg 750(50) 4.0(15) ps Mukha et al. (2007)
45Fe 1100(100) 4:0þ3:3

"1:8 ms Pfützner et al. (2002)
1140(50) 8:5þ6:4

"3:2 ms Giovinazzo et al. (2002)
1154(16) 2:8þ1:0

"0:7 ms Dossat et al. (2005)
3:7þ0:4

"0:4 ms Miernik et al. (2007c)
48Ni 1350(20) 8:4þ12:8

"7:0 msb Dossat et al. (2005)
3:0þ2:2

"1:2 ms Pomorski et al. (2011b)
54Zn 1480(20) 3:7þ2:2

"1:0 ms Blank et al. (2005)

aAccording to theoretical calculations, much smaller widths are
expected (Barker, 1999; Barker, 2001; Grigorenko et al., 2002).
bOnly one decay event observed.
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Decay dynamics depends on pairing
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o The decay dynamics as well as correlation strongly depend on the pairing strength.
o Strong pairing results in a larger decay width, which indicates that pairing will benefit the 2p tunneling.
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o Epp and Y-type angular correlations are strongly impacted by nucleon-nucleon interaction.
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2p decay

T. Oishi 

I evaluate the spin correlation in the 2𝜖 emission from the 0+ state of 
6Be [62–67]. This 6Be is the lightest 2𝜖 emitter, and well approximated 
by a simple three-body model with time dependence [68–70]. For the 
two protons spontaneously emitted, the measurement of spin correlation 
for the CHSH examination is assumed [1,16]. Because of the three-body 
problem, the 2𝜖 state is under the effect of the third particle, namely, the 
daughter 4He nucleus. Whether this effect destroys or not the correlation 
is investigated. Its sensitivity to the proton-proton interaction is also 
discussed.

2. Formalism and model

I consider the coupling of two protons, i.e., identical spin-1∕2
fermions, and simulate the CHSH examination. First, the four options 
of measurement by the two observers, so-called “Alice” and “Bob” con-
ventionally, are introduced:
𝑅𝑃1,𝑇(1)𝑓 𝑅𝑤1,𝑇(2), 𝑅𝑃2,𝑇(1)𝑓 𝑅𝑤1,𝑇(2),
𝑅𝑃1,𝑇(1)𝑓 𝑅𝑤2,𝑇(2), 𝑅𝑃2,𝑇(1)𝑓 𝑅𝑤2,𝑇(2). (1)

Namely, Alice observes the first fermion with one chosen from the two 
options, 𝑅𝑃1,𝑇 and 𝑅𝑃2,𝑇 . Bob does the second fermion with one chosen 
from 𝑅𝑤1,𝑇 and 𝑅𝑤2,𝑇 . Those operators including the parameter angle 𝑇
are given as
𝑅𝑃1,𝑇(1) = 𝑅𝛿𝐸(1),
𝑅𝑃2,𝑇(1) = 𝑅𝛿𝐸(1) cos 2𝑇 + 𝑅𝛿𝑡(1) sin 2𝑇,

(2)

for Alice, whereas
𝑅𝑤1,𝑇(2) = 𝑅𝛿𝐸(2) cos𝑇 + 𝑅𝛿𝑡(2) sin𝑇,
𝑅𝑤2,𝑇(2) = 𝑅𝛿𝐸(2) cos𝑇 − 𝑅𝛿𝑡(2) sin𝑇,

(3)

for Bob. For an arbitrary two-fermion state |Ψ(1,2)⟩, their expectation 
values are obtained:
⟨
𝑃𝛽𝑤𝑦

⟩
=
⟨
Ψ(1,2) ∣ 𝑅𝑃𝛽,𝑇(1)𝑓 𝑅𝑤𝑦,𝑇(2) ∣ Ψ(1,2)

⟩
. (4)

Then the CHSH indicator , is determined as

, =max
{||,−+++|| , ||,+−++|| , ||,++−+|| , ||,+++−||

}
, (5)

where

,−+++ = − ⟨𝑃1𝑤1⟩+ ⟨𝑃2𝑤1⟩+ ⟨𝑃1𝑤2⟩+ ⟨𝑃2𝑤2⟩ ,
,+−++ = ⟨𝑃1𝑤1⟩− ⟨𝑃2𝑤1⟩+ ⟨𝑃1𝑤2⟩+ ⟨𝑃2𝑤2⟩ ,
,++−+ = ⟨𝑃1𝑤1⟩+ ⟨𝑃2𝑤1⟩− ⟨𝑃1𝑤2⟩+ ⟨𝑃2𝑤2⟩ ,
,+++− = ⟨𝑃1𝑤1⟩+ ⟨𝑃2𝑤1⟩+ ⟨𝑃1𝑤2⟩− ⟨𝑃2𝑤2⟩ . (6)
In Fig. 1, , is calculated for the spin-singlet state |↑↓ − ↓↑⟩∕

√
2. At 

𝑇 = 𝑠∕4, 3𝑠∕4, 5𝑠∕4, and 7𝑠∕4, it has the maximum value, , = 2
√
2

(Tsirelson’s bound) [71]. This situation resembles Sakai’s experiment 
[16]. In the following sections, 𝑇 = 𝑠∕4. As well known, when the initial 
state is one of the Bell states {|.𝜏⟩

}, one finds , = 2
√
2. These states 

read [72]

|.1⟩ = 1 √
2
|↑↑ + ↓↓⟩ , |.2⟩ = 𝛽 √

2
|↑↑ − ↓↓⟩ ,

|.3⟩ = 𝛽 √
2
|↑↓ + ↓↑⟩ , |.4⟩ = 1 √

2
|↑↓ − ↓↑⟩ . (7)

They can be used as basis for an arbitrary total-spin state of two spin-1∕2
fermions.

In this work, instead of {|.𝜏⟩
}, the total-spin eigenstates {|𝜌𝐷⟩

} are 
utilized for calculations [73]. Namely, for the total spin 𝑅,12, their eigen-
values are given as 𝑅,2

12 |𝜌𝐷⟩ = ,(, + 1) |𝜌𝐷⟩ and 𝑅,12,𝐸 |𝜌𝐷⟩ = 2 |𝜌𝐷⟩, 
where

Fig. 1. CHSH indicator , of the pure spin-singlet state. 

|𝜌1⟩ = |, = 1,2 = +1⟩ = |↑↑⟩ ,
|𝜌2⟩ = |, = 1,2 = −1⟩ = |↓↓⟩ ,
|𝜌3⟩ = |, = 1,2 = 0⟩ = 1 √

2
|↑↓ + ↓↑⟩ ,

|𝜌4⟩ = |, = 0,2 = 0⟩ = 1 √
2
|↑↓ − ↓↑⟩ . (8)

Notice that {|𝜌𝐷⟩
} and {|.𝜏⟩

} are unitary transformable. In addition, 
the actual 2𝜖-wave function has the coordinate degrees of freedom. 
Thus,

Ψ(!1𝛿1, !2𝛿2) = ⟨!1𝛿1, !2𝛿2 ∣ Ψ(1,2)⟩

=
4 ∑

𝐷=1
3𝐷(!1, !2) ⟨𝛿1,𝛿2 ∣ 𝜌𝐷⟩ . (9)

This wave function is originally expanded on the anti-symmetrized 
2𝜖 basis [68,69]. Thus, Ψ(!2𝛿2, !1𝛿1) = (−)Ψ(!1𝛿1, !2𝛿2). For computing 
the expectation values in Eq. (6), these coordinate parts are integrated 
as
⟨
𝑃𝛽𝑤𝑦

⟩
=
∑
4,𝐷 

54𝐷
⟨
𝜌4 ∣𝑃𝛽𝑤𝑦 ∣ 𝜌𝐷

⟩
, (10)

54𝐷 =∬ 𝜌!1𝜌!23 ∗
4 (!1, !2)3𝐷(!1, !2). (11)

In actual computations, 3𝐷(!1, !2) as well as 54𝐷 are numerically solved, 
whereas ⟨𝜌4 ∣𝑃𝛽𝑤𝑦 ∣ 𝜌𝐷

⟩ can be analytically evaluated.
I employ the three-body model, which has been developed and uti-

lized in Refs. [74–77,68,69]. The system contains the 4He nucleus as the 
rigid core with mass 67 and two valence protons. The two valence pro-
tons feel the spherical mean field 2 (!) generated by the 4He core. Thus, 
the three-body Hamiltonian reads

𝑅83𝑤 = 𝑅ℎ(!1) + 𝑅ℎ(!2) + :𝜖𝜖(!1, !2) +
"1 ⋅ "2
67

, (12)

𝑅ℎ(;𝛽) = − <2
2=

𝜌2

𝜌;2𝛽
+ <2

2=
4(4 + 1)

;2𝛽
+ 2 (;𝛽), (13)

where = = 6𝜖67∕(6𝜖 + 67 ) and 6𝜖 = 938.272 MeV∕>2 for pro-
tons. By diagonalizing 𝑅83𝑤 , the anti-symmetrized 2𝜖-wave function 
Ψ(!1𝛿1, !2𝛿2) is obtained [68,69]. Here 𝑅ℎ(!𝐷) is of the 𝐷th proton-
core subsystem. For its interaction 2 (;𝛽), the same Woods-Saxon and 
Coulomb potentials in the previous work [69] are employed. The proton-
proton interaction reads

:𝜖𝜖(!1, !2) = :𝜏?>4(𝜌) +
.2

4𝑠@0
1 
𝜌
+ :5𝜌𝜌 (!1, !2), (14)

where 𝜌 = ||!2 − !1||. The nuclear-force term is described by the spin-
dependent Gaussian potential [78]:

:𝜏?>4(𝜌) =
[
2A.−5A𝜌

2 + 2,.−5,𝜌
2] 𝑅B,=0

+
[
2A.−5A𝜌

2 + 2C .−5C 𝜌
2
]
𝑅B,=1. (15)
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I evaluate the spin correlation in the 2𝜖 emission from the 0+ state of 
6Be [62–67]. This 6Be is the lightest 2𝜖 emitter, and well approximated 
by a simple three-body model with time dependence [68–70]. For the 
two protons spontaneously emitted, the measurement of spin correlation 
for the CHSH examination is assumed [1,16]. Because of the three-body 
problem, the 2𝜖 state is under the effect of the third particle, namely, the 
daughter 4He nucleus. Whether this effect destroys or not the correlation 
is investigated. Its sensitivity to the proton-proton interaction is also 
discussed.

2. Formalism and model

I consider the coupling of two protons, i.e., identical spin-1∕2
fermions, and simulate the CHSH examination. First, the four options 
of measurement by the two observers, so-called “Alice” and “Bob” con-
ventionally, are introduced:
𝑅𝑃1,𝑇(1)𝑓 𝑅𝑤1,𝑇(2), 𝑅𝑃2,𝑇(1)𝑓 𝑅𝑤1,𝑇(2),
𝑅𝑃1,𝑇(1)𝑓 𝑅𝑤2,𝑇(2), 𝑅𝑃2,𝑇(1)𝑓 𝑅𝑤2,𝑇(2). (1)

Namely, Alice observes the first fermion with one chosen from the two 
options, 𝑅𝑃1,𝑇 and 𝑅𝑃2,𝑇 . Bob does the second fermion with one chosen 
from 𝑅𝑤1,𝑇 and 𝑅𝑤2,𝑇 . Those operators including the parameter angle 𝑇
are given as
𝑅𝑃1,𝑇(1) = 𝑅𝛿𝐸(1),
𝑅𝑃2,𝑇(1) = 𝑅𝛿𝐸(1) cos 2𝑇 + 𝑅𝛿𝑡(1) sin 2𝑇,

(2)

for Alice, whereas
𝑅𝑤1,𝑇(2) = 𝑅𝛿𝐸(2) cos𝑇 + 𝑅𝛿𝑡(2) sin𝑇,
𝑅𝑤2,𝑇(2) = 𝑅𝛿𝐸(2) cos𝑇 − 𝑅𝛿𝑡(2) sin𝑇,

(3)

for Bob. For an arbitrary two-fermion state |Ψ(1,2)⟩, their expectation 
values are obtained:
⟨
𝑃𝛽𝑤𝑦

⟩
=
⟨
Ψ(1,2) ∣ 𝑅𝑃𝛽,𝑇(1)𝑓 𝑅𝑤𝑦,𝑇(2) ∣ Ψ(1,2)

⟩
. (4)

Then the CHSH indicator , is determined as

, =max
{||,−+++|| , ||,+−++|| , ||,++−+|| , ||,+++−||

}
, (5)

where

,−+++ = − ⟨𝑃1𝑤1⟩+ ⟨𝑃2𝑤1⟩+ ⟨𝑃1𝑤2⟩+ ⟨𝑃2𝑤2⟩ ,
,+−++ = ⟨𝑃1𝑤1⟩− ⟨𝑃2𝑤1⟩+ ⟨𝑃1𝑤2⟩+ ⟨𝑃2𝑤2⟩ ,
,++−+ = ⟨𝑃1𝑤1⟩+ ⟨𝑃2𝑤1⟩− ⟨𝑃1𝑤2⟩+ ⟨𝑃2𝑤2⟩ ,
,+++− = ⟨𝑃1𝑤1⟩+ ⟨𝑃2𝑤1⟩+ ⟨𝑃1𝑤2⟩− ⟨𝑃2𝑤2⟩ . (6)
In Fig. 1, , is calculated for the spin-singlet state |↑↓ − ↓↑⟩∕

√
2. At 

𝑇 = 𝑠∕4, 3𝑠∕4, 5𝑠∕4, and 7𝑠∕4, it has the maximum value, , = 2
√
2

(Tsirelson’s bound) [71]. This situation resembles Sakai’s experiment 
[16]. In the following sections, 𝑇 = 𝑠∕4. As well known, when the initial 
state is one of the Bell states {|.𝜏⟩

}, one finds , = 2
√
2. These states 

read [72]

|.1⟩ = 1 √
2
|↑↑ + ↓↓⟩ , |.2⟩ = 𝛽 √

2
|↑↑ − ↓↓⟩ ,

|.3⟩ = 𝛽 √
2
|↑↓ + ↓↑⟩ , |.4⟩ = 1 √

2
|↑↓ − ↓↑⟩ . (7)

They can be used as basis for an arbitrary total-spin state of two spin-1∕2
fermions.

In this work, instead of {|.𝜏⟩
}, the total-spin eigenstates {|𝜌𝐷⟩

} are 
utilized for calculations [73]. Namely, for the total spin 𝑅,12, their eigen-
values are given as 𝑅,2

12 |𝜌𝐷⟩ = ,(, + 1) |𝜌𝐷⟩ and 𝑅,12,𝐸 |𝜌𝐷⟩ = 2 |𝜌𝐷⟩, 
where

Fig. 1. CHSH indicator , of the pure spin-singlet state. 

|𝜌1⟩ = |, = 1,2 = +1⟩ = |↑↑⟩ ,
|𝜌2⟩ = |, = 1,2 = −1⟩ = |↓↓⟩ ,
|𝜌3⟩ = |, = 1,2 = 0⟩ = 1 √

2
|↑↓ + ↓↑⟩ ,

|𝜌4⟩ = |, = 0,2 = 0⟩ = 1 √
2
|↑↓ − ↓↑⟩ . (8)

Notice that {|𝜌𝐷⟩
} and {|.𝜏⟩

} are unitary transformable. In addition, 
the actual 2𝜖-wave function has the coordinate degrees of freedom. 
Thus,

Ψ(!1𝛿1, !2𝛿2) = ⟨!1𝛿1, !2𝛿2 ∣ Ψ(1,2)⟩

=
4 ∑

𝐷=1
3𝐷(!1, !2) ⟨𝛿1,𝛿2 ∣ 𝜌𝐷⟩ . (9)

This wave function is originally expanded on the anti-symmetrized 
2𝜖 basis [68,69]. Thus, Ψ(!2𝛿2, !1𝛿1) = (−)Ψ(!1𝛿1, !2𝛿2). For computing 
the expectation values in Eq. (6), these coordinate parts are integrated 
as
⟨
𝑃𝛽𝑤𝑦

⟩
=
∑
4,𝐷 

54𝐷
⟨
𝜌4 ∣𝑃𝛽𝑤𝑦 ∣ 𝜌𝐷

⟩
, (10)

54𝐷 =∬ 𝜌!1𝜌!23 ∗
4 (!1, !2)3𝐷(!1, !2). (11)

In actual computations, 3𝐷(!1, !2) as well as 54𝐷 are numerically solved, 
whereas ⟨𝜌4 ∣𝑃𝛽𝑤𝑦 ∣ 𝜌𝐷

⟩ can be analytically evaluated.
I employ the three-body model, which has been developed and uti-

lized in Refs. [74–77,68,69]. The system contains the 4He nucleus as the 
rigid core with mass 67 and two valence protons. The two valence pro-
tons feel the spherical mean field 2 (!) generated by the 4He core. Thus, 
the three-body Hamiltonian reads

𝑅83𝑤 = 𝑅ℎ(!1) + 𝑅ℎ(!2) + :𝜖𝜖(!1, !2) +
"1 ⋅ "2
67

, (12)

𝑅ℎ(;𝛽) = − <2
2=

𝜌2

𝜌;2𝛽
+ <2

2=
4(4 + 1)

;2𝛽
+ 2 (;𝛽), (13)

where = = 6𝜖67∕(6𝜖 + 67 ) and 6𝜖 = 938.272 MeV∕>2 for pro-
tons. By diagonalizing 𝑅83𝑤 , the anti-symmetrized 2𝜖-wave function 
Ψ(!1𝛿1, !2𝛿2) is obtained [68,69]. Here 𝑅ℎ(!𝐷) is of the 𝐷th proton-
core subsystem. For its interaction 2 (;𝛽), the same Woods-Saxon and 
Coulomb potentials in the previous work [69] are employed. The proton-
proton interaction reads

:𝜖𝜖(!1, !2) = :𝜏?>4(𝜌) +
.2

4𝑠@0
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𝜌
+ :5𝜌𝜌 (!1, !2), (14)

where 𝜌 = ||!2 − !1||. The nuclear-force term is described by the spin-
dependent Gaussian potential [78]:
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+
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for the CHSH examination is assumed [1,16]. Because of the three-body 
problem, the 2𝜖 state is under the effect of the third particle, namely, the 
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Ψ(!1𝛿1, !2𝛿2) is obtained [68,69]. Here 𝑅ℎ(!𝐷) is of the 𝐷th proton-
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" ¼ Ex=ET; cosð!kÞ ¼ ðkx $ kyÞ=ðkxkyÞ;

kx ¼
A2k1 % A1k2

A1 þ A2
;

ky ¼
A3ðk1 þ k2Þ % ðA1 þ A2Þk3

A1 þ A2 þ A3
;

ET ¼ Ex þ Ey ¼ k2x=2Mx þ k2y=2My;

(5)

where Mx and My are the reduced masses of the X and Y
subsystems (see, e.g., Ref. [8] for details). If we put
k3 ! k", then the correlations are obtained in the ‘‘T’’
Jacobi system where " describes the energy correlation
in the p% p channel. However, if we put k3 ! kp, then the
correlations are obtained in one of the ‘‘Y’’ Jacobi systems
where " describes the energy correlation in the "% p
channel.

The calculated energy-angular distributions are in excel-
lent agreement with the experimental data for both the 0þ

and 2þ resonances; see Fig. 3. These correlation data for the
two resonance states are also in agreement with the recent
results from Refs. [7–9,11] and with the older data of
Refs. [1,15]. Only the data of Ref. [10] were found to
be inconsistent. However, compared to all these other
data sets, the present data have the highest statistical signifi-
cance and thus provide the best validation of the theoretical
model. In addition to the present high-statistical-significance
data, we are able to explore the evolution of the correlations
on and off resonance.

Evolution of energy distribution between two protons.—
Figure 4 shows the evolution of the distribution of relative
energy between two protons with ET . There is a qualitative
difference between the distributions for the 0þ [Figs. 4(a)
and 4(b)] and 2þ [Figs. 4(d) and 4(e)] states. In addi-
tion, the small-Epp region for p% p motion becomes
enhanced with increasing ET for the 0þ state. This result

is unexpected as the p% p final-state interaction (FSI) is
generally considered to be a predominantly low-energy
phenomenon, but this trend is also confirmed in the calcu-
lations. For the first time, we can see the evolution of the
distributions in the transition-energy region [Fig. 4(c)]
characterized by strong 0þ=2þ state mixing. For the energy
region covering the 2þ state and beyond [Figs. 4(d)–4(f)],
the energy distributions demonstrate stable shapes far be-
yond the 2þ peak [Fig. 4(f)], a result again confirmed in the
calculations.

FIG. 3 (color online). Complete energy-angular correlations for the 0þ [(a) and (c)] and 2þ [(b) and (d)] states of 6Be. Comparison of
experiment and MC simulations for Jacobi T and Y systems (upper and lower rows, respectively). The data are taken for 0.5 and 1 MeV
wide bins centered on the 0þ and 2þ resonance peaks, respectively.

FIG. 4 (color online). Evolution of energy distribution in the
Jacobi T system (between two protons) with the decay energy.
The left and right columns show the energy ranges where the 0þ

and 2þ states dominate. Vertical dotted lines are shown to help
one evaluate the shift or lack of shift in the peak location
between different panels. See the caption of Fig. 2 for explana-
tion of symbols and curves.
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I. INTRODUCTION

We consider the atomic nucleus as a quantum object
composed of A nucleons (mass number): Z protons (atomic
number) and N neutrons, held together mainly by strong
nuclear forces. A neutral atom with the specified numbers
A and Z is called a nuclide. When using this term, however,
we focus on the nuclear component of the atom. Such a
system is stable only for certain combinations of numbers Z
and N. Presently, 256 stable nuclides are known. Systems
different from stable configurations undergo spontaneous,
radioactive decays until the stability is reached. A nucleus
of such an unstable nuclide is considered as a well defined
object if its half-life is much longer than 10!21 s, which is a
characteristic time scale for processes governed by strong
interaction. These nuclides are bound by nuclear forces and/
or by Coulomb and centrifugal barriers. The number of
unstable nuclides synthesized in laboratories is constantly
growing, and up until now more than 3000 were identified.
In this review, we concentrate on radioactive processes ob-
served for nuclides located at the limits of the nuclear chart.
The emphasis is given on new decay processes and features of
classical decay modes which do not take place among nu-
clides close to stability. We refrain, however, from discussing
the heavy frontier of the nuclear chart. The quest for the
superheavy elements was reviewed by Hofmann and
Münzenberg (2000) and more recently by Oganessian
(2007) and Hofmann (2009a).

A. Radioactivity and nuclides

The notion of radioactivity is useful in making distinction
between emission of rays or particles by a highly unstable
system (for example, undergoing a nuclear reaction) from
radiation emitted spontaneously by a system whose nuclear

and atomic degrees of freedom are close to equilibrium. Such
distinction, however, has to be arbitrary and usually a char-
acteristic time scale is used as a criterion. Throughout this
review, we adopt the following definition. Radioactivity is a
process of emission of particles by an atomic nucleus which
occurs with characteristic time (half-life) much longer than
the K-shell vacancy half-life in a carbon atom, which
amounts to about 2" 10!14 s (Bambynek et al., 1972). A
relativistic particle travels in the time of 10!14 s a distance of
a few micrometers, which is close to the measurement limit in
a nuclear emulsion. In addition, this value coincides with a
decay width, defined as ! ¼ ln2ℏ=T1=2, of about 0.03 eV
which is roughly the thermal energy at room temperature.
Thus, nuclear processes much slower than filling the K
vacancy, whose duration, in principle, can be measured di-
rectly, and with the width much smaller than the thermal
energy at room temperature, will be called radioactive. This
definition applies both to nuclear ground states and to long-
lived excited nuclear states (isomers).

The definition of a nuclide relates to the definition of
radioactivity. A nuclide is a neutral atom, specified by the
numbers A and Z of its nucleus, which is either stable or lives
long enough to be classified as radioactive. We say that a
nuclide does not ‘‘exist’’ if its nucleus decays too fast to be
called radioactive. All existing nuclides are represented on a
chart of nuclides spanned by the atomic number Z and
neutron number N (Fig. 1). In the last three decades their
number was growing almost steadily from about 2200 in 1981
to about 3000 in 2006 (Pfennig et al., 2008), giving an average
of about 30 new nuclides identified per year. Because of
vigorous growth of nuclear facilities (Sec. III.B), this trend is
expected to continue in next decades.

FIG. 1 (color online). The chart of nuclei. The stable nuclides are
represented by black squares, while the radioactive ones, which
were experimentally identified, are shown by the light shaded area.
The nuclides predicted to have positive nucleon separation energy
according to the FRDM mass model (Möller, Nix, and Kratz, 1997),
but not yet observed, are shown by the dark shaded area. The lines
indicate the position of magic numbers corresponding to the closed
neutron and proton shells (the numbers smaller than 20 are not
shown). The insets show the location on the chart of the decay
products of the parent nucleus which is indicated by a dark square.
The observed decay channels of the proton-rich and the neutron-rich
nuclei are shown on the left and on the right inset, respectively.

568 Pfützner et al.: Radioactive decays at limits of nuclear stability
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Predicted spectrum and structure of 11O
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T. Webb et al., PRL 122, 122501 (2019)
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o The detected broad peak can be reproduced by four
states rather than one. 
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Summary

• Continuum effects in open quantum systems
o Complex radius
o 2p decay
o Nucleon-nucleon correlations
o Connection between structure and decay 
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Questions
1. What’s the difference between 2p and 2n decay?

2. Correlations evolutions during the decay process

3. Any simultaneous multi-particle emissions? 

4. Does decay dynamics depends on the production?

5. Entanglement evolution during the decay
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Thomas-Ehrman shifts in nuclei around oxygen-16
and role of residual nuclear interaction

Kengo Ogawa, Hitoshi Nakada, Seiji Hino, and Rieko Motegi
Department of Physics, Chiba University

The asymmetry in the energy spectra between mirror nuclei (the Thomas-Ehrman shifts) around 16O is investigated by
a phenomenological shell model. The recent data on proton-rich nuclei indicates that the residual nuclear interaction
is reduced for the loosely bound s-orbit by as much as 30%, which originates in the broad radial distribution of the
proton single-particle wave function.

1. Introduction

Structures of proton-rich nuclei are important for the rapid-
proton (rp) process of the nucleosynthesis, which takes place
in the hydrogen burning stage in stellar site. Since the strong
interaction keeps the charge symmetry very well and the
Coulomb energies are almost state-independent in a nuclide,
energy spectra are quite analogous between mirror nuclei.
Hence we usually estimate the level structures of Z > N
exotic nuclei from their mirror partners. However, for exam-
ple, the excitation energies of the 1/2+ first excited states in
13C and 13N show large discrepancy, which is called Thomas-
Ehrman shift (TES).1) The TES may have a significant influ-
ence on the scenario of the rp process, and it is highly desired
to predict the TES correctly.

Recent experiments provide us with valuable information of
energy levels of Z > N nuclei around 16O. The TES has con-
ventionally been regarded as an effect of the Coulomb force
on a loosely bound or unbound proton occupying an s-orbit.
On the other hand, a global phenomenological study sug-
gests that, on account of the proton-neutron difference of the
single-particle (s.p.) wave functions, the residual nuclear in-
teraction (RNI) matrix elements differ between Vpp and Vnn

by about a few percent. 2) Since we have a large influence
on the s.p. wave functions for loosely bound (or unbound)
nucleon occupying s-orbit, the RNI difference may have a siz-
able effect on the TES. With the aid of the recent data on
mass and low-lying spectra of proton-rich nuclei, it is being
possible to argue the mechanism of TES in various mirror
nuclei.

We here investigate the TES in A ∼ 16 nuclei from a phe-
nomenological viewpoint, 3) primarily focusing on effects of
the RNI on the TES, via the data of the 16N-16F, 15C-15F
and 16C-16Ne mirror pairs.

2. Phenomenological study of Thomas-Ehrman shifts
around 16O

We take an apparatus as simple as possible, aiming at picking
up an ingredient key to the physics of the TES. The model
space is composed of (0p1/2)

−n1 ⊗ (0d5/21s1/2)
n2 , on top of

the 16O inert core. For neutron-rich nuclei with Z ≤ 8 ≤ N ,
n1 = 8 − Z and n2 = N − 8, and vice versa for their mirror
partners. The single-particle (hole) energies are determined

from the data of 17O and 17F (15N and 15O).4) Taking into
account their mass differences from 16O,5) we have (in MeV)

ϵn(0d5/2) = −4.144,

ϵn(1s1/2) = −3.273,

ϵp(0d5/2) = −0.600,

ϵp(1s1/2) = −0.105, (1)

and

ϵp(0p−1
1/2) = 12.128,

ϵn(0p−1
1/2) = 15.664. (2)

The shift in Ex(1/2+) of 17F (i.e. ∆ϵs−d
p ≡ ϵp(1s1/2) −

ϵp(0d5/2) = 0.495 MeV) from that of 17O (i.e. ∆ϵs−d
n ≡

ϵn(1s1/2) − ϵn(0d5/2) = 0.871 MeV) is a typical TES. Be-
cause the proton in the 1s1/2 orbit is loosely bound and free
from the influence of the centrifugal barrier, its wave func-
tion spreads in a radial direction (like halo or skin structure),
leading to weaker Coulomb repulsion than that of 0d5/2. This
difference in the Coulomb energy gives rise to the TES for
such a core plus one-particle system. The mechanism how
the energy shift of ∆ϵs−d

p from ∆ϵs−d
n occurs has recently

been investigated in some detail in Ref. 6.

The observed energy spectra of 16N and 16F show a re-
markable difference, 4) as presented in Fig. 1. Even the
ground state spins do not match, being 2− in 16N and 0−

in 16F. On top of the 16O core, the lowest four states in
these nuclei are classified into the |0p−1

1/20d5/2; J = 2−, 3−⟩
and |0p−1

1/21s1/2; J = 0−, 1−⟩ multiplets. Assuming the ϵ’s
of Eqs. (1) and (2), the matrix elements of the residual
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Fig. 1. Experimental energy spectra of the 16N-16F mirror nuclei.
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is reduced for the loosely bound s-orbit by as much as 30%, which originates in the broad radial distribution of the
proton single-particle wave function.

1. Introduction

Structures of proton-rich nuclei are important for the rapid-
proton (rp) process of the nucleosynthesis, which takes place
in the hydrogen burning stage in stellar site. Since the strong
interaction keeps the charge symmetry very well and the
Coulomb energies are almost state-independent in a nuclide,
energy spectra are quite analogous between mirror nuclei.
Hence we usually estimate the level structures of Z > N
exotic nuclei from their mirror partners. However, for exam-
ple, the excitation energies of the 1/2+ first excited states in
13C and 13N show large discrepancy, which is called Thomas-
Ehrman shift (TES).1) The TES may have a significant influ-
ence on the scenario of the rp process, and it is highly desired
to predict the TES correctly.

Recent experiments provide us with valuable information of
energy levels of Z > N nuclei around 16O. The TES has con-
ventionally been regarded as an effect of the Coulomb force
on a loosely bound or unbound proton occupying an s-orbit.
On the other hand, a global phenomenological study sug-
gests that, on account of the proton-neutron difference of the
single-particle (s.p.) wave functions, the residual nuclear in-
teraction (RNI) matrix elements differ between Vpp and Vnn

by about a few percent. 2) Since we have a large influence
on the s.p. wave functions for loosely bound (or unbound)
nucleon occupying s-orbit, the RNI difference may have a siz-
able effect on the TES. With the aid of the recent data on
mass and low-lying spectra of proton-rich nuclei, it is being
possible to argue the mechanism of TES in various mirror
nuclei.

We here investigate the TES in A ∼ 16 nuclei from a phe-
nomenological viewpoint, 3) primarily focusing on effects of
the RNI on the TES, via the data of the 16N-16F, 15C-15F
and 16C-16Ne mirror pairs.

2. Phenomenological study of Thomas-Ehrman shifts
around 16O

We take an apparatus as simple as possible, aiming at picking
up an ingredient key to the physics of the TES. The model
space is composed of (0p1/2)

−n1 ⊗ (0d5/21s1/2)
n2 , on top of

the 16O inert core. For neutron-rich nuclei with Z ≤ 8 ≤ N ,
n1 = 8 − Z and n2 = N − 8, and vice versa for their mirror
partners. The single-particle (hole) energies are determined

from the data of 17O and 17F (15N and 15O).4) Taking into
account their mass differences from 16O,5) we have (in MeV)

ϵn(0d5/2) = −4.144,

ϵn(1s1/2) = −3.273,

ϵp(0d5/2) = −0.600,

ϵp(1s1/2) = −0.105, (1)

and

ϵp(0p−1
1/2) = 12.128,

ϵn(0p−1
1/2) = 15.664. (2)

The shift in Ex(1/2+) of 17F (i.e. ∆ϵs−d
p ≡ ϵp(1s1/2) −

ϵp(0d5/2) = 0.495 MeV) from that of 17O (i.e. ∆ϵs−d
n ≡

ϵn(1s1/2) − ϵn(0d5/2) = 0.871 MeV) is a typical TES. Be-
cause the proton in the 1s1/2 orbit is loosely bound and free
from the influence of the centrifugal barrier, its wave func-
tion spreads in a radial direction (like halo or skin structure),
leading to weaker Coulomb repulsion than that of 0d5/2. This
difference in the Coulomb energy gives rise to the TES for
such a core plus one-particle system. The mechanism how
the energy shift of ∆ϵs−d

p from ∆ϵs−d
n occurs has recently

been investigated in some detail in Ref. 6.

The observed energy spectra of 16N and 16F show a re-
markable difference, 4) as presented in Fig. 1. Even the
ground state spins do not match, being 2− in 16N and 0−

in 16F. On top of the 16O core, the lowest four states in
these nuclei are classified into the |0p−1

1/20d5/2; J = 2−, 3−⟩
and |0p−1

1/21s1/2; J = 0−, 1−⟩ multiplets. Assuming the ϵ’s
of Eqs. (1) and (2), the matrix elements of the residual
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Fig. 1. Experimental energy spectra of the 16N-16F mirror nuclei.
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This yields the branching ratio for the 2p decay of 0.70(4).
Using the maximum likelihood method, the decay half-life
of 45Fe was determined as 2.6(2) ms. The partial 2p decay
half-life of 45Fe is then T1=2!2p" # 3:7!4" ms and the cor-
responding 2p decay width !2p#1:23$0:15

%0:12&10%19 MeV.
The deduced partial 2p decay width of 45Fe is presented

in Fig. 2 showing the dependence of the 2p half-life on the
decay energy as predicted by the 3-body model of
Grigorenko and Zhukov [13,21]. The experimental decay
energy is taken from Ref. [11] as it is the most precise value
to date. The various theoretical lines correspond to differ-
ent configurations of the two valence protons in the initial
nucleus. The location of the experimental point suggests
that the initial state is characterized by the ratio of the
dominant p2 and f2 configurations equal to about 30=70.
This finding is consistent with the realistic shell-model
calculation for 45Fe predicting the dominant role of the f
orbitals with a significant contribution of the p states [12].

The information contained in the image and in the time
profile allows the reconstruction of the decay event in three
dimensions. By using a fitting procedure that takes into
account the ionization density distribution along a proton
track in the OTPC gas and includes corrections for the
detector response, the angles # of both proton tracks with
respect to the axis normal to the image plane can be
determined. This procedure, applied to the event shown
in Fig. 1, resulted in values #1 # 110' ( 3' and #2 #
70' ( 2'. The combination of these angles with the angle
! between tracks measured on the image plane allows the
calculation of the angle "pp between the momenta of the
two protons. For the event of Fig. 1, ! # 140' ( 3' and
"pp # 143' ( 5'.

This procedure was applied to all recorded 2p decay
events, and for 75 of them it yielded reliable and unambig-
uous results. The distribution of the opening angle has been
constructed in the following way. Each event was repre-
sented by a Gaussian distribution centered at the deter-
mined value of "pp, with the area and the variance equal to
one and to the estimated error, respectively. The sum of all
such contributions is shown as a histogram in Fig. 3. A two-
bumped structure is evident—one broad peak is centered
around 50' and a second smaller one is present at about
145'. In the case of the pure diproton scenario, the distri-
bution was expected to contain one narrow peak centered
at about 30' [22] while in the case of fully uncorrelated
emission, the distribution would be proportional to sin"pp.
Evidently, measured distribution does not follow these
scenarios. It agrees, however, with the prediction of the
3-body model for the f-p shell nuclei. The calculated
distributions for three mixtures of p2 and f2 configura-
tions, normalized to the same integral as the experimental
spectrum, are shown in Fig. 3 by smooth lines. Using a
quadratic interpolation we estimate that the experimental
data are best described by the model when the contribution
of the p2 configuration is equal to !30( 10"%.

We would like to stress the following points. (i) There is
remarkable consistency between observables shown in
Figs. 2 and 3 and theoretical predictions [21]. Both the
2p decay width as a function of the decay energy and the
opening angle distribution are best described by the same
composition of the initial 2p wave function. (ii) In two-
body decays, like proton radioactivity, the structure infor-
mation (spectroscopic factor) is extracted only by the
comparison of the measured width with the theoretically
calculated value (namely, the Wigner limit). In this experi-
ment we show for the first time that in a three-body decay
the structure information can be extracted both from the

FIG. 2 (color online). The partial 2p half-life of 45Fe as a
function of the 2p decay energy. The experimental result is
shown superimposed on predictions of the 3-body model
[13,21]. The decay width is taken from this work; the energy
is taken from Ref. [11]. The numerical labels indicate the relative
weights of the p2 and f2 configurations, respectively.

FIG. 3 (color online). The measured distribution of the open-
ing angle between two protons emitted in the decay of 45Fe
(histogram). Lines show the predictions of the 3-body model for
the same mixtures of p2 and f2 configurations as shown in Fig. 2
with the dashed lines.
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This yields the branching ratio for the 2p decay of 0.70(4).
Using the maximum likelihood method, the decay half-life
of 45Fe was determined as 2.6(2) ms. The partial 2p decay
half-life of 45Fe is then T1=2!2p" # 3:7!4" ms and the cor-
responding 2p decay width !2p#1:23$0:15

%0:12&10%19 MeV.
The deduced partial 2p decay width of 45Fe is presented

in Fig. 2 showing the dependence of the 2p half-life on the
decay energy as predicted by the 3-body model of
Grigorenko and Zhukov [13,21]. The experimental decay
energy is taken from Ref. [11] as it is the most precise value
to date. The various theoretical lines correspond to differ-
ent configurations of the two valence protons in the initial
nucleus. The location of the experimental point suggests
that the initial state is characterized by the ratio of the
dominant p2 and f2 configurations equal to about 30=70.
This finding is consistent with the realistic shell-model
calculation for 45Fe predicting the dominant role of the f
orbitals with a significant contribution of the p states [12].

The information contained in the image and in the time
profile allows the reconstruction of the decay event in three
dimensions. By using a fitting procedure that takes into
account the ionization density distribution along a proton
track in the OTPC gas and includes corrections for the
detector response, the angles # of both proton tracks with
respect to the axis normal to the image plane can be
determined. This procedure, applied to the event shown
in Fig. 1, resulted in values #1 # 110' ( 3' and #2 #
70' ( 2'. The combination of these angles with the angle
! between tracks measured on the image plane allows the
calculation of the angle "pp between the momenta of the
two protons. For the event of Fig. 1, ! # 140' ( 3' and
"pp # 143' ( 5'.

This procedure was applied to all recorded 2p decay
events, and for 75 of them it yielded reliable and unambig-
uous results. The distribution of the opening angle has been
constructed in the following way. Each event was repre-
sented by a Gaussian distribution centered at the deter-
mined value of "pp, with the area and the variance equal to
one and to the estimated error, respectively. The sum of all
such contributions is shown as a histogram in Fig. 3. A two-
bumped structure is evident—one broad peak is centered
around 50' and a second smaller one is present at about
145'. In the case of the pure diproton scenario, the distri-
bution was expected to contain one narrow peak centered
at about 30' [22] while in the case of fully uncorrelated
emission, the distribution would be proportional to sin"pp.
Evidently, measured distribution does not follow these
scenarios. It agrees, however, with the prediction of the
3-body model for the f-p shell nuclei. The calculated
distributions for three mixtures of p2 and f2 configura-
tions, normalized to the same integral as the experimental
spectrum, are shown in Fig. 3 by smooth lines. Using a
quadratic interpolation we estimate that the experimental
data are best described by the model when the contribution
of the p2 configuration is equal to !30( 10"%.

We would like to stress the following points. (i) There is
remarkable consistency between observables shown in
Figs. 2 and 3 and theoretical predictions [21]. Both the
2p decay width as a function of the decay energy and the
opening angle distribution are best described by the same
composition of the initial 2p wave function. (ii) In two-
body decays, like proton radioactivity, the structure infor-
mation (spectroscopic factor) is extracted only by the
comparison of the measured width with the theoretically
calculated value (namely, the Wigner limit). In this experi-
ment we show for the first time that in a three-body decay
the structure information can be extracted both from the

FIG. 2 (color online). The partial 2p half-life of 45Fe as a
function of the 2p decay energy. The experimental result is
shown superimposed on predictions of the 3-body model
[13,21]. The decay width is taken from this work; the energy
is taken from Ref. [11]. The numerical labels indicate the relative
weights of the p2 and f2 configurations, respectively.

FIG. 3 (color online). The measured distribution of the open-
ing angle between two protons emitted in the decay of 45Fe
(histogram). Lines show the predictions of the 3-body model for
the same mixtures of p2 and f2 configurations as shown in Fig. 2
with the dashed lines.

PRL 99, 192501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
9 NOVEMBER 2007

192501-3

Introduction
Radius

Spectroscopy
Decay

2p/2n decay
Correlations



Selected progresses in multi-p decay

28

Pfützner, Mukha, SW et al.
PPNP 132, 104050 (2023)

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

x

y

θ

ϕ
r1

r2
12

core

p1

p2

Z N
T

73Sr35 73Br38

A=50

60

70

38 35

     Continuum

   
  T

hree
-body nature

     

Str
uc

tu
re CI SMEC

Hy
br
id GCC

HH

R-m
atrix

TD

DF
T

Ab
 in

iti
o

Gam
ow

......

...

Faddeev
...

...

...

Comprehensive
     Theory

GSM

HH: Hyperspherical harmonics
CI: Configuration interaction (shell model)
DFT: Density functional theory
SMEC: Shell model embedded with continuum
GSM: Gamow shell model
GCC: Gamow coupled channel
TD: Time dependent approach

SW and Nazarewicz
PRL 126, 142501 (2021)

Webb, SW, Brown et al.
PRL 122, 122501 (2019)

SW, Michel, Nazarewicz et al.
PRC 122, 122501 (2017)

Charity, Wylie, SW et al.
PRL 131, 172501 (2023)

SW, Nazarewicz, Ma
PRR 5, 023183 (2023)

Jin, Niu, Brown, Li et al.
PRL 127, 262502 (2021)

Hoff, Rogers, SW et al.
Nature 580, 52 (2020)

SW and Nazarewicz
PRL 120, 212502 (2018)

Chen, Ayyad, Bazin et al.
PRL 134, 012502 (2025)

Sp
ec

tr
al

 fu
nc

tio
n
ρ

0.4 0.6
Q2n (MeV)

25

50

75

100

Xu, Mukha, Li, SW et al.
PRL 135, 022502 (2025)

Threshold

20Al 20N

M
irr
or

M
irr
or

Liu, Xu, Sun, Yuan et al.
PRL 129, 242502 (2022)

2

4

6

8

10

co
re

-2
n

(fm
)

(a)

10Be 0+
1

0

2

4

6

8

(b)

    1−1

nn (fm)

(d)

    1−2

4 82 6 4 82 6

nn

core-2n

n1

n2

(c)

Deformed 2p Mirror symmetry 4p emitter 18Mg β-delayed 2p Non-exp decay Threshold 1-

GCC model 2p emitter 11O 2p dynamics 2p Review 5p emitter 9N 3p emitter 20Al



Complex radii of particle emitters

29
Introduction

Method
2p decay

Exotic structures
Rare decay modes

Re(Φ)
Bo
un
d E

r

V(r)
0

Re
so
na
nc
e

Effective radius

Free wave

Re(Φ)

Im(r)

0

Re
so
na
nc
e

2

3

1
0

Re(r)

(a)

(b)
10 25 40

r (fm)

0.0

0.2

0.4

R
e(

u
)

15F Qp = 2.06 MeV

R0

In
ne

r
tu

rn
in

g
p
oi

nt

O
ut

er
tu

rn
in

g
p
oi

nt

r i r o

real-axis wave function

rotated wave function

6 8 10 12 14 16 18 20 22 24

rTPA (fm)

3.6

4.0

4.4

4.8

r r
m

s
(f

m
)

r̃rms

B
ar

ri
er

ra
di

us

O
ut

er
tu

rn
in

g
p
oi

nt
r o

12

16

20

24

r2 rm
s
(f

m
2 )

rrms

r2
rms



Decay property of 54mNi

30

J. Giovinazzo et al., Nat. Comm. 12, 4805 (2021) h11/2

1.0 1.5 2.0 2.5
Q1p (MeV)

10−15
10−14
10−13
10−12
10−11
10−10
10−9
10−8
10−7
10−6

Γ
 (
M
eV
)

j13/2

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

10−6

T 1
/2
(s
)

j15/2

1.0 1.5 2.0 2.5
Q2p (MeV)

10−36
10−34
10−32
10−30
10−28
10−26
10−24
10−22
10−20

Γ
 (
M
eV
)

10−1

101

103

105

107

109

1011

1013

1015

T 1
/2
(s
)

10+

(a)

(b)
2p

1p

9/2−

}7/2−

See D. Rudolph’s talk
~ ps

> Gs

o Lifetime strongly depends on the decay energy and channels.
o Branching ratio is less than 10-21 for 2p decay. 

Introduction
Method

2p decay

Lifetime
Correlation



N

Z
p

6Be

8C

11-12O

15-16Ne

18-19Mg

29-30Ar

13Li

16Be

26,28O

0.2 0.4 0.6 0.8

0.5

1.0

1.5

30 60 90 120 150

0.2 0.4 0.6 0.8

-0.6

-0.2

0.2

0.6

0.2 0.4 0.6 0.8

0.4 0.8 1.2

Pr
ob

ab
ili

ty

Epp/Q2p

Epp/Q2p

co
s(
θ k

)

θk (degrees)

a. energy correlation b. angular correlation

c. pp  correlation

18Mg
16Ne

18Mg 16Ne

Correlations of light-mass nuclei

31

0.2 0.4 0.6 0.8

0.7

1.4

2.1

30 60 90 120 150

0.3

0.6

0.9

0.2 0.4 0.6 0.8

30 60 90 120 150

Exp

TD
MC

12O

Pr
ob
ab
ili
ty

Pr
ob
ab
ili
ty

 a. Energy correlation

 b. Angular correlation

T-type Y-type

Epp/Q2p Ecore-p/Q2p

c.m.

 c. Momentum scheme

26O

450

150

100

Q     Γ (keV)
2n

s wave

0.2 0.4 0.6 0.8

0.5

1.0

1.5

2.0

2.5

30 60 90 120 150

0.3

0.6

0.9

1.2

1.5

C
o
r
r
e
la

t
io

n

a. Energy correlation

 b. Angular correlation

Enn/Q2n

θk (degrees)

7.8

C
o
r
r
e
la

t
io

n

0.25 0.50 0.75
Enn/Q2n

0.5

1.0

1.5

En
er
gy
co
rr
ela
tio
n

16Be 0+g.s. 0.25

0.50

0.75

A
ng
ul
ar
co
rr
ela
tio
n

45 90 135
(degrees)

Y-type

0.25 0.50 0.75
Enn/Q2n

−0.5

0.0

0.5

co
s(

)
0.25 0.50 0.75
Ecore−n/Q2n

−0.5

0.0

0.5

co
s(

)

T-type

Y-typeT-type



Experimental candidate

32

G. Kuechler et al., Z. Phys. A 326, 447454 (1987)

Introduction
Method

Post-exponential decay

Threshold resonance
Three-body decay
Near-lying resonances

452 G. Kuechler et al.: First Excited State in 9Be 

t'~ 
E 

v 

W 
v 
ID 

I I I I 1 I I I I 
2.0- 

1.5- [~ ~\\\~, r 9Be(y'n) 8Be 
1.0 

0 . 5 -  I { ' ' ~  
I _ . . . . . . . .  0 

O . - -  _ _ _ 1  

2.0"" 9Be(e,e, ) 
1 . 5 -  

% 1 . 0 -  

o5 l 
O ~ . . . . . .  -=- 

I I I I I I I I I 
1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 

Excitation Energy (MeV) 
Fig. 5. In the upper part the 9Be(y,n) cross section at the 1/2 + 
level [20] is given with an R-matrix fit [2]. In the lower part the 
cross sections obtained from an extrapolation of the 0 - 1 1 7  ~ 
9Be(e,e') data points to the photon point together with our best 
fit (solid line) are compared with the R-matrix fit (dashed line) shown 
above 

cross sections derived from the 0=  117 ~ spectrum ex- 
trapolated point by point to the photon point with 
a n  R t r =  3.10 fm calculated with wave functions from 
[12] is shown together with our best fit (solid line) 
and the fit of Ref. [2]. As can be seen the width ob- 
tained in our high resolution (e, e') measurement is 
larger than the one of [2]. 

Finally, in Fig. 6 the error-weighted sum of the 
photon point cross sections obtained from all four 
9Be(e, e') spectra are compared with a recent single 
particle potential model prediction [8] normalized to 
the data points. The calculation reproduces the mea- 
sured line shape reasonably well which gives credence 
to the resonance parameters of the still undetected 
1/2 + analogue level in 9B also derived in [8]. 

3.2. Inelastic Proton Scattering Spectra 

The 9Be(p, p') spectra shown in Fig. 3 have been fitted 
by an analogous asymmetric Breit-Wigner expression 
as used in 9Be(e, e'). Hence, Eq. (5) translates into 

G.(Ex- -Q)  1/2 
2 , ( 6 )  %, ~, (Ex) = C (E x -  ER)2 + G. (Ex -- Q)/4 
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Fig. 6. Error weighted sum of the photon point cross sections ob- 
tained from all four measured 9Be(e, e') spectra (see Fig. 2) compared 
with a single particle potential model prediction [-8] normalized 
to the data points 

where C is a fit parameter. In addition to this contri- 
bution from the 1/2 + level the low energy tail of the 
broad third excited state at 2.78 MeV [1] was taken 
into account in form of a second Breit-Wigner term 
together with an energy independent background. 

Keeping the resonance parameters E R and G,, and 
thus also the width F, for the 1/2 + level at the values 
derived from the electron scattering results the mea- 
sured line shapes in the 9Be(p,p') spectra could be 
very well reproduced by adjusting the relative 
strengths of the three contributions (see Fig. 3). Note 
that the increase in the yield towards higher excitation 
energies is absent in the (e, e') spectra since the broad 
J~= 1/2-, 2.78 MeV level is barely excited from the 
J~ = 3/2- ground state. 

3.3. Form Factor and Transition Strength 

We finally turn to a brief discussion of the measured 
form factor at low momentum transfer, its compari- 
son with a theoretical prediction and to the derived 
strength for the transition between the J ~ = 3 / 2 -  
ground state and the J~= 1/2 + first excited state at 
Ex = 1.684 MeV. 

In a first step, the four measured (e, e') cross sec- 
tions of the present experiment have been combined 
with cross sections taken previously [211 also at the 
DALINAC at the same momentum transfer q in 
order to perform a Rosenbluth separation [19] of 
its longitudinal and transverse components. The so 
obtained longitudinal form factor points (open circles) 
together with two further points (open squares) calcu- 
lated from the longitudinal cross section given in [21] 
are shown in Fig. 7 as a function of the effective mo- 
mentum transfer qeff = q [1 + 4Z ahc/3 Eo A 1/3] with 

1/2+ excited state

o Non-exponential decay can be studied through the asymmetric spectral function 
o High resolution data are anticipated

20 40 60 80
Time (pm/c)

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

Su
rv

iv
in

g 
pr

ob
ab

ili
ty

9Be 1/2+ antibound

Ψ0 cutoff
10 fm
20 fm
30 fm

10−9

10−7

10−5

10−3

10−1

Su
rv
iv
al
pr
ob
ab
ili
ty

(a) (b)

virtual

10−3

10−2

10−1

10 0

101

ρ/
ρB
re
it−
W
ig
ne
r

s

p

d

Im(k)

Re(k)

1
Qn/p (MeV)

29 18 27 36 0.3
t/T1/2



Near-lying resonances with the same spin
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Ground-state of 6Be
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SW et al., Phys. Rev. C 99, 054302 (2019)
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Ground-state of 6Be
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SW et al., Phys. Rev. C 99, 054302 (2019)
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Ground-state of 6Be
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SW et al., Phys. Rev. C 99, 054302 (2019)
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Virtual transition
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Probe non-exponential decay experimentally
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S. R. Wilkinson et al., Nature 387, 575 (1997)

E. B. Norman et al., Phys. Rev. Lett. 60, 2246 (1988)
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TABLE II. Results of the searches for nonexponential behavior in the long-time decay of
Mn. The limits on A were derived from 1east-square fits of our 1811-keV data by Eq. (2).

Sample
Initial
activity

1 pCi
1 mCi
1 Ci

800 Ci

Counting
interval

[t )t2 ("Mn)]
0.3-13
11-22
20-33
34-45

(h)

2.583 ~ 0.008
2.585 + 0.005
2.576+ 0.005
2.573 +' 0.019

&4.0x 10
&3.4x 10
&1.0x 10
&1.3x 10

A(t/r)'i, =, „
&0.035
&0.011
&0.0068
&0.013

remove Na, Fe, and Co produced by neutron cap-
tures on parts-per-million impurities in the manganese
sample. At the end of the irradiation, this sample con-
tained approximately 800 Ci of Mn. After we allowed
this initial activity to decay for three days, the man-
ganese was dissolved in concentrated HC1 plus concen-
trated HNO3 and then passed through columns of hy-
drated antimony pentoxide and AGl-X8 anion-exchange
resin. Lanthanum carrier was then added to the sample
followed by concentrated HF. Unwanted rare-earth ac-
tivities such as ' La and ' oTb were precipitated as
fluorides, then centrifuged and discarded. The man-
ganese solution was then boiled down to approximately
100 ml for counting.
The data obtained from each Mn source were first

analyzed separately. A Mn half-life was determined
from each data set by a least-squares fit to the observed
847- and 1811-keV y-ray intensities in which the half-
life was a free parameter. In all four cases the half-life
determined from our data agreed with the known value,
thus indicating no dependence on the age of the source.
The results of these fits for the 1811-keV transition are
shown in Table II. After this was established, the indivi-
dual decay curves were normalized to one another and
then combined to obtain the composite decay curves for
the 847- and 1811-keV y rays shown in Fig. 3. The
straight line drawn through each set of data is the result
of a least-squares fit with the assumption of purely ex-
ponential decay with the known Mn half-life. It has
been suggested that decay curves may actually be de-
scribed by

10

C

10-4

z

10
E
0z

10-8

10-10

1p 2

1P-4

10 E

10-8
z
0)
N
lg

10 '0 o
E
z

10 ~2

N(t) =N exp( —t/r)[I+A(tl ) l. (2)
0-14

Our data were also analyzed to search for nonexponen-
tial effects of this type. No indications of such deviations
were found in our data and the limits derived on their
amplitudes are shown in Table II.
In conclusion, we have performed the first search for

deviations from the exponential decay law at short times
compared with the lifetime of the decaying system with
use of the P decay of Co. Analysis of our data indi-
cates that oscillatory behavior in the range of periods of
(10 ' to 3x10 )tits contributes no more than 5.6% to
the decay rate of Co. We have also extended the limits

10 ~2

I I I I I

0 5 10 15 20 25 30 35 40 45

Time ( Mn half-lives)

FIG. 3. Composite decay curves for the 847- and 1811-keV
y rays observed from the decay of Mn. The straight lines are
the results of least-squares fits with the assumption of purely
exponential decay with the known Mn half-life.

2248

ultra-cold 
sodium atoms

56Mn

Initial stage Long-time period

The objective of this work is to offer experimentally 
accessible scenarios to probe post-exponential decay.
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Complex radius of 1p emitter 15F

39

o The contribution to the complex radius  from the asymptotic region is largely canceled out.
o The match point for the complex radius is located inside the barrier.
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Introduction
Radii

Decay properties
Correlations

1p decay
Time evolution

Y. R. Lin, SW et al., Arxiv 2511.10238 (2025)



RMS radius evolution during the decay
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o Initially, the rms radius matches with the complex one.
o There is a plateau for the rms radius at the early stage of the decay due to the quantum Zeno effect.
o For long-lived system, one can extract the radius experimentally.

Radius evolution at Q = 0.69, 2.06 MeV
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Radius enhancement around the dripline
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Radius predictions for 105Sb, 147Tm, and 25O

o The radii of all the dripline systems are enhanced by the continuum. 
o Neutron-rich nuclei are more sensitive to the continuum.
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RMS radius evolution during the decay
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o The density inside ri gradually decreases.
o Beyond ro is the free space for particle emission.

Wavefunction evolution at Q = 0.69, 2.06 MeV
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Quantum Zeno effect
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Classical picture of decay

o Decay rate is a constant in classical decay.
o Memory effect in quantum decay.

S. R. Wilkinson et al., Nature 387, 575 (1997)
M. Ji and C. Xu, Chinese Phys. Lett. 38 032301 (2021)

ultra-cold 
sodium atoms

Quantum tunneling
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RMS radius evolution during the decay
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o Initially, the rms radius matches with the complex one.
o There is a plateau for the rms radius at the early stage of the decay due to the quantum Zeno effect.
o For long-lived system, one can extract the radius experimentally.

Radius evolution at Q = 0.69, 2.06 MeV
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Short & mid long range correlations
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Y. H. Yang et al., Eur. Phys. J. A
T. Nakamura et al., Phys. Rev. Lett 96, 252502(2006)
Y. L. Sun et al., Phys. Lett. B 814, 136072
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Halo structure in 22Al?
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Spectroscopy of 22Al and 22F Density

Z. C. Xu, H. Y. Shang, SW, and Y. G. Ma, Phys. Rev. C (Letter) accepted
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" ¼ Ex=ET; cosð!kÞ ¼ ðkx $ kyÞ=ðkxkyÞ;

kx ¼
A2k1 % A1k2

A1 þ A2
;

ky ¼
A3ðk1 þ k2Þ % ðA1 þ A2Þk3

A1 þ A2 þ A3
;

ET ¼ Ex þ Ey ¼ k2x=2Mx þ k2y=2My;

(5)

where Mx and My are the reduced masses of the X and Y
subsystems (see, e.g., Ref. [8] for details). If we put
k3 ! k", then the correlations are obtained in the ‘‘T’’
Jacobi system where " describes the energy correlation
in the p% p channel. However, if we put k3 ! kp, then the
correlations are obtained in one of the ‘‘Y’’ Jacobi systems
where " describes the energy correlation in the "% p
channel.

The calculated energy-angular distributions are in excel-
lent agreement with the experimental data for both the 0þ

and 2þ resonances; see Fig. 3. These correlation data for the
two resonance states are also in agreement with the recent
results from Refs. [7–9,11] and with the older data of
Refs. [1,15]. Only the data of Ref. [10] were found to
be inconsistent. However, compared to all these other
data sets, the present data have the highest statistical signifi-
cance and thus provide the best validation of the theoretical
model. In addition to the present high-statistical-significance
data, we are able to explore the evolution of the correlations
on and off resonance.

Evolution of energy distribution between two protons.—
Figure 4 shows the evolution of the distribution of relative
energy between two protons with ET . There is a qualitative
difference between the distributions for the 0þ [Figs. 4(a)
and 4(b)] and 2þ [Figs. 4(d) and 4(e)] states. In addi-
tion, the small-Epp region for p% p motion becomes
enhanced with increasing ET for the 0þ state. This result

is unexpected as the p% p final-state interaction (FSI) is
generally considered to be a predominantly low-energy
phenomenon, but this trend is also confirmed in the calcu-
lations. For the first time, we can see the evolution of the
distributions in the transition-energy region [Fig. 4(c)]
characterized by strong 0þ=2þ state mixing. For the energy
region covering the 2þ state and beyond [Figs. 4(d)–4(f)],
the energy distributions demonstrate stable shapes far be-
yond the 2þ peak [Fig. 4(f)], a result again confirmed in the
calculations.

FIG. 3 (color online). Complete energy-angular correlations for the 0þ [(a) and (c)] and 2þ [(b) and (d)] states of 6Be. Comparison of
experiment and MC simulations for Jacobi T and Y systems (upper and lower rows, respectively). The data are taken for 0.5 and 1 MeV
wide bins centered on the 0þ and 2þ resonance peaks, respectively.

FIG. 4 (color online). Evolution of energy distribution in the
Jacobi T system (between two protons) with the decay energy.
The left and right columns show the energy ranges where the 0þ

and 2þ states dominate. Vertical dotted lines are shown to help
one evaluate the shift or lack of shift in the peak location
between different panels. See the caption of Fig. 2 for explana-
tion of symbols and curves.

PRL 109, 202502 (2012) P HY S I CA L R EV I EW LE T T E R S
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Energy dependence of the correlation in 6Be

48

I. A. Egorova et al., Phys. Rev. Lett. 109, 202502 (2012)

E

o Deviates from Breit-Wigner due to the threshold proximity.
o The threshold effect is channel-dependent.
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Energy dependence of the correlation in 6Be

49

SW, W. Nazarewicz, A. Volya, and Y.G. Ma, Phys. Rev. Res. 5, 023183 (2023)

o The weights of different components change as energy increases.
o Result in a energy-dependent correlation.
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Complex-energy
Gamow state

Expanded on harmonic
oscillator basis

Survival probability

Spectral function

o The time evolution of a resonance contains exponential (resonant) and powered (scattering) decays.
o When the decay width is large enough, scattering feature is dominated.

SW, W. Nazarewicz, A. Volya, and Y.G. Ma, Phys. Rev. Res. 5, 023183 (2023)
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Configuration evolution of 6Be
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SW and W. Nazarewicz, Phys. Rev. Lett. 126, 142501 (2021)
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o p wave gradually transfers to s wave.
o The formation of diproton benefits tunneling process.

Kinetic energy:
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Configuration evolution of 6Be
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S. Z. Xin et al., Arxiv 2510.24325 (2025)  

o p wave gradually transfers to s wave.
o The formation of diproton benefits tunneling process.

Kinetic energy:
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2p/2n decay

53

6He6Be

2p decay 2n decay
Mirror?

o The symmetry and asymmetry between 2p and 2n decays.
o Candidates: 16Be, 26O, 14Be* …
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Time evolution of 6He’
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6He’
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Evolution of 2p/2n correlations
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o pp: subthreshold resonance               L.P. Kok, PRL 45, 427 (1980)

          k = 0.0647-i0.0870 fm-1; E = -140 keV; G = 934 keV
o nn: antibound state, k = -i0.0559(33) fm-1    V.A. Babenko, PAN 76, 684 (2013)
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2n decay of 14,16Be
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Structure and and correlation of 16Be
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J. CASAL AND J. GÓMEZ-CAMACHO PHYSICAL REVIEW C 99, 014604 (2019)
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FIG. 5. Radial dependence of the channel wave functions for the
lowest 0+ eigenstate of M̂ . The three most important channels are
shown.

The most important channels in this expansion are shown in
Fig. 5, where the dominance of an lx = 0 component in the
Jacobi-T system can be noticed. In Fig. 6, the total wave-
function probability is presented. The state is localized at short
hyper-radi, a behavior expected for a resonance described in
a discrete basis. The spatial correlations between the valence
neutrons are shown in Fig. 7, which presents three local max-
ima. The dominant one corresponds to the so-called dineutron
configuration, with the two neutrons close to each other at
some distance from the core. This result is consistent with
those presented in Refs. [17,18] for the ground-state reso-
nance of 16Be. The second maximum in Fig. 7 corresponds
to the cigarlike configuration, also observed in two-neutron
halo systems [32], with the two neutrons far from each other
but close to the core. Last, a third peak appears between the
dineutron and cigarlike components, where the three particles
are more equally spaced. This structure is sometimes called
triangle configuration [17].
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FIG. 6. Hyper-radial wave-function probability for the lowest 0+
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FIG. 7. Probability of the lowest 0+ state, with the scale in fm−2,
as a function of rx ≡ rnn and ry ≡ r(nn)-14Be.

B. Time evolution and resonance parameters

In the preceding section, the lowest eigenstate of the oper-
ator M̂ corresponding to 0+ states in 16Be has been identified
as the ground-state resonance of this system. Its resonance
parameters, i.e., εr and !, are yet to be determined. This can
be achieved by following the formalism presented in Sec. II B.
The procedure yields the energy and width as a function of the
parameter x, whose small values can be associated to long de-
cay times. The energy and width functions so obtained present
also a rather fast convergence pattern with respect to Kmax, as
can be seen in Fig. 8. These are obtained by solving Eqs. (17)
and (18) iteratively. The energy functions for Kmax = 28 and
30 differ by less than 1%. The small effect from higher K
values can be effectively simulated by fitting the Kmax =
30 result to the experimental two-neutron separation energy
in 16Be. Note that the three-body force employed in the
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FIG. 8. Resonance parameters (a) εr (x ) and (b) !(x ). Conver-
gence with respect to the maximum hypermomentum. With Kmax =
30, the resonance energy is converged within a 1% difference.

014604-6

J. Casal et al., Phys. Rev. C 99, 014604 (2019)
A. E. Lovell et al., Phys. Rev. C 95, 034605 (2017)
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o The inner structure of 16Be is dominated by d-wave component.
o Asymptotic correlation indicates s-wave component.
o pp & nn correlations of sd-shell nuclei.
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Impact of deformation

58

1

TABLE I. The predicted energies and widths (both in MeV) for the ground state of
16
Be as a function of quadrupole deformation

�2. Also listed are the dominant COSM configuration.

�2 E (MeV) � (keV) Configuration

0.0 1.486 24 90.1% (d5/2)
2

2.6% (p3/2)
2

2.1% (p1/2)
2

0.2% (s1/2)
2

0.4 1.286 547 3.4% (d5/2)
2

5.8% (p3/2)
2

2.1% (p1/2)
2

72.8% (s1/2)
2

Decay widths and configurations of 16Be
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o In spherical case, s1/2 orbital is occupied by the core due to the halo structure.
o Deformation causes the mixing among different orbitals.
o s1/2 component dramatically changes the decay width and energy correlations.
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Spectra and B(E2) values of 36,38Ca Cross-shell excitations

o Continuum enhances the cross-shell effect.
o p wave is strongly impacted by the continuum.

Z. Xu, SW et al., Phys. Rev. C  112, L011302 (2025)
J. Wylie et al., Phys. Rev. C  104, L061301
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Exotic phenomena of 2p decay
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2p decay

I. A. Egorova et al., PRL 109, 202502 (2012)

" ¼ Ex=ET; cosð!kÞ ¼ ðkx $ kyÞ=ðkxkyÞ;

kx ¼
A2k1 % A1k2

A1 þ A2
;

ky ¼
A3ðk1 þ k2Þ % ðA1 þ A2Þk3

A1 þ A2 þ A3
;

ET ¼ Ex þ Ey ¼ k2x=2Mx þ k2y=2My;

(5)

where Mx and My are the reduced masses of the X and Y
subsystems (see, e.g., Ref. [8] for details). If we put
k3 ! k", then the correlations are obtained in the ‘‘T’’
Jacobi system where " describes the energy correlation
in the p% p channel. However, if we put k3 ! kp, then the
correlations are obtained in one of the ‘‘Y’’ Jacobi systems
where " describes the energy correlation in the "% p
channel.

The calculated energy-angular distributions are in excel-
lent agreement with the experimental data for both the 0þ

and 2þ resonances; see Fig. 3. These correlation data for the
two resonance states are also in agreement with the recent
results from Refs. [7–9,11] and with the older data of
Refs. [1,15]. Only the data of Ref. [10] were found to
be inconsistent. However, compared to all these other
data sets, the present data have the highest statistical signifi-
cance and thus provide the best validation of the theoretical
model. In addition to the present high-statistical-significance
data, we are able to explore the evolution of the correlations
on and off resonance.

Evolution of energy distribution between two protons.—
Figure 4 shows the evolution of the distribution of relative
energy between two protons with ET . There is a qualitative
difference between the distributions for the 0þ [Figs. 4(a)
and 4(b)] and 2þ [Figs. 4(d) and 4(e)] states. In addi-
tion, the small-Epp region for p% p motion becomes
enhanced with increasing ET for the 0þ state. This result

is unexpected as the p% p final-state interaction (FSI) is
generally considered to be a predominantly low-energy
phenomenon, but this trend is also confirmed in the calcu-
lations. For the first time, we can see the evolution of the
distributions in the transition-energy region [Fig. 4(c)]
characterized by strong 0þ=2þ state mixing. For the energy
region covering the 2þ state and beyond [Figs. 4(d)–4(f)],
the energy distributions demonstrate stable shapes far be-
yond the 2þ peak [Fig. 4(f)], a result again confirmed in the
calculations.

FIG. 3 (color online). Complete energy-angular correlations for the 0þ [(a) and (c)] and 2þ [(b) and (d)] states of 6Be. Comparison of
experiment and MC simulations for Jacobi T and Y systems (upper and lower rows, respectively). The data are taken for 0.5 and 1 MeV
wide bins centered on the 0þ and 2þ resonance peaks, respectively.

FIG. 4 (color online). Evolution of energy distribution in the
Jacobi T system (between two protons) with the decay energy.
The left and right columns show the energy ranges where the 0þ

and 2þ states dominate. Vertical dotted lines are shown to help
one evaluate the shift or lack of shift in the peak location
between different panels. See the caption of Fig. 2 for explana-
tion of symbols and curves.
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FIG. 2. Reconstructed angles between the two protons emit-
ted from 48Ni (a) and 45Fe (b) in the current work together
from those reconstructed in [22] and [29] respectively. Theo-
retical predictions (Three-body model [3] and advanced cal-
culations (GCC model) of this work are represented in orange
and purple respectively.

INTERPRETATION OF RESULTS

The comparison of the angular distribution of 45Fe
with the di↵erent theoretical models indicates an occu-
pancy of 24% of the p2 orbital (3-body model) and con-
firms the adopted value of the VNN strength for 45Fe,
as well as a predominant diproton-like emission process.
The comparison of the energy correlation between the
protons, not being very sensitive to changes in the ini-
tial hypothesis of the di↵erent models, as previously dis-
cussed, gives information mainly from the tunneling pro-
cess and the coulomb and centrifugal barrier. The exper-
imental width of this distribution was found to be ⇠1.7
times narrower than predicted by any of the theories,
which could indicate a smaller Q2p value. Di↵erent cal-
culations have been performed varying by 100 keV the
total decay energy of the system, leading to negligible
changes in the width of the distribution and discarding
this hypothesis. This inconsistency may indicate that
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FIG. 3. Experimental decay widths, partial two-proton half-
lives and total decay energies measured in this work and av-
eraged values from previous works are represented in black
and grey, respectively for 48Ni (a) and 45Fe. Predicted val-
ues under di↵erent assumptions from three-body model and
advanced GCC calculations are plot in orange and purple, re-
spectively.

45Fe is decaying through a di↵erent configuration with a
larger centrifugal barrier that is responsible for this cor-
relation.

CONCLUSIONS

The observables concerning two-proton radioactivity
from ground state have been measured for 48Ni and 45Fe
during an experiment in 2021 at GANIL and new novel
GCC calculations, taking into account the three main
features of this rare decay mode: structure, asymptotic
region and decay dynamics, have been performed aiming
for a deeper understanding of two-proton radioactivity.
The comparison of the di↵erent 2-p observables (an-

gular distribution, half-live, total decay energy, sharing
of energy) from experiments and theory should provide
a unique interpretation from the two-proton decay char-

Asymptotic correlation of 45Fe and 48Ni
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o Closed shell behavior for 48Ni？
o Discrepancy between correlations and half-lives.

48Ni
Ortega-Moral 2024

Angular correlation of 48Ni

A. O. Moral, SW et al., Phys. Rev. C 112, L061302 (2025)

Half-live of 48Ni

48NiOrtega-Moral
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Correlations in light-mass nuclei
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o 4p (2p+2p) decay of 18Mg.
o Multi-proton emissions.
o Correlation changes when Q → 0.

20Al

B. Monteagudo et al., Phys. Rev. Lett. 132, 082501(2024)
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28O:
  

2n/4n decay candidate 26O/ 28O

63

26O:
             E. Lunderberg et al., PRL 108, 142503 (2012)

             Z. Kohley et al., PRL 91, 034323 (2015)

            Y. Kondo et al., PRL 116, 102503 (2016)

Y. Kondo et al., Nature 620, 965 (2023)
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Inner structure of 26,28O
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o Threshold resonance:
             E. Lunderberg et al., PRL 108, 142503 (2012)

             Z. Kohley et al., PRL 91, 034323 (2015)

            Y. Kondo et al., PRL 116, 102503 (2016)
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Decay dynamics of 26O
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o Threshold resonance:
             E. Lunderberg et al., PRL 108, 142503 (2012)

             Z. Kohley et al., PRL 91, 034323 (2015)

            Y. Kondo et al., PRL 116, 102503 (2016)
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Asymptotic correlations of 26O
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o Threshold resonance:
             E. Lunderberg et al., PRL 108, 142503 (2012)

             Z. Kohley et al., PRL 91, 034323 (2015)

            Y. Kondo et al., PRL 116, 102503 (2016)

o nn correlations can be very different between 26O and 28O
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Exotic threshold resonance in 17B
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o The excited states of 17B have been observed, along with the 𝛾 decays.
o Through the branching analysis, this newly observed state is extremely close to the threshold.

𝛾
𝛾

J. P. Linares Fernandez, Phd thesis (2023)
 Z. H. Yang et al., Phys. Rev. Lett. 126, 082501 (2021) A. Volya, SW et al., Phys. Rev. Res. 8, 013125 (2026)
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L = 2 2n decay
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o Compared with L = 0 2n decay, 17B 2n
decay has a different patten.

o nn correlation is sensitive to structure.
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Correlations for mid-heavy two-proton emitters
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Pairing correlations, a well-established quantum phenomenon in interacting Fermionic systems,
are critical for understanding the dynamics of multi-particle emission from nuclei beyond the dripline.
Such emissions, in turn, reveal crucial insights into the underlying structural characteristics of atomic
nuclei. Although direct two-proton radioactivity has been measured in several mid-heavy nuclei,
including 45Fe, 48Ni, 54Zn, and 67Kr, there remains an appreciable dearth of comprehensive corre-
lation information pertaining to the emitted valence protons in many of these systems. The current
research is trying to address this problem by investigating asymptotic proton-proton correlations in
mid-heavy two-proton emitters using the three-body Gamow coupled-channel method. The results
indicate a systematic evolution of these correlations with increasing atomic number of the emitter.
Furthermore, the analysis establishes a firm connection between the asymptotic correlation patterns
and key structural properties, such as nuclear deformation and the evolution of the valence-proton
configurations.

I. Introduction

Venturing beyond the drip lines into the realm of spon-
taneous particle emissions unveils a fascinating frontier
of nuclear physics [1]. This phenomenon is particularly
pronounced in the domain of light to mid-heavy atomic
nuclei situated beyond the proton dripline, where the ex-
istence of these nuclei has been pushed towards the limits
of stability [2–5]. In addition to well-documented one-
proton (1p) decay, a noteworthy occurrence is the obser-
vation of two-proton (2p) radioactivity in a handful of
unbound rare isotopes, as indicated by Refs [6–13]. Fur-
thermore, the recent discovery of multi-proton emissions
[13–18], including the so-far the most extreme case, a five-
proton emitter 9N [19], has added a new dimension to our
understanding of nuclear decay processes. The intricacies
of the decay process are undeniably multifaceted, exhibit-
ing variations from one system to another. It is evident
that these processes are strongly governed by nucleon-
nucleon correlations [20–26], wherein each decay event
reveals a di!erent nuclide through the emission of single
or pairs of protons. While the significance of correlations
in many-body nuclear systems is widely acknowledged, a
critical knowledge gap persists regarding the direct link-
age between structural information and the asymptotic
correlations that can be directly measured through the
emitted valence nucleons. This poses a big challenge to
both experimental and theoretical investigations in the
field of nuclear physics.

The extensive lifetime associated with 2p decay re-
sults in the utilization of distinct experimental techniques
[6, 7, 9–11, 13]. In contrast to the case of light 2p emit-
ters characterized by relatively modest Coulomb barriers
and short lifespans, the long-lived mid-heavy 2p emitters
merit a comprehensive investigation approach involving
projectile fragmentation, subsequent in-flight separation,
and precise identification. This method exhibits a high
degree of sensitivity and e"ciency and has thus far fa-

TABLE I. Spectroscopic factors for the sequential decay path
17B (1/2→) → 16B → 15B (3/2→). Columns list candidate
intermediate states in 16B. Each cell shows GSM (top) and
SM (bottom).

16B intermediate state J
ω

Block ω 0→ 3→ 2→ 1→ 4→

Ex (MeV) 1.48
0.29

0.00
0.00

0.14
0.38

2.75
1.72

1.03
1.27

17B → 16B
s

0.34
0.69 — — 0.21

0.04 —

d — 0.11
0.33

0.31
0.47

0.03
0.00 —

16B → 15Bg.s.
s — — 0.00

0.58
0.18
0.54 —

d
0.08
0.08

0.42
0.53

0.60
0.40

0.51
0.27

0.74
0.74

17B(p, pn)
s — — 0.07

0.15
0.04
0.04 —

d
0.01
0.02

0.86
0.75

0.60
0.10

0.12
0.04

0.68
0.51

17C(p, 2p) p
0.22
0.95

0.76
0.40

0.28
0.02

0.37
0.31 —

— indicates negligible/forbidden contribution. Reaction-related
rows follow Refs. [? ? ].

cilitated the discovery of all ground-state mid-heavy 2p
emitters. Remarkably, except for 45Fe [27, 28], which
represents the first direct measurement of 2p decay [29]
while providing insights into the diproton decay mecha-
nism via nucleon-nucleon correlation [20, 30], there exist
only three known mid-heavy 2p emitters (48Ni [31–33],
54Zn [34, 35], and 67Kr [36]), although there are many
candidates have been predicted [37–40]. These nuclei ei-
ther lack data concerning correlation or possess correla-
tion measurements characterized by insu"cient statisti-
cal significance. Consequently, there is a compelling im-

dynamics plus generator coordinate method (AMD) cal-
culation using the Gogny D1S interaction [43,74];
(iv) Gamow shell model (GSM) calculation with a 10He
core [75–77]. All partial waves up to l ¼ 3 were included
for the valence neutrons, while p3=2 and p1=2 basis states
were included for the well-bound valence protons. For the
two-body force we adopted the Minnesota force [78], and
the one-body force was modeled with a Woods-Saxon
potential with the potential parameters adjusted to repro-
duce the separation energies and low-lying states of 14B
and 15B.
Given that the spin parity (Jπ) of 17Bðg:sÞ is 3=2−, Jπ of

the two 1s1=2-associated states (0.183 and 2.8 MeV) should
be either 1− or 2−, while the other two non-1s1=2 states
should be more likely 3− or 4−. Tentative assignments of Jπ

can thus be made, as shown in Fig. 3. Though predicted as
the ground state by SM, AMD, and VS-IMSRG, 0− should
be safely excluded for the 0.046-MeV state, because of the
small spectroscopic factors (< 0.03) predicted by these
models.
In order to analyze the momentum distribution of the

knocked-out neutron and extract the 0d5=2 and 1s1=2
spectroscopic factors in 17B, we carried out the distorted-
wave impulse approximation (DWIA) calculation [79].
This model has recently been applied in several ðp; pnÞ

and ðp; 2pÞ experiments [32,33,80–86]. The single-particle
wave function and the nuclear density were obtained using
the Bohr-Mottelson potential [87]. The optical potentials
for the distorted waves in the initial and final channels were
constructed with the microscopic folding model [88] using
the Melbourne g-matrix interaction [89] with the spin-orbit
component disregarded. For the p − n interaction, the
Franey-Love effective interaction [90] was adopted.
DWIA calculations were performed separately for all
reaction channels listed in Table I, taking into account
Ed of 16B.
Figure 4 shows the transverse momentum (Px) distribu-

tions, together with DWIA calculated curves for 1s1=2
and 0d5=2 knockout after folding in the experimental
resolution (FWHM) of 45 MeV=c. For the 0.046-MeV
state (0 MeV ≤ Erel ≤ 0.1 MeV) and the 1.08-MeV state
(0.9 MeV ≤ Erel ≤ 1.3 MeV), the data can be well

FIG. 2. (a) 16B Erel spectra gated by 0 MeV=c ≤ P ≤
60 MeV=c (red) and 60 MeV=c ≤ P ≤ 160 MeV=c (blue) in
comparison to the inclusive one (black). (b) Ratios of the
momentum-gated spectrum to the inclusive one. The gray dashed
line, with a constant value of 1, stands for the scenario that the
entire spectrum is associated with knockout of 0d5=2 neutrons.
(c) The fitting with a sum of four resonances. The inset is an
enlarged view of the 0–1 MeV region.

FIG. 3. Observed 16B states compared to GSM, VS-IMSRG,
AMD, and SM calculations. The 1n-separation energies are
shown in parentheses (in MeV).
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FIG. 4. Transverse momentum (Px) distributions for different
16B states. The vertical error bars stand for the statistical error,
while the horizontal for the bin size. In (a) and (b), DWIA
calculated curves for knockout of 1s1=2 (red dashed) and 0d5=2
(black dotted) neutrons are normalized to the peak of the
experimental spectrum; in (c) and (d), the blue solid curves
represent the fitting with a combination of 1s1=2 (red dashed) and
0d5=2 (black dotted). All DWIA curves have been convoluted
with the experimental resolution.
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o 17B has large s-wave component.
o Knockout might not result in s-wave

neutrons due the spectroscopic factor.
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