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Introduction
Stable nuclei are qualitatively described by “simple” models

(semi-empirical) liquid-drop model
(basic) shell model

New techniques enable ab initio methods (A-body models)

What happens far from stability ?
Experimentally, Radioactive-Ion Beams (RIB) available since 80s
⇒ study of structure far from stability
⇒ discovery of exotic structures

halo nuclei
exotic decays
. . .
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Nuclear Landscape
256 stable nuclei
@ Z ' N up to 40Ca
@ N > Z for A > 40
stable nuclei

I compact
I magic numbers

RIB allow to study
radioactive nuclei
Terra incognita
between driplines
n-dripline unknown
beyond O
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Basic features in nuclear structure Liquid-drop model

Charge distributions in (stable) nuclei

constant density ρ0 out to the surface (saturation)
same skin thickness t

(Stable) nuclei look like liquid drops of radius R ∝ A1/3
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Basic features in nuclear structure Liquid-drop model

Liquid-drop model

Binding energy per nucleon B(Z,N)/A has smooth behaviour
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Basic features in nuclear structure Liquid-drop model

Liquid-drop model
Bethe-Weizsäcker semi-empirical mass formula

B(Z,N) = avA − asA2/3 − aC
Z(Z − 1)

A1/3 − aSym
(A − 2Z)2

A

7 / 36



Basic features in nuclear structure Liquid-drop model

Variation from the semi-empirical mass formula

  

  

More bound systems at Z or N = 2, 8, 20, 28, 50, 82, 126
magic numbers

⇒ shell structure in nuclei as in atoms ?
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Basic features in nuclear structure Shell model

Shell model
Developed in 1949 by M. Goeppert Mayer and H. Jensen

(NP 1963)
As electrons in atoms,
nucleons in nuclei
feel a mean field
and arrange into shells

Spin-orbit coupling is crucial
to get right ordering of shells
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Basic features in nuclear structure Shell model

Example
Shell model explains the higher stability at some Z and N

It predicts the spin and parity of ground state of most nuclei
and some of their excited levels, e.g. 17O and 17F
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Basic features in nuclear structure Shell model

Nowadays

Can we go beyond these models ?
Can we build ab initio models ?
i.e. based on first principles

nucleons as building blocks
realistic N-N interaction
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Ab initio nuclear models
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Ab initio nuclear models

A-body Hamiltonian
Nuclear-structure calculations : A nucleons (Z protons+N neutrons)

Relative motion described by the A-body Hamiltonian

H =

A∑
i=1

Ti +

A∑
j>i=1

Vi j

⇒ solve the A-body Schrödinger equation

H |Ψn〉 = En|Ψn〉

{En} is the nucleus spectrum
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Ab initio nuclear models

Realistic N-N interactions
Vi j not (yet) deduced from QCD
⇒ phenomenological potentials
fitted on N-N observables :
d binding energy,
N-N phaseshifts
Ex. : Argonne V18, CD-Bonn,. . .
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Ab initio nuclear models

Light nuclei calculations

[R. Wiringa, Argonne]
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Ab initio nuclear models

Three-body force
Need three-body forces to get it right. . .

H =

A∑
i=1

Ti +

A∑
j>i=1

Vi j +

A∑
k> j>i=1

Vi jk + · · ·

But there is no such thing as three-body force. . .

They simulate the non-elementary character of nucleons
⇒ include virtual ∆ resonances, N̄. . .

Phenomenological 3-body interaction fitted on A > 2 levels : IL2
Alternatively, derived from EFT
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Ab initio nuclear models

Effective Field Theory
EFT is an effective quantum field theory based on QCD symmetries
with resolution scale Λ that selects appropriate degrees of freedom :
nuclear physics is not built on quarks and gluons,
but on nucleons and mesons

EFT provides the nuclear force with a systematic expansion in Q/Λ
gives an estimate of theoretical uncertainty
naturally includes many-body forces
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Ab initio nuclear models

Expansion of the EFT force
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Ab initio nuclear models

Solving the Schrödinger equation
H |Ψn〉 = En|Ψn〉

Ψ usually developed on a basis {|Φ[ν]〉} :

|Ψn〉 =
∑
[ν]

〈Φ[ν]|Ψn〉 |Φ[ν]〉

Solving the Schrödinger equation reduces to matrix diagonalisation
〈Φ[µ]|H|Ψn〉 =

∑
[ν]

〈Φ[µ]|H|Φ[ν]〉〈Φ[ν]|Ψn〉

= En 〈Φ[µ]|Ψn〉

⇒ need to build an efficient set of basis states {|Φ[ν]〉}

Clear short review paper : [Bacca EPJ Plus 131, 107 (2016)]
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Ab initio nuclear models

Example : oxygen isotopes

NS65CH19-Schwenk ARI 11 September 2015 20:14
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Figure 3
(a–c) Ground-state energies of oxygen isotopes measured from 16O, including experimental values of the bound 16−24O (42). Energies
obtained from (a) phenomenological forces SDPF-M (43) and USDB (44), (b) a G matrix and including Fujita–Miyazawa 3N forces due
to � excitations, and (c) low-momentum interactions V low k and including N2LO 3N forces, as well as 3N forces only due to �

excitations. The changes due to 3N forces based on � excitations are highlighted by the shaded areas. The dashed lines in panels b and c
show sd-shell calculations based on second-order MBPT. (d ) Ground-state energies of oxygen isotopes relative to 16O based on
valence-space Hamiltonians, compared with the atomic mass evaluation (AME 2012) (45). The MBPT results are performed in an
extended sdf7/2 p3/2 valence space (37) based on low-momentum NN+3N forces, whereas the IM-SRG (39) and CCEI (40) results are
in the sd shell from an SRG-evolved NN+3N-full Hamiltonian. (e) Ground-state energies obtained in large many-body spaces:
MR-IM-SRG (27), IT-NCSM (27), SCGF (29), CC (40), all based on the SRG-evolved NN+3N-full Hamiltonian, and lattice EFT
(34), based on NN+3N forces at N2LO. Abbreviations: CC, coupled cluster; CCEI, CC effective interaction; EFT, effective field
theory; (MR-)IM-SRG, (multireference) in-medium similarity renormalization group; IT-NCSM, importance-truncation no-core
shell model; MBPT, many-body perturbation theory; SCGF, self-consistent Green’s functions. Modified from Reference 42.
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[Hebeler et al. Annu. Rev. Nucl. Part. Sci. 65, 457 (2015)]

Different ab initio models predict similar result
All require 3N forces to reproduce the dripline at 24O
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Ab initio nuclear models

What happens far from stability ?
Liquid-drop and shell models are fair models of stable nuclei
What happens away from stability ?
In 80s Radioactive-Ion Beams were developed
Enable study of nuclear structure

[see M. Pfützner on Tuesday & S. Zacarias on Wednesday]
are radioactive nuclei compact ?
are shells conserved far from stability ?

Reactions involving radioactive nuclei useful in astrophysics
[see 2nd part,

Yu. Litvinov on Thursday and E. O’Connor on Friday]
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Radioactive-Ion Beams

1 Basic features in nuclear structure
Liquid-drop model
Shell model

2 Ab initio nuclear models

3 Radioactive-Ion Beams

4 Oddities far from stability
Halo nuclei
Exotic decays

5 Summary
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Radioactive-Ion Beams

How ?
Idea : break a heavy nuclei into pieces to produce exotic isotopes

ISOL : Fire a proton at a heavy nucleus

In-flight : Smash a heavy nucleus on a target
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Radioactive-Ion Beams

Where ?
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Radioactive-Ion Beams

In-flight projectile fragmentation

  

high-energy primary beam
of heavy ions (e.g. 18O, 48Ca, U. . . )
on thin target of light element (Be or C)
⇒ fragmentation/fission produces
many exotic fragments at ≈ vbeam

Sorted in fragment separator

Used for high-energy reactions (KO, breakup. . . )

Examples : NSCL (MSU), RIKEN, GSI, GANIL
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Radioactive-Ion Beams

Existing NSCL @ MSU
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Radioactive-Ion Beams

Future : FRIB @ MSU
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Oddities far from stability Halo nuclei

1 Basic features in nuclear structure
Liquid-drop model
Shell model

2 Ab initio nuclear models

3 Radioactive-Ion Beams

4 Oddities far from stability
Halo nuclei
Exotic decays

5 Summary
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Oddities far from stability Halo nuclei

Halo nuclei
Exotic structure discovered by I. Tanihata [PLB 160, 380 (1985)]
Very large matter radius (R � A1/3)
Seen as core + one or two neutrons at large distance

Light, neutron-rich nuclei
small S n or S 2n

One-neutron halo
11Be ≡ 10Be + n
15C ≡ 14C + n
Two-neutron halo
6He ≡ 4He + n + n
11Li ≡ 9Li + n + n

Noyau stable

Noyau riche en neutrons

Noyau riche en protons

Noyau halo d’un neutron

Noyau halo de deux neutrons

Noyau halo d’un proton-N

6Z

n

1H 2H 3H

3He 4He 6He 8He

6Li 7Li 8Li 9Li 11Li

7Be 9Be 10Be 11Be 12Be 14Be

8B 10B 11B 12B 13B 14B 15B 17B 19B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

[M. Pfützner’s talk on Tuesday & S. Zacarias’ talk on Wednesday]
Two-neutron halo nuclei are Borromean. . .
c+n+n is bound but not two-body subsystems
e.g. 6He bound but not 5He nor 2n 29 / 36



Oddities far from stability Halo nuclei

Borromean nuclei
Named after the Borromean rings. . .

[M. V. Zhukov et al. Phys. Rep. 231, 151 (1993)]

30 / 36



Oddities far from stability Exotic decays

Search for exotic decays using a TPC
Close to the dripline exotic decays have been predicted

β-delayed particle emission
proton radioactivity

Using a Time-Projection Chamber where such events can be seen

�-delayed three-proton emission channel (Miernik et al.,
2007b). An example event of the two-proton radioactivity of
45Fe is shown in Fig. 10.

In case of very short decay half-lives, in the subnanosecond
range, the implantation technique generally cannot be used. A
short-lived precursor decays in flight very close to the place
of its production. The identification of the nucleus and its
properties can be deduced from the detection and tracking of
all decay products. This approach was successfully applied to
the study the 2p decay of 19Mg (Mukha et al., 2007) which
also exemplifies advantages of radioactive beams. Ions of
19Mg were produced in a secondary target by a neutron
knockout reaction from a beam of 20Mg delivered by the
GSI FRS separator (Geissel et al., 1992). The tracking of
emitted protons by means of silicon microstrip detectors
(Stanoiu et al., 2008) allowed to establish the longitudinal
distribution of decay vertices and to determine the half-life of
19Mg to be 4.0(15) ps. At the same time the information on
correlations between emitted protons was collected. Since the
beam impinging on the secondary target contains usually a
mixture of different ions (’’cocktail’’ beam), other reactions
can be addressed simultaneously. For example, in the mea-
surement of 19Mg, the data on proton and two-proton decays
from 15F, 16Ne, and 19Na were obtained (Mukha et al., 2010).
A similar technique has been applied to study two-proton
emission from excited states of 17Ne (Chromik et al., 2002;
Zerguerras et al., 2004). The tracking method of the in-flight
decay products is expected to provide information on several
2p emitters among light nuclei; see Sec. VII.

2. Neutrons

Currently, two different methods for neutron detection are
used in nuclear spectroscopy. The first one is based on
thermal-neutron induced reactions, like 3Heðn; pÞ3H,
6Liðn; �Þ3H, or 10Bðn; �Þ7Li, leading to charged particles
which can be easily detected. The neutrons emitted by a

radioactive source have to be first thermalized, and this is

achieved by means of a moderator—usually a large block of

polyethylene surrounding the source. In the moderator cylin-

drical cavities, arranged in concentric rings, are drilled in

which proportional counters are mounted (Mehren et al.,

1996). In these counters, which are filled with 3He or BF3 gas,
neutron-capture reactions take place and are detected. Such

construction allows to cover a large solid angle, approaching

4� and the large total efficiency of up to 30% can be achieved

for a broad neutron energy range from MeV to tens of MeV

and almost independent on the neutron energy due to ther-

malization. Since the information on energy is lost, such a

detector is used primarily for counting which makes it well

suited for determination of branching ratios for various

neutron-emission channels. Another disadvantage of the

moderation is that a neutron is detected up to about 100 �s
after the emission. Such a delay reduces the total counting

rate which can be accepted. An example of a modern version

FIG. 9 (color online). A schematic view of the optical time

projection chamber (OTPC). For each recorded event, the data

consist of a 2D image taken by a CCD camera in a given exposure

time and the total light intensity detected by a photomultiplier

(PMT) as a function of time, sampled by a digital oscilloscope.

The gating electrode is used to block the charge induced by

incoming ions.
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FIG. 10 (color online). An example of a registered two-proton

decay event of 45Fe. Top: An image recorded by the CCD camera in

a 25 ms exposure. A track of a 45Fe ion entering the chamber from

the left is seen. The two bright, short tracks are protons of

approximately 0.6 MeV, emitted 535 �s after the implantation.

Bottom: A part of the time profile of the total light intensity

measured by the PMT (histogram) showing in detail the 2p emis-

sion. Lines show results of the reconstruction procedure yielding the

emission angles # with respect to the axis normal to the image.

From Miernik et al., 2007c.
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�-delayed three-proton emission channel (Miernik et al.,
2007b). An example event of the two-proton radioactivity of
45Fe is shown in Fig. 10.

In case of very short decay half-lives, in the subnanosecond
range, the implantation technique generally cannot be used. A
short-lived precursor decays in flight very close to the place
of its production. The identification of the nucleus and its
properties can be deduced from the detection and tracking of
all decay products. This approach was successfully applied to
the study the 2p decay of 19Mg (Mukha et al., 2007) which
also exemplifies advantages of radioactive beams. Ions of
19Mg were produced in a secondary target by a neutron
knockout reaction from a beam of 20Mg delivered by the
GSI FRS separator (Geissel et al., 1992). The tracking of
emitted protons by means of silicon microstrip detectors
(Stanoiu et al., 2008) allowed to establish the longitudinal
distribution of decay vertices and to determine the half-life of
19Mg to be 4.0(15) ps. At the same time the information on
correlations between emitted protons was collected. Since the
beam impinging on the secondary target contains usually a
mixture of different ions (’’cocktail’’ beam), other reactions
can be addressed simultaneously. For example, in the mea-
surement of 19Mg, the data on proton and two-proton decays
from 15F, 16Ne, and 19Na were obtained (Mukha et al., 2010).
A similar technique has been applied to study two-proton
emission from excited states of 17Ne (Chromik et al., 2002;
Zerguerras et al., 2004). The tracking method of the in-flight
decay products is expected to provide information on several
2p emitters among light nuclei; see Sec. VII.

2. Neutrons

Currently, two different methods for neutron detection are
used in nuclear spectroscopy. The first one is based on
thermal-neutron induced reactions, like 3Heðn; pÞ3H,
6Liðn; �Þ3H, or 10Bðn; �Þ7Li, leading to charged particles
which can be easily detected. The neutrons emitted by a

radioactive source have to be first thermalized, and this is

achieved by means of a moderator—usually a large block of

polyethylene surrounding the source. In the moderator cylin-

drical cavities, arranged in concentric rings, are drilled in

which proportional counters are mounted (Mehren et al.,

1996). In these counters, which are filled with 3He or BF3 gas,
neutron-capture reactions take place and are detected. Such

construction allows to cover a large solid angle, approaching

4� and the large total efficiency of up to 30% can be achieved

for a broad neutron energy range from MeV to tens of MeV

and almost independent on the neutron energy due to ther-

malization. Since the information on energy is lost, such a

detector is used primarily for counting which makes it well

suited for determination of branching ratios for various

neutron-emission channels. Another disadvantage of the

moderation is that a neutron is detected up to about 100 �s
after the emission. Such a delay reduces the total counting

rate which can be accepted. An example of a modern version

FIG. 9 (color online). A schematic view of the optical time

projection chamber (OTPC). For each recorded event, the data

consist of a 2D image taken by a CCD camera in a given exposure

time and the total light intensity detected by a photomultiplier

(PMT) as a function of time, sampled by a digital oscilloscope.

The gating electrode is used to block the charge induced by

incoming ions.
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FIG. 10 (color online). An example of a registered two-proton

decay event of 45Fe. Top: An image recorded by the CCD camera in

a 25 ms exposure. A track of a 45Fe ion entering the chamber from

the left is seen. The two bright, short tracks are protons of

approximately 0.6 MeV, emitted 535 �s after the implantation.

Bottom: A part of the time profile of the total light intensity

measured by the PMT (histogram) showing in detail the 2p emis-

sion. Lines show results of the reconstruction procedure yielding the

emission angles # with respect to the axis normal to the image.

From Miernik et al., 2007c.
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[see M. Pfützner’s talk on Tuesday]
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Oddities far from stability Exotic decays

β-delayed particle emission

Away from stability, β decay
can lead to emission of particles
[see M. Pfützner’s talk on Tuesday]

Provides structure information :
Two-neutron halo nuclei c+n+n
can decay into c+d
e.g. 6He→ α + d
⇒ emphasises role of halo
8He→ α+t+n
Depends on 3N correlations

[M. Pfützner et al. RMP 84, 567 (2012)]

Most beta-delayed decay modes will therefore be enhanced at

the drip lines since multinucleon separation energies will be

low there: the ‘‘drip line’’ for emission of two or more

neutrons will lie very close to the one-neutron drip line. We

return in more detail to the particle emission processes in this

section, but note now that the probability for a delayed

multiparticle emission may depend on the emission mecha-

nism (simultaneous or sequential emission) as well as on the

energy available.
As we approach the drip lines, the enhanced role played by

beta-delayed particle emission implies that the physics prob-

lems investigated via beta decay will overlap more and more

with the ones investigated via reaction studies, but the selec-

tion rules for beta decay will provide a spin selectivity that

often is useful. We focus here on the general features of the

beta-decay processes and specific challenges met in decay

studies, but give as well selected examples of structure ques-

tions that have been studied.
A specific example of this is the population in beta decay

of excited states that enter in the astrophysical rp process

(Wormer et al., 1994). An even more direct need for beta-

decay data in astrophysics arises in processes where weak

interactions play a role, either directly as beta-decay rates or

indirectly where neutrino interactions are important; see

Langanke and Martı́nez-Pinedo (2003), Borzov (2006),

Arnould, Goriely, and Takahashi (2007), and Grawe,

Langanke, and Martı́nez-Pinedo (2007).
Quite apart from the general interest in the coupling to

continuum degrees of freedom (cf. Sec. I.C.3) beta-decay

processes may provide specific information on isospin mixing

that is expected to be enhanced for continuum states at low

energy; see, e.g., Garrido et al. (2007), Michel, Nazarewicz,

and Płoszajczak (2010b), and Mitchell, Richter, and

Weidenmüller (2010).
The experimental considerations were covered in general

in Sec. III, but a few specific comments may be relevant.

Since beta half-lives are longer than about 1 ms, essentially

all experiments make use of a stopped beam. This gives a

source distribution that at in-flight facilities may have a

considerable spatial extent. Experiments in storage rings

(Litvinov and Bosch, 2011) or ion and atom traps

(Severijns, Beck, and Naviliat-Cuncic, 2006) have been

undertaken in several cases, but still present practical prob-

lems, in particular, concerning efficient detection of all decay

products. Complementary experiments at different types of
facilities may overcome the disadvantages for a specific
production method, one example being the study of 32Ar
(Bhattacharya et al., 2008) where a high-resolution spectrum
obtained at ISOLDE CERN was combined with an absolute
intensity determination carried out at NSCL MSU. ISOL
facilities often have problems for very short half-lives and
in determining absolute activities; whereas, in-flight facilities
frequently employ composite beams (so-called cocktail
beams) where special procedures may be needed in order to
correct for background from decay of nonrelevant isotopes;
see, e.g., Dossat et al. (2007) and Kurtukian-Nieto, Benlliure,
and Schmidt (2008). As seen below, many results from the
past decade come from in-flight facilities, often through
implantation of the radioactive ion into a Si detector.

Beta-delayed particle emission has been the subject of
several earlier reviews, including general ones (Jonson and
Nyman, 1996; Jonson and Riisager, 2001) and specific ones
for proton-rich nuclei (Hardy and Hagberg, 1988; Blank and
Borge, 2008), neutron-rich nuclei (Hansen and Jonson, 1988),
and heavy nuclei (Hall and Hoffman, 1992). Since more
detailed accounts can be found there, the treatment in
Secs. IV.B, IV.C, and IV.E will be somewhat brief. The
remaining Sec. IV.D deals with beta-delayed multiparticle
emission and naturally has more interconnections to other
parts of the present paper.

B. �þ -delayed emission of one particle

1. Occurrence of particle emission

Figure 14 shows QEC and the beta-decay half-lives for the
most proton-rich nuclei where beta decay still plays a role.
There is considerable scatter in the values, but also clear
effects of the proton shells at Z ¼ 50, enhanced by the fact
that Fermi transitions contribute below this value and not
above, and Z ¼ 82 as well as the neutron shell at 82 corre-
sponding to Z ¼ 72: below this the competing decay mode is
proton emission, above alpha decay takes over inside the
proton drip line. For beta decays along the proton drip line
(dashed lines in the figure), one finds that the Q values
decrease towards 10 MeV in the heavier nuclei. The scatter
indicates that local nuclear structure still plays an important
role in these decays. Even though protons and neutrons in
many cases are within the same major shell, forbidden decays
will play an important role for the heavier nuclei.

The Coulomb barrier plays a dominating role in beta-
delayed particle emission in proton-rich nuclei, as illustrated
in Fig. 15, and essentially limits the emitted particles to
protons. Delayed alpha emission is energetically allowed
for many proton-rich nuclei and may seem energetically
favored for nuclei above Z ¼ 50 where the beta daughter
often has a positive Q� value (see Fig. 15). However, this
decay mode is mainly important in light nuclei: the only
nucleus above mass 20 where the �� branching ratio gets
above 1% is 110I. The�� process has in heavier nuclei mostly
been observed just above closed shells similar to what is seen
for ground state alpha decays. The competing process to
delayed proton emission is therefore delayed gamma emis-
sion. The retardation from the Coulomb barrier will also be
significant for protons, but the staggering of the proton drip

A

A

A-1

A-2

A-3

Z

Z+1

Q

0 n+ Z+1

S
2n+ Z+1

S

t+ Z

S

n

2n

t

β

β

FIG. 13. Some of the possible energetically allowed beta-decay

channels for a neutron-rich nucleus. The precursor AZ beta decays to

the emitter AðZþ 1Þ that has particle unbound excited states. All

energies are given relative to the ground state of the emitter.
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Their physics relevance will be discussed shortly. The major
difference to the situation for proton-rich nuclei is therefore
the prominent beta-delayed one-neutron and multineutron
emission.

The excitation energy of the Gamow-Teller giant reso-
nance, that carries the main part of the Gamow-Teller
strength, is known to decrease linearly with respect to the
isobaric analog state as a function of ðN � ZÞ=A (Osterfeld,
1992; Langanke and Martı́nez-Pinedo, 2000). It was pointed
out by Sagawa, Hamamoto, and Ishihara (1993) that the
GTGR for light neutron-rich nuclei (oxygen or below) even
could move below the initial state so that a major part of the
strength can be accessed in beta decay. For heavier nuclei,
decays will take place to the tail of the GTGR.

2. Decays in different mass regions

To illustrate the present stage of the field, this section will
present experimental results from several currently investi-
gated mass regions, starting with the lightest nuclei, which is
where the neutron drip line is reached and halo structures
(Jensen et al., 2004) have been studied.

Neutron halo nuclei must have low neutron separation
energy and have a ‘‘clustered’’ structure in the sense that
the halo neutrons should decouple from the core to a large
extent. It is obvious from Eq. (10) that beta-delayed deuteron
emission will be energetically favored in two-neutron halo
nuclei, furthermore the component where the two halo neu-
trons decay to a deuteron (with the core as spectator) will give
an important contribution to this decay mode. In fact, most
theoretical calculations of the �d decay only includes decays
of the halo neutrons directly to continuum deuteron states.
Early work on this decay mode is reviewed by Nilsson,
Nyman, and Riisager (2000). The decay has so far only

been seen in 6He and 11Li and the first experiments at
ISOLDE have now been extended at other laboratories for
both 6He (Anthony et al., 2002; Raabe et al., 2009) and 11Li
(Raabe et al., 2008). For 6He the branching ratio is now
determined to be 1:65ð10Þ � 10�6 above a center-of-mass
energy of 525 keV. This very low value is understood to be
due to cancellation in the matrix elements between contribu-
tions from small and large radii. The latest calculations
(Tursunov, Baye, and Descouvemont, 2006a; Tursunov,
Baye, and Descouvemont, 2006b) reproduce both shape and
intensity of the deuteron distribution, but it is not yet clear
whether the theoretical and experimental maximum intensity
positions agree, so measurements at lower energy would still
be valuable. For 11Li, the branching ratio is 1:30ð13Þ � 10�4

above a center-of-mass energy of 200 keVand the spectrum is
again rather featureless (Raabe et al., 2008). The most recent
theoretical calculations (Baye, Tursunov, and Descouvemont,
2006) give a qualitative agreement with data, but a real test of
the theoretical understanding seems only possible once ex-

perimental data on the 9Liþ d interaction at low energy are
available.

The beta-delayed triton emission is again favored at the
neutron drip line and has been observed clearly in 8He and
11Li and at the 10�4 level in 14Be (Jeppesen et al., 2002), but

its relation to the structure of the emitting nucleus is less well
understood. Recent experiments on 11Li (Madurga et al.,
2009) and 8He (Mianowski et al., 2010) confirmed the decay
mode with new experimental procedures, see Fig. 19, but it
seems that more experimental data are needed before one can
determine, e.g., whether the triton decays proceed through
states in the daughter nucleus or, as the deuterons, directly to
the continuum. In the latter case the decay mode may depend
on three-nucleon correlations in the decaying nucleus.

The decays of A ¼ 9 nuclei lead mainly to final states with
two alpha particles and a nucleon. Complete kinematics
decay studies have been performed on these nuclei during
the last decade and have resulted in the discovery of new
decay branches and in the spin determination of several
intermediate levels (Prezado et al., 2003; Prezado et al.,
2005). Strong Gamow-Teller branches in the mirror decays of
9Li and 9C go to states at around 12 MeV excitation energy,

FIG. 18. Nuclei with large beta-delayed neutron-emission proba-

bility are marked with an open square if the probability for emitting

one or more neutrons is larger than 50% and with a filled square if

the average number of emitted neutrons is larger than 1. The Pn

values are taken from experiment (Borge et al., 1997; Audi et al.,

2003; Yoneda et al., 2003) for N < 20 and from Möller, Pfeiffer,

and Kratz (2003) otherwise. The full lines indicate the line of beta

stability and the two drip lines estimated from the Weizsäcker mass

formula and the broken lines the corresponding estimates for where

beta-delayed one-, two-, and three-neutron emission becomes ener-

getically allowed.

FIG. 19 (color online). Beta-delayed multiparticle decays re-

corded with the optical time projection chamber described in

Sec. III.C.1. The left panel shows beta-delayed three-proton emis-

sion from 45Fe (from Miernik et al., 2007b) recorded so the

incoming track is not visible, the right panel the track of a 8He
ion entering from the right that after beta decay breaks up into a

triton (long weak track), an alpha particle and an invisible neutron.
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Oddities far from stability Exotic decays

Single-proton radioactivity

Similar process as the α decay :
the proton is held within nucleus by
Coulomb barrier under which it tunnels

Γp = S p
N
4µ exp

{
−2
∫ r3

r2

√
2µ [V(r) − Q]dr

}
Conservation laws

Angular-momentum : Ii = I f + l + s
Parity : πiπ f = (−1)l

Strongly sensitive to Q value and l
⇒ information on structure @ dripline

The decay energy is shared between the proton Ep and the

recoiling atom. Therefore, the measured kinetic energy of the
emitted proton is given by

Ep ¼ MðN;Z� 1Þ þme

mp þMðN;Z� 1Þ þme

Qp: (17)

In addition, the angular momentum as well as parity conser-
vation laws have to be satisfied:

~Ii ¼ ~If þ ð~lþ ~sÞ; (18)

�i � �f ¼ ð�1Þl; (19)

where ~Ii and ~If are spins of the initial and final nuclear states,

respectively, ~l is the angular momentum of the emitted pro-
ton, ~s is the spin of the proton, and �i, �f are parities of the

initial and final states, respectively.

2. Probability of proton emission

Relatively simple calculations of the proton emission life-
times are based on the result obtained by Gurvitz and
Kalbermann (1987) who analyzed the decay widths and shifts
of quasistationary states in the quantum mechanical two-
potential approach. By investigating the quasiclassical limit
they provided simple formulas which are similar to, but more
general than, those achieved in the framework of WKB
approximations (Brink, Nemes, and Vautherin, 1983; Buck,
Merchant, and Perez, 1992). In this approach the width of the
proton-emitting state is given by

�p ¼ Sp
N

4�
exp

�
�2

Z r3

r2

kðrÞdr
�
; (20)

kðrÞ ¼ ½2�jQnuc
p � VðrÞj�1=2; (21)

where the normalization factor N has to satisfy

N
Z r2

r1

dr

2kðrÞ ¼ 1: (22)

Sp is the spectroscopic factor described later, and � is the

reduced mass of the proton and daughter nucleus. Integration
limits ri are the classical turning points, defined by

VðriÞ ¼ Qnuc
p , where VðrÞ is the radial part of the nucleus-

proton potential; see Fig. 22.
To simplify calculations, some replace the factor N=4� by

the so-called frequency of assaults factor � (Hofmann, 1996)
calculated for the case of an s-wave proton leaving the square
well plus Coulomb potential (Bethe, 1937)

� ¼
ffiffiffi
2

p
�2

�3=2R3
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZ� 1Þe2=Rc �Qnuc

p

q ; (23)

where Rc is the channel radius Rc ¼ rnuc ffi r0ðA� 1Þ1=3 with
r0 ¼ 1:21 fm. For example, in the decay of 151Lu � equals
4:1� 1021 s�1.

Then, the proton emission decay constant is calculated as

	p ¼ Sp� exp

�
�2

Z r3

r2

kðrÞdr
�
: (24)

The potential VðrÞ is taken as a superposition of nuclear
(VN), Coulomb (VC), centrifugal (VL), and spin-orbit (Vls)
terms. The nuclear part is usually described by the Woods-
Saxon form with various parametrization:

VNðrÞ ¼ �Vr

1

1þ exp½ðr� RÞ=a� : (25)

Comparison between different parametrizations was done by
Ferreira, Maglione, and Fernandes (2002). Although not
supported by the work of Ferreira, Maglione, and
Fernandes (2002), the most frequently used parametrization
is that of Becchetti and Greenlees (1969). Detailed potential
descriptions and calculations for some of the emitters can be
found in Åberg, Semmes, and Nazarewicz (1997) and
Hofmann (1995).

As an example, the half-life for the proton emission from
151Lu as a function of the decay energy, for three values of the
orbital angular momentum, is shown in Fig. 23. The charac-
teristic strong dependence on the available energy and the
angular momentum is clearly seen.

FIG. 22 (color online). Schematic view of the radial part of the

nucleus-proton potential. The classical turning points ri for a

particle with energy Er are marked. The nuclear contribution turns

to zero around r ¼ rnuc.

FIG. 23. The half-life for the proton emission as a function of

nuclear decay energy Qnuc
p and the orbital angular momentum

carried away by the proton. Calculations were done for the case

of 151Lu with Sp ¼ 0:54. The measured values of the decay energy

and the half-life, indicated by the black square, suggest the tran-

sition with L ¼ 5.
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As an example, the half-life for the proton emission from
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Oddities far from stability Exotic decays

Two-proton radioactivity

At the proton dripline,
2p radioactivity is also possible
True 2p radioactivity : not sequential

Predicted in 1960s by Goldansky
Discovered in 2002 by Pfützner

T1/2 spans 18 order of magnitude

[see M. Pfützner’s talk on Tuesday]
[Pfützner et al. RMP 84, 567 (2012)]

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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potentials are fixed by fitting to the experimental single-
particle spectra of the core-p subsystem. In most cases this

allows us to obtain a reasonable description of the energy and
structure of the ground and lowest excited states. For heavier
nuclei, where the single-particle description is not well
justified and spectra of subsystems are often not known

experimentally, certain systematic guidelines were proposed
by Grigorenko and Zhukov (2003). Choosing the depths of
potential components with different l values, we can vary the
structure of the 2p emitter for a fixed proton decay energy
E2r in the core-p subsystem. A short-range (in the hyper-

radius) three-cluster potential is used to vary the decay
energy ET .

For the majority of prospective 2p emitters, the decay
energies are not known. Therefore, the lifetime predictions
are provided in terms of possible lifetime bands bound from
above and below by calculations with pure configurations.

Calculations for the p-f shell nucleus 45Fe for different
cases of configuration mixing are provided in Fig. 28. It can
be seen that within the three-body model the precise lifetime
data can be used to extract structural information about 2p
emitters.

A broader view of the true 2p decay phenomenon is

provided in Fig. 35. For the light 2p emitters specific life-
times are predicted (gray circles). For the heavier 2p emitters,
the predicted lifetime ‘‘bands’’ are in a good agreement with

the experimental data. The lifetime range for the known true
2p emitters spans about 18 orders of the magnitude. This plot
emphasizes the complexity of the problem requiring a variety
of experimental methods to cover the possible lifetime range.

2. Spatial correlations

The evolution of spatial correlations in the three-body
model is illustrated by the case of the 45Fe structure with
Wðf2Þ ¼ 98%; see Fig. 36. In the Jacobi T system, this case
of an almost pure ½f2�0 configuration has an eminent corre-
lation pattern with four peaks in the internal region. Such
correlations can be related to the so-called Pauli focusing—
counting of excitation quanta in the T system.

It can be seen in Fig. 36 that under the barrier the four-
hump structure is dissolved and a different correlation pattern
is formed while transition to the asymptotic region takes

FIG. 36 (color online). Spatial correlations in the 45Fe WF in the

T system for Wðp2Þ ¼ 2%. (a), (b) Different radial ranges.

Logarithmic scale: two (a) and one (b) contours per order of the

magnitude.

FIG. 37 (color online). (a) The energy distributions between two

protons (T Jacobi system) in different s-d shell nuclei and (b) with

different assumptions about the internal structure of 45Fe. Wðl2Þ is
the weight of the [l2] configuration in the nuclear interior. All

distributions are normalized to unity maximum value. From

Grigorenko and Zhukov, 2003.

FIG. 35 (color online). Lifetime vs decay energy systematics for

several known and prospective true 2p emitters calculated in the

three-body model. Hatching indicates lifetime ranges accessible to

different experimental techniques. Experimental results are shown

by diamonds. Gray circles show specific predictions, where

available.
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Two-proton radioactivity
A proper theoretical analysis requires a 3-body model

choice of the best candidates was narrowed down to three

cases: 45Fe, 48Ni, and 54Zn. These predictions played an

essential role in motivating experimental search for the 2p
radioactivity.

B. Experimental results

While the discovery of the true 2p radioactivity awaited

more than 40 years from its prediction, interesting informa-

tion about related phenomena has been accumulated. In

particular, this include 2p democratic decays and the 2p
emission from excited nuclear states populated in � decay

and in reactions. In the following we overview the main steps

in the experimental progress.

1. Democratic decays

Since it is relatively easier to reach experimentally light

proton drip line nuclei, the first attempts to search for 2p
emission phenomena started with the light 2p unbound sys-

tems: 6Be (Geesaman et al., 1977; Bochkarev et al., 1984),
12O (KeKelis et al., 1978; Kryger et al., 1995), and 16Ne
(KeKelis et al., 1978); see also Table VI. Because of a very

low Coulomb barrier these cases have half-lives much too

short to classify as being radioactive, more appropriately they

should be referred to as 2p resonances.
Already Geesaman et al. (1977) could not fit the results on

6Be using simple decay scenarios (phase volume, diproton

decay, simultaneous emission of p-wave protons) and con-

cluded that a full three-body computation is necessary to

understand the measured spectra. Later the interpretation of

correlations observed in the decay of the 6Be ground state led
to the concept of ‘‘democratic decay’’ (Bochkarev et al.,

1989). In such a decay there is no strong energy focusing of

the particles and they are smoothly distributed in the momen-

tum space. The system is demonstrating a kind of equal rights

among different parts of the kinematical space.3 The demo-

cratic decay is not a phenomenon on its own but rather a name

for the experimental fingerprint of a true three-body decay in

light systems with the relatively small Coulomb force or in

two-neutron emitters.
The study of opening angle between protons emitted

from 12O was motivated by the search for diproton correla-

tion. The measured spectrum, however, was found to be

consistent with the sequential emission via an intermediate
11N state. Later it was found that indeed the ground-state

energy of 11N is below that of 12O and the decay of the latter

belongs to the class shown in Fig. 25(e) (Azhari, Kryger, and

Thoennessen, 1998).
Recently, the full correlation picture for protons emitted by

6Be has been experimentally established (Grigorenko et al.,

2009b) and was found to be in very good agreement with the

predictions of the three-body model which will be discussed

below. Both experimental and theoretical distributions in the

Tand Y Jacobi coordinates are presented in Fig. 27. Similarly,

the new results of p-p correlations in the decay of 16Ne could
be well described by the three-body model (Mukha et al.,

2008b).

2. Two-proton emission from excited states

Several cases of �-delayed 2p emission are known, as

mentioned in Sec. IV.D. They are discussed in more detail by

Blank and Borge (2008). It is believed that in all cases studied

the mechanism of the emission is sequential, i.e., it can be

described as a sequence of two two-body decays.
In a few other cases, the 2p emitting excited states were

populated by nuclear reactions. As in the case of ground-state

resonances, the main motivation of these studies was the

search for p-p correlations going beyond the sequential

mechanism. The 2þ state at 7.77 MeV in 14O was excited

by the two-proton transfer reaction from 3He impinging on a
12C target (Bain et al., 1996). The 2p emission from this state

was found to proceed sequentially through a 1=2þ state in
13N. The first excited state in 17Ne (3=2�) was reached by the
Coulomb excitation of the radioactive 17Ne beam to search

for its 2p decay (Chromik et al., 2002). Although the

conditions for the true 2p decay were fulfilled in this case,

the deexcitation by � radiation was found to dominate. In a

different approach, however, higher excited states in 17Ne

FIG. 27 (color online). Complete correlation picture for 6Be g.s.

decay, presented in (a), (c) T and (b), (d) Y Jacobi systems. (a), (b) is

theory, and (c), (d) is experimental data. Qualitative illustration of

the meaning of different kinematical regions is provided above the

panels. Data and calculations are from Grigorenko et al., 2009b.

3Now the term democratic decay has become an accepted de-

scription of the mentioned class of phenomena. There exist, how-

ever, an anecdote that when it was used for the first time at a

conference in the Soviet Union in the end of the 1980s, the authors

were heavily criticized because ‘‘there can not be any democracy in

nuclear physics.’’
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were populated by 1n stripping reaction from the radioactive
18Ne beam (Zerguerras et al., 2004). The 2p angular corre-
lation was found to be peaked at small angles indicating a
contribution from a seemingly nonsequential mechanism.
Because of small statistics and limited information on the
identity of the decaying states, however, no definite conclu-
sions could be reached. The 1� resonance at 6.15 MeV in
18Ne was also thought to provide opportunity for the true 2p
emission, as no states are known in 17F to be located within
the decay energy window. The 2p emission from this state,
populated in the 17Fþ 1H reaction, was measured and a
diproton like contribution to the p-p correlation spectra

was claimed (del Campo et al., 2001). Similar evidence
was announced in another work, in which the same state
was populated by the Coulomb excitation of the 18Ne beam
(Raciti et al., 2008). The statistical significance of both
claims, however, is weak. The excited states of 19Ne, popu-
lated in the inelastic scattering of 18Ne on hydrogen target,
were found to emit two protons sequentially (de Oliveira
Santos et al., 2005).

An interesting case is the claimed 2p emission from the
high-spin 21þ isomeric state in 94Ag (Mukha et al., 2006).
They explain an anomalously high 2p decay rate and ob-
served p-p correlations by assuming a very high deformation

FIG. 28 (color online). Lifetime of 45Fe vs decay energy calculated in different models. (a) Simplified models of 2p decay. All

spectroscopic factors are taken as unity. (b) Three-body model (Grigorenko et al., 2003; Grigorenko and Zhukov, 2007a) and continuum

shell-model results (Rotureau, Okołowicz, and Płoszajczak, 2006). The experimental points demonstrate the rapid improvement of the data:

circle (Pfützner et al., 2002), square (Giovinazzo et al., 2002), triangle (Dossat et al., 2005), and diamond (Miernik et al., 2007c).

FIG. 29 (color online). Momentum density distribution on the kinematical plane f"; cosð
kÞg for 45Fe. (a), (b) Diproton model, (c), (d) direct

decay model, (e), (f) three-body model, and (g), (h) experimental distribution. Correlation patterns are provided in (a), (c), (e), (g) the T and

(c), (d), (f ), (h) Y Jacobi systems. The calculations (e), (f) are from Grigorenko et al. (2010) and data (g), (h) are from Miernik et al. (2007c).
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[see M. Pfützner’s talk on Tuesday]
[Pfützner et al. RMP 84, 567 (2012)]
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Summary

Summary
Liquid-drop and shell model describe qualitatively stable nuclei
Nowadays ab initio nuclear-structure models from first principles

RIBs enable us to study nuclear structure far from stability
New exotic structure discovered :

halo nuclei
diffuse halo around a compact core
shell inversions or shell collapse
nuclei beyond the dripline (resonant ground state)

RIB can be used to study reactions of astrophysical interest. . .

36 / 36


	Basic features in nuclear structure
	Liquid-drop model
	Shell model

	Ab initio nuclear models
	Radioactive-Ion Beams
	Oddities far from stability
	Halo nuclei
	Exotic decays

	Summary

