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   Editorial

Ever since the discovery of radioactivity by

Henry Becquerel in 1896, nuclear scientists

have been trying to unravel the mystery behind

the forces that bind the nucleonic as well as

sub-nucleonic matter together. The extensive

studies on common modes of nuclear decay, such 

as, alpha, beta and gamma decay in the early

part of the twentieth century were followed by

synthesis of nuclei away from the line of stability. 

These studies led to the discovery of several

exotic decay modes of nuclei, such as, one and

two proton radioactivity, cluster radioactivity,

beta delayed particles emission, double beta

decay, etc., which have not yet found detailed

description in the text books on nuclear and

radiochemistry.

The present bulletin is an attempt to

introduce the various exotic nuclear decay

modes of nuclei at an elementary level. I thank

Dr. A.Goswami who readily agreed to be the

guest editor of this thematic bulletin. My sincere

thanks are due to all the authors who despite a

short notice sent in their contributions in time. I

hope the articles in this bulletin will ignite the

minds of our young researchers in the field of

nuclear chemistry and take up research in this

exciting area.
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Discovery of spontaneous emission of radiation from uranium salts by Henri Becquerel in 1896 marked
the beginning of a new era in science. The name radioactivity was proposed for this phenomenon by Marie
Curie who, along with her husband Pierre Curie, discovered two more radioactive elements Polonium and
Radium (1898). They were awarded noble prize for the discovery. Rutherford was awarded noble prize in
chemistry (1908) for his study on disintegration of radioactive elements. Subsequent discovery of atomic
nucleus by Rutherford and group displacement law by Soddy firmly established the nuclear origin of the a -
and b- radioactivity. Spontaneous fission as a natural decay mode was discovered after a long time in 1940.

On the theoretical side, the puzzle of a-decay was solved simultaneously by Gamow and Condon and
Gurney in the year 1928 based on the quantum mechanical tunneling effect. The same theory could explain the
phenomenon of spontaneous fission. The problem of conservation of statistics and the continuous spectrum of
b-particles could be solved by the introduction of the concept of neutrino by Pauli (1931). Incidentally, the
neutrino was discovered 22 years later in 1953 by Cowan Jr and Reines. It was Fermi who established the
theory of  b-decay by introducing the concept of weak interaction, characterized by a fundamental constant
that govern the beta decay. 

Since the early days, there has been a constant progress made in the accelerator technology and a large
number of radioactive isotopes have been produced artificially by variety of nuclear reactions. Also there has
been tremendous development in the detection of rare events, using separators and multiple detectors and
sophisticated pulse processing techniques. This has led to the identifications of exotic decay modes like cluster
radioactivity, one- and two proton radioactivity and beta delayed particle emissions. Three articles in this
bulletin would give a brief introduction to these recent developments. Double beta decay is another kind of rare 
decay mode for which search is on for quite sometime. An article on this topic has been included to give an idea
to the readers about the kind of research activity currently pursued in this area. An article on non-nucleonic
excitations in nuclei has been included to give a glimpse of the wonder-world of particles that have been
discovered by high energy nuclear physics experiments, and how the concept of quark structure of hadrons
(baryons and mesons) have been able to explain the host of particles that have been discovered. 

It is my privilege to thank the contributors to this volume who had readily agreed to our request, and
timely submitted the articles. I would also like to thank Dr. B.S. Tomar for inviting me to be the guest editor of
this volume. Finally, I hope that the readers would find the articles interesting. 
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Cluster Radioactivity and Related Topics 

Abstract

Discovery of cluster radioactivity a quarter
century ago has stimulated a rapid development of
experimental and theoretical investigations of the
phenomenon. Major findings of this field are
reviewed briefly. Due to certain characteristics of the 
cold-f ission of  heavy nuclei  and the
cold-heavy-cluster formation in quasi-fission, these
processes are also identified with the cluster
radioactivity. Study of alpha clustering in light
nuclei has enriched the field of clustering in nuclei.
These aspects are also reviewed briefly.

Introduction

Discovery of radioactivity in 1896 was an
epoch making event that opened up the atomic and
the sub-atomic world. Since then several different
forms of nuclear disintegrations have been
identified, including the cluster radioactivity(1984).
The discovery of cluster radioactivity from heavy
nuclei is one of the important findings in nuclear
physics. A quantum rearrangement of large number
of nucleons from one ground state of a (A,Z) nucleon 
system to two ground states of the cluster(Ae, Ze) and 
the daughter nucleus(Ad ,  Zd) systems was
discovered by Rose and Jones[1], who measured 14C
emission from 223Ra, confirming a theoretical
prediction made earlier by Sandulescu et. al [2]. A
rapid development of experimental and theoretical
investigations was stimulated by the discovery. The
Phys ics  and Astronomy Classif icat ion
Scheme(PACS) introduced a new field-23.70 +j
Heavy particle decay-for dissemination of the
results.

From the early days, most familiar forms of

radioactive decay are the a, b and g decays. Some of
the early nuclear models (1930) proposed that the

nuclei are composed of a particles and electrons,
probably after observing the familiar decay
channels, and this may be the first instance for
invoking a cluster model for the nuclei. 

With the discovery of neutrons in 1932, path
was open for the liquid drop model and subsequently 
for the shell model using the mean field concept
(1950). The early shell models excluded cluster
states in the nuclei, however experimental
observations compelled redevelopment of the
cluster model for light nuclei (1968). The interaction

potential between a  clusters thus developed has
molecular character; the effective local potentials
are like those for Van der Waal gases. Subsequent
work has led to anti-symmetrized molecular
dynamics model(AMD, 1996) and nuclear
molecular orbital representation (1970-2007) for the 
nuclei. The method of AMD has been proven to be a
powerful method to describe the cluster and shell
model like features in general nuclei. 

Recently there has been increasing interests in

Bose-Einstein Condensation (BEC) of a  particles in
nuclei [3]. The phenomenon of BEC is well known
for liquid helium, and recently in dilute gases. For
systems of strong interaction, pion condensation and 
kaon condensation have been proposed but have not
been confirmed experimentally [4]. Experimental
signatures for BEC of alpha particles are therefore
very important. Alpha cluster states get ‘activated’ in 
low lying excited states of  certain light nuclei like
12C, 16O and 20Ne, if the binding energy of
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inter-cluster relative motion is almost zero or of
small positive value [5]. At cluster thresholds,
precipitation of the fermions-fluid into clusters
occurs, and due to interaction between the

a-clusters, a strongly interacting Bose-gas with
coherent properties may be formed [3]. A mixed

phase of fermions and a-particles is expected in N=Z 
nuclei below the threshold. It has been pointed out
that this transition from the fermions fluid to
Bose-gas is a second order phase transition [6]. We

may observe that the study of a-clustering has
brought a large range of concepts into nuclear
physics. 

The present article is organized in the
following way. A brief overview of the experimental 
results in cluster radioactivity, theoretical methods
for interpreting the results, and extrapolation of the
theory to the unknown super heavy region is given in 
the next section. It is followed by a discussion on the
cold fission phenomenon. Cold heavy cluster

formation in nuclear reactions and a-clustering in
light nuclei are discussed in the subsequent sections.

Cluster Radioactivity

General

Radioactive decay by emission of fragments

heavier than a-particle is a relatively recent
observation and for this historical reason such decay
is termed as cluster radioactivity. This convention

leaves a-radioactivity with its well established name 

although a-particle is a good enough cluster. Many
high Z nuclei decay through the emission of heavy
particles, such as, 14C, 24Ne, 30Mg, and 34Si with T1/2

in the range of few years to 1019 years. The first
experimental identification for such a phenomenon
was accomplished by Rose and Jones[1]. A rare class 
of events in the spontaneous fission where the
fissioning nucleus undergo a cold rearrangement of
the initial nucleus to the ground states of the
fragments can also be considered as a manifestation
of cluster radioactivity. A unified description of

a-decay, cluster radioactivity, and cold fission is
highly desirable and many theoretical approaches
have been proposed towards this goal.

Nuclear chart of experimentally determined
cluster decay modes is given in Fig.1. There are two

dozen nuclei from 221Fr to 242Cm emitting light
nuclei from 14C to 34Si, correspondingly, leaving a
daughter nucleus around 208Pb. The type of cluster
decay and the decimal logarithm of the half life in

seconds for cluster and a-decay are given for each

parent nucleus. It may be noted that the a-decay is a
very dominant mode in  these nuclei .
Experimentally, one of the major problems was to

suppress the enormous a-particle background. In the 
first experiment performed by Rose and Jones [1],
which ran six months in order to obtain 11 events of

the cluster decay, a silicon DE-E telescope directly

viewing the source was used. The strong a-particle
background damaged the silicon detectors after

irradiation with about 109 a/cm2 and the detectors
were replaced as and when this limit was reached. In
an experiment performed at Orsay [8], the unwanted

a-particles were deflected by a strong magnetic field 
produced in the superconducting spectrometer
SOLENO and selected only 14C to reach the detector
in the focal plane. A source of about 300 times
stronger than that used by Rose and Jones was
employed so that number of days to obtain about a
dozen events were reduced to five. With this high
efficiency setup it was possible to discover [8] fine
structure in cluster decay and to perform accurate
experiments using high quality implanted sources
[9]. There were also other spectrometer setups used
for the discovery depicted in Fig.1. Solid state
nuclear track detectors were also extensively used
for investigations in this field (see for e.g. [10]) since
they can record carbon and other heavy ions
incidences while being insensitive to alpha and other 
low Z ions. They are made from polyethylene
terephtalate or from a phosphate glass and are cheap
and handy. But they do not deliver information
online; only after suitable post-irradiation chemical
etching the recorded ion tracks becomes visible
under microscope for manual or computer aided
counting.

Theoretical Models

Gross features of the cluster radioactivity
places it in an intermediate position between the

a-decay and the spontaneous fission. There are two
possible theoretical approaches for understanding
the cluster decay, either as an adiabatic fission-like
process or as a sudden two-step alpha-decay-like
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process (see [11] for a topical review). The
fission-like approach has evolved into a model
called Super Asymmetric Fission (SAF ) which
treats cluster radioactivity as a dynamical mass
fragmentation process. The alpha-decay-like
approach treats cluster radioactivity as emission of
heavy cluster through the Coulomb barrier, similar

to Gamow’s theory of a-decay; including the theory
of formation of the cluster in the nucleus. A
visualization of fission-like and alpha-decay-like
mechanisms of the cluster radioactivity is given in
Fig. 2. Potentials relevant in these extreme pictures

for the decay 222Ra ® 208Pb+14C are given in Fig. 3.
One can see a huge difference between the potentials 
used in the two approaches.

In the analyt ical  super  asymmetr ic
fission(ASAF ) model by Poenaru et. al [12] the
half-life of a parent nucleus(A,Z) against spliting
into a cluster (Ae,Ze) and a daughter (Ad,Zd) is
calculated by using the Wentzel-Kramers-Brillouin
(WKB) semiclassical approximation.

T = [(h ln 2) / (2Ev)]exp (Kov + Ks),

K = Kov + Ks = ( )
2

h
2 {[E(R) E ] Q} dRcor

1/ 2

R

R

a

b

m - -ò

where Q is the cluster decay energy (Q-value), m
=mAeAd/A is the reduced mass, m is the nucleon
mass, and E(R) is the interaction energy of the two
fragments separated by the distance R between
centers, Ecor is a correction energy similar to the
Strutinsky shell correction, h is the Plank constant
and Ev is the zero point vibration energy. The two
terms in the action integral K correspond to the
overlapping (Kov) and separated (Ks) fragments. The
turning points of the integral are 
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Fig. 1 Nuclear chart showing experimentally determined cluster decay modes and decimal logarithm of the

cluster and a-decay half-lives (from [7]).

Fig. 2 Schematic diagram for fission-like and
alpha-decay-like mechanisms of the
cluster radioactivity.
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where E* is the excitation energy concentrated in the
separation degree of freedom, Ri=R0-Re is the initial
separation distance, Rt= Re+Rd is the touching point
separation distance, Rj =r0Aj

1/3 (j=0,e,d; r0=1.2249
fm) are the radii of parent, emitted, and daughter
nuclei, and E b

o  = Ei-Q is the barrier height before

correction. The interaction energy at the barrier top,
in presence of a non-negligible angular momentum l, 
is given by 

Ei = Ec + El = (e2 ZeZd / Rt) +  l (l + 1) / (2 mR)

The alpha-decay like approach introduces a
pre-formation probability of the cluster in the parent
nucleus[11,13]. A quantum tunneling of the cluster
through a barrier V(R) where the V(R) is determined
as a sum of an attractive nuclear potential, a
repulsive Coulomb potential and a centrifugal
potential, is assumed. The potential V(R) is a
function of only the radial coordinate R which is the
separation between the mass center of the cluster and 
mass center of the daughter nucleus. Three classical
turning points for the above potential denoted as R1,
R2 and R3 in order of increasing distance from the
origin are obtained by numerical solutions of the
equation V(R)=Q. The decay-width can be written
as 

G = -æ
è
ç ö

ø
÷ò P F exp 2 dRK(R)c c R

R

2

3

where Pc is the pre-formation probability of the
cluster in the parent nucleus, and Fc describes the
motion of the cluster between the first and second
classical turning points. The exponential factor is
known as the Gamow factor where K(R) is the wave
number given by 

K(R) = ( / )2 2m h |Q V(R)|-

The cluster decay half life is given by

T1/2 = h ln /2 G

Q-values and Half-Lives

The Q value for the cluster radioactivity, which 
play a very important role in their decay probability
estimation, is given in Fig.4 (left panels) for known
cluster decays. The Q values are related to the mass
difference between the parent nucleus(A,Z), the
cluster(Ae, Ze) and the daughter nucleus(Ad, Zd). The 
cluster radioactivity is energetically allowed if and
only i f  the released energy
Q=M(A,Z)-[Me(Ae,Ze)+Md(Ad,Zd)] is a positive
quantity, (Q >0). The atomic masses M, Me and Md

are obtained from experimental measurements. To
inspect for the shell effects, the Q-values for
different kinds of cluster decay modes versus the
neutron number of the daughter nucleus(Nd) are
plotted in Fig.4 (right panels) with points belonging
to same Zd joined with lines. In the Q-value variation
with Nd, a maximum value at the magic number
Nd=126 can be observed almost as a rule. The
variation with Zd for Zd=80-82 is, as expected,
increasing towards the magic value Zd=82 with an
exception for 23F radioactivity(almost the same
value for Zd=80 and 81). As for the clusters
themselves, they are certain neutron rich nuclei and
their nucleonic structure has also an influence. 

The other important ingredient influencing the
decay half-lives is the cluster-daughter nuclear
interaction potential. The decaying particle tunnels
through this potential barrier. The fission-like and
alpha-decay like models predicts completely
different shapes for the inner part of the potential
barrier(see Fig.3). Alpha-like barriers normally are
much more narrower than the fission-like barrier and 
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Fig. 3 The barriers for the decay 222Ra ®
208Pb+14C in the fission and alpha-decay
like approaches. The fission-like approach
was computed with the proximity potential
and the alpha-decay-like approach was
computed with the real part of two very
different optical potential parameters.



their increased penetrability is compensated by the
small values of so called spectroscopic factors. The
spectroscopic factor(S) represents the pre-formation 
factor Pc and it is obtained as a ratio of the calculated
half-life to the experimental half-life. This peculiar
compensation leads to a difficulty that the measured
decay probabilities are reproduced by both the
models. Therefore, getting independent information
about the barriers, especially on their internal parts,
has been seen as a priority [15] by investigators. A
combined study of the cluster decay probability of a
nucleus and fusion or elastic scattering of its decay
products would provide new information on the
mechanism of both the cluster radioactivity and the
inverse process. To sum up the present status of
calculations, a recent paper [16] brought out a list of
cluster radio-activities together with experimental
half-lives and corresponding spectroscopic factors
as given in Table 1. The spectroscopic factors were
seen to follow a simple rule as observed in earlier
works [16]. 

Super Heavy Region

The cluster radioactivity is controlled by the
Q-values and barriers and the role of Z=82, N=126
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Fig. 4 (left panels) The Q-value as a function of parent nuclear mass number Ap. The experimental
values(circles) are obtained from experimental masses while the DEF(asterix) is a model calculation
[14]. (right panels) The Q-values for different kinds of cluster decay modes versus the neutron
number Nd of the daughter nucleus(from [7]).

TABLE 1. Cluster decay modes, Q-values,
decimal logarithm of experimental half-lives and
spectroscopic factors.



(208Pb) shell is evident in the experimentally
observed cases. One of the fundamental factors in
the study of super heavy elements is production and
characterisation of doubly magic nucleus beyond
208Pb region, where proton number Z=114, 120, 126
and neutron number N=172, 184 have been
predicted to be magic numbers. Since it is difficult to
obtain cluster decay data systematics for super heavy 
mass region, well tested models of cluster decay
should be used for predictions in unknown regions.
Compared to normal nuclei, magicity in super heavy
nuclei are expected to be fragile since the region of
enhanced shell effects are generally broad. Also, the
quantum shell  energy may favor  shape
deformations, i.e., special stability is achieved for
deformed super heavy nuclei. These aspects make
cluster decay calculations in super heavy mass
region very challenging. A quantitative microscopic
description is expected only by application of the
nuclear density functional theory currently under
development. Despite current limitations, there are
several calculations available for the spontaneous
fission and alpha decay processes. For example,
experimental and calculated alpha decay half-lives
of parent nuclei with Z=108-118 are shown in Fig.5
where calculations were done using the Coulomb
and proximity potential model [17,18].

Cold fission

Introduction of shell effects in the potential
energy surface (PES) for fission leads to multiple

fission valleys in heavy nuclei, resulting in their
multi-modal fission. For example, in the PES for
252No in length l and in mass asymmetry co-ordinate

h (minimized relative to the deformation of each

fragment (b1,b2) and the neck parameter h; h
=(A1-A2)/(A1+A2), A1and A2 are fragment mass
numbers), it can be seen that the two shell model
valleys appear mainly due to the doubly magic
structure of 132Sn and 208Pb(Fig.6) [11]. The first
valley is with strongly elongated fragments and the
second one is with nearly spherical fragments. The
strongly elongated fragments in the valley lead to
very excited fragments at scission. The spherical
fragments in the valley lead to non-excited
fragments in a cold fragmentation process known as
cold fission. Such a rearrangement of large number
of nucleons without excitation of the fragments is
made possible by introducing the neck degree of
freedom. In the framework of the two centre shell
model, it is hard to imagine that the fragments remain 
non-excited in such a rearrangement. The distance
between the fragments at the scission configuration
for spherical fragments (cold fission) is much
smaller than that for the normal fission. The released
fission Q-value appear mostly as total fragment
kinetic energy (TKE) for the cold fission. Extensive
experimental and theoretical works were carried out
to confirm the multi-model nature of the fission
process. It is generally understood that the true
cold-fission events have a low probability of
occurrence (typically one out of 106 fission events).
Evidently, new experiments are needed, in which the 

g-rays and neutrons from each fragment are
registered. In this way the cold fragmentation in
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Fig. 5 Experimental and calculated (CPPM)
decimal logarithm of alpha decay half lives 
for parent nuclei of Z=108-118 (from
[18]).

Fig. 6 Potential energy surface for 252No nucleus
as a function of elongation l and mass

asymmetry parameter h (from [11]).



fission could be separated from the normal hot
fission. Also characteristics of each valley could be
experimentally determined and compared with the
theoretical predictions. The study of tri-modal
fission of 264Fm is instructive[11]. The PES for 264Fm 
is minimized at symmetric fragmentation (charge
and mass asymmetries equal to zero). Close to the
scission, three valleys could be observed for the
symmetric fragmentation; one valley corresponds to
a new type of fission with nearly spherical
fragments, the second valley with one fragment
spherical and the other very elongated and the third
one with both fragments strongly elongated. From
the point of view of mass distributions, the new
nearly spherical fragments mode will be very similar
to spontaneous fission. But the observed TKE
distribution had two components. The component
with high TKE is termed as Sn-radioactivity, since in 
this case the spherical Sn-fragments are emitted with
almost no excitation energy. The compactness of the
scission configurations together with absence of
fragment excitation will lead to value of kinetic
energy of the fragments much higher compared to
spontaneous f iss ion process ,  that  a lmost
approaching the Q-value. 

Heavy Cluster Formation in Nuclear Reactions

In collision of two massive nuclei, competition
between reaction channels is strongly dependent on
the contact configuration of the interacting nuclei.
The properties of the entrance channel, such as mass
asymmetry, energy, angular momentum and
deformations have a dominant role. Moreover, the
potential energy surface which is engaged in
evolution of the intermediate nuclear system is
strongly modulated by the shell effects. The
existence of minima caused by shell effects in the
potential energy is likely to be responsible for
manifestation of clustering phenomena in different
reaction channels. In case of the cold fission (an exit
channel phenomenon) the nuclear shells with Z=50
and N=82 were found to play an important role. In
the case of the entrance channel phenomenon, the
nuclear shells with Z=28, 82 and N=50, 126 would
be determining factors .  Mass and energy
distributions in quasi-fission were studied recently
[19] for presence of clustering due to shells. It was
found that clustering phenomena have a great

influence on the formation of the reaction products
for fusion-fission and quasi-fission processes.

Signatures for possible cluster emission from
compound nuclear excited states were discussed in
[20]. For example, in the decay of 212Po* by

a-emission, the daughter will be doubly closed
208Pb*, which may give away all its excitation energy 

as kinetic energy of a-particle and recoiling
daughter due to strong shell guided clustering
effects, thereby enhancing the average kinetic

energy of the a-particles. This hypothesis was
examined in [21] for the decay of 208Po* populated in 
a heavy ion reaction. Within the experimental
uncertainties no evidence for excess kinetic energy
was found.

Alpha Clustering in Light Nuclei

As mentioned in the Introduction, the theory of
alpha clustering in light nuclei has reached a much
sophisticated level and its success with experiments
shows that alpha particle behaves as a constituent
unit in the relevant nuclear states. In understanding
of general nuclear clustering phenomena, these
theoretical methodologies will be useful and,
therefore, it is important to have survey of relevant
literature giving theoretical and experimental
results. There are several studies concentrating on
8Be, 12C, 16O, 20Ne and such a-nuclei, (for a recent
conference proceeding on this topic, see[22])
however, here, discussion is limited to some recent
works on 12C to highlight the nature of present
studies.

Recent ly,  a-part icle  Bose-Eins tein
condensation in light nuclei, especially in 12C and
16O was proposed[3]. In early days, the second
excited state of 12C (7.65 MeV 0+), the famous Hoyel

state, was assigned a linear 3-a structure by
Morinaga[23]. Later, it was shown that this state

which is 0.39 MeV above the 3-a threshold, has a

well developed a-cluster structure with a 8Be-a
configuration. In 2001, Tohsaki et al. [3] conjectured 

that this may be a BEC state of a-particles in that

weakly interacting three a-particles are sitting in the
lowest single particle 0s state like a gas with dilute
density distribution obeying Bose statistics. The rms
radius calculated for this BEC state is 4.29 fm far
greater than the experimental rms radius of the
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ground state, 2.65 fm. The dilute property of this
state had not been confirmed in a direct way till the
analysis of Ohkubo and Hirabayashi[4]. In [4], the
authors confirmed the dilute nature from the Airy

structure observed in the experimental a+12C
rainbow scattering data[24,25]. The experimentally
observed rms radius of the BEC (Hoyel) state was
4.31 fm, which is in agreement with the theoretical
value.

From the time of publication of [23], there have 
been unsuccessful searches for a 2+ state in 12C that is 
first member of a rotational band with the Hoyel state 
as the band-head. Recently many new experiments
have been performed probing the triple alpha
continuum of 12C. A 2+ sate has been suggested in

two different 12C(a,a’)12C* experiments [24,26] but 
at two different energies, making the question
unsettled. A recent experiment [27] using the
12C(12C,3a) reaction presented evidence for a state
consistent with [24]. Another discussion is around
the broad 10.3 MeV state in 12C that was thought to
be the 2+ member in the rotational band for many
years. Scattering experiments provided evidence
that it is a 0+ state, and precise angular distributions
confirming the 0+ multi-polarity of this state was
obtained in [24]. The exact energy of this state,
which has got an astrophysical significance as
discussed in [28], is still not clear from the different
experiments, and efforts are continuing for
determining its energy. 

Summary

A quarter century long study of the cluster
radioactivity has established a firm knowledge base
for the phenomenon. It emerges that the cluster
emission is not an isolated phenomenon, but has

many commonalities with the a-decay and

spontaneous fission. a-clustering in light nuclei and
heavy cold cluster formation in quasi-fission
reactions has also enriched this active field of
research. It is recognized that shell closure in one or
both fragments involved is responsible for the cold
nature of the process.
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One and Two Proton Radioactivity

A nucleus undergoes radioactive decay due to
its inherent thermodynamic instability. The study of
the classical decay modes of nucleus viz. alpha
decay, beta decay, gamma decay and spontaneous
fission decay has helped in understanding the cause
of nuclear instability in terms of composition
(neutron and proton number) and structure (internal
arrangements of nucleons in definite energy levels)
of the nucleus. Thanks to the development of
sophisticated experimental techniques for detecting
very rare events, newer decay modes have been
discovered since 1980. The unstable nuclei
exhibiting these decay modes can be classified as: (i)
one proton (1p) emitters (about 25) (ii) two proton
(2p) emitters (3) and (iii) exotic cluster emitters (C,
O, F, Ne, Mg, Si)(about 25). Well known

phenomenon like b- delayed n or p emission occurs
from the excited state of a nucleus, and is not
considered as the radioactive decay modes. The
subject of the present article is: one(1p) and two
proton (2p) radioactivity. The subject has been
extensively reviewed in reference 1 and 2. 

Fundamentals of one- and two- proton Radioactivity

The 1p radioactivity can be represented as:

A ® B + p

where the nucleus A decays by a proton emission to
the nucleus B. The necessary condition for a nuclide
to undergo any type of radioactive decay is that the
mass of the nuclide should exceed the sum of the
masses of all the decay products so that the Q- value
for the process is positive. For example, for 1p
radioactivity, the condition can be expressed as:

Qp = (MZ+1) – MZ – mp – me)c
2 > 0

MZ+1, and MZ are the atomic masses of the parent (A)
and daughter (B) nuclides, and mp and me are the
masses of proton and electron respectively, and C is
the velocity of light. In terms of binding energy, the
Qp can be written as:

Qp = (BZ – BZ+1)

BZ = (ZMH + Nmn – MZ) C2

Similarly, for 2p radioactivity the necessary
condition is:

Qp = (BZ – BZ+2) > 0

Why one and two proton radioactivity are so rare that 
it took nearly a century after the discovery of
radioactivity by Becquerel (1996) to conclusively
prove the existence of these decay modes? The
liquid drop model of nucleus gives a straightforward
answer to this question. According to this model, a
nucleus behaves like an incompressible charged
droplet of a liquid. The stability of the droplet is
governed by attractive nuclear interactions between
the constituent (n and p) of the nucleus and the
counterbalancing force of surface tension (arises due 
to finite size of the drop), Coulomb repulsion
between the protons, and by an asymmetry term that
arises due to the difference in neutron and proton
numbers in a nucleus. There is an additional term due 
to pairing effect which makes even- Z even -N
nucleus more stable compared to even-Z odd-N,
odd- Z even- N and odd- Z odd –N nuclei. In order to

form a b stable nucleus, a certain equilibrium
number of protons and neutrons are needed. Thus a
plot of neutron versus proton number for the known
stable isotopes (259) gives a beta stability line along

which nuclides are b stable. Upto mass number 40,
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these stable nuclides are characterized by an
approximately equal number of protons and
neutrons. Beyond this mass number, more neutrons
per proton are required to overcome the Coulomb
repulsion of protons to form a stable atomic nucleus.
(N-Z)=44 for the heaviest stable nucleus 208Pb. If
extra neutrons or protons are added to a stable
nucleus, the (n-p) equilibrium is disturbed and the

resulting nucleus decays by emission of b- or b+

particle (transformation of a neutron to proton or
vice versa) to attain stability. Why proton rich
nuclei, instead of decaying by proton emission, tend

to decay by emission of b+ particle? The reason is
that, near the beta stability line, the protons are
bound to the nucleus by nuclear force and extra
energy has to be supplied to such a nucleus (in the
form of excitation energy by way of some nuclear
reaction) to take the proton off the nucleus. In other
words, the Q- value for 1p/2p radioactivity for the
proton rich nucleus near the stability line is always

negative while that for b+ decay is positive. Hence no 
proton radioactivity is possible from the ground state 
of a nucleus near the stability line. However, if we
keep on adding extra protons to a nucleus, the
binding energy of the successive proton decreases
and a point is reached when the last proton’s binding

energy becomes zero. Such proton excess nuclides
fall on a line called proton drip line along which the
binding energy of the last proton is zero. Further
addition of protons to such nuclide would make them 
unstable to decay by proton emission. Thus, to
observe one or two proton radioactivity, one has to
prepare nuclides beyond the proton drip line by way
of nuclear reactions. The task is not easy as
experimental hurdles are too many. The production
rates for such neutron deficient nuclides are
extremely low, half-lives are short, and energies of
emitted protons are relatively small. Hence, one and
two proton radioactivity remain rare decay modes till 
today. About 25 nuclides have been identified that
decay by proton emission and only 3 nuclides have
been identified that decay by 2p emission from
ground state. A representative list of 1p and 2p
radioactive nuclei are given in the Table 1 and 2
respectively.

As seen from the tables, half-lives for 1p and 2p 

emitters are in the range of ms to ms and major

competitor to proton decay is b+ decay. In Table 1,
where the sum of branching ratios is not ~100%, the
remaining part goes to alpha decay. Also it is seen
that 1p emitters are mostly concentrated in the mass
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TABLE 1. 1p radioactive nuclides and their proton-decay energies, half-lives, partial half-lives and
branching ratios.

Isotope Ep/keV T1/2(exp) T1/2(p) T1/2(b) Bp(%) Bb(%)

53mCo 1560 247±12 ms 17 sec 200 ms 1.5 98.5

105Sb 478 50 sec 500 ms 1 99

109I 813 103±5 ms 103±5 ms 250 ms 99.84 0.04

112Cs 807 500±100 ms 500±100 ms 100 ms 99.6 0.5

113Cs 959 28±7 ms 28±7 ms 200 ms 99.99 0.01

146Tm 1198 72±23 ms 95 ms 300 ms 76 24

147Tm 1051 560±40 ms 300 ms 21 79

150Lu 1263 35±10 ms 46±10 ms 150 ms 77 23

151Lu 1233 85±10 ms 250 ms 70 30

156Ta 1022 1.0 sec 84 16

160Re 1261 790±160 ms 1.31±0.16 ms 600 ms 60.4 0.1



region 100-115 (Z~50) and 140-160 (N~82)
indicating that nuclear structure can influence the
decay properties of such nuclides. 

Figure 1 shows the binding energy of neutron
deficient N=80 isotones calculated using the mass
formula of Möller and Nix [3]. The isotonic binding
energy parabolas connect the odd even and
even-even isotones, respectively. The distance
between the two parabolas give the proton pairing

energy Dp. The binding energy of isotones exhibit
maximum values, and the change of the slope allows
for the positive Qp values near the maxima. Thus the
first proton unbound isotone is 149Tm(Z=69) as seen

from the figure. The Qp for the decay 151Lu ® 150Yb + 
p is large enough (1.24MeV) to have a measurable
proton decay branch as seen from the table 1. It is to
be noted from the table 1 and 2 that all p emitters are
odd Z isotopes while all 2p emitters are even Z
isotopes. This can be understood from Fig. 2. The
sequential emission of two protons is possible if the
mass of the one-proton daughter nucleus is smaller
than the mass of the two-proton emitter but larger
than the mass of the two-proton daughter (left). If the 
intermediate state is higher in mass than the initial
state, one-proton emission is energetically
forbidden, and the decay occurs directly to the
two-proton daughter (right). Proton pairing energy
plays a pivotal role in this. Due to the gain of
stability, the mass of the even-Z 2p emitter is smaller
than the mass of the intermediate odd-Z 1p emitter,
and therefore 1p emission cannot occur. 

Hence 2p emission becomes the favoured
mode of decay for such nuclei. This condition is
fulfilled for medium-mass proton-rich nuclei around 

A=40-50 and as seen from Table 2, known 2p
emitters fall in this mass region. 

The next thing to understand is the mechanism
of 1p and 2p decay. As such it is the same as that of

a-decay. Even if a proton is unbound to a nucleus, it
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TABLE 2. 2p radioactive nuclides and their proton-decay energies, half-lives, partial half-lives and
branching ratios.

Isotope 2p decay-energy
(MeV)

Branch ing 
Ratio (I2p/Ib+)

Partial 
Half-life(ms)

45Fe 1.151±0.015 0.65±0.05 39 0 4
0 4. .
.

-
+

48Ni 1.35±0.02 21 0 7
2 1. .
.

-
+ 84 7 0

12 8. .
.

-
+

54Zn 1.48±0.02 32 0 8
1 8. .
.

-
+ 37 1 0

2 2. .
.

-
+

Fig. 1 Binding energies of neutron deficient N=80 
isotones [1].

Fig. 2 Schematic energy level diagram showing
sequential emission of two proton and
direct emission of two proton [4].



has to cross a finite Coulomb barrier to come out of
the nucleus. Thus the decay is not instantaneous.
There is a finite half-life for the decay. It is

worthwhile to mention that the a particle is unbound

to 238U nucleus (Qa >0), yet 238U decays with
half-life more than billions of years due to the
existence of high Coulomb barrier for the decay.
Figure 3 shows the tunneling process involved in the
1p and 2p emission. 

However unlike a-decay, observation limit for
1p and 2p radioactivity exists due to the severe
experimental limitations. Thus, with present day
experimental set-up, it is not possible to measure half 

life less than about 1 ms for proton decay. On the
other hand, proton decay faces severe competition

from b+ decay, so the barrier penetration half-life

should be comparable or shorter than the b+ decay
half-life so that the proton decay branching ratio is
significant (see table 1 & 2). This sets upper limit of
the half-life to about 1 ms. Thus the chance of
observing proton decay with the partial half-life of
even a few seconds is remote. Figure 4 shows the
calculated barrier penetration half-lives for a proton
as a function of the nuclear charge and decay energy. 

Experimental Techniques

Two different approaches have been used to
produce short lived neutron deficient isotopes near
the proton drip line: (1) Spallation reactions with
high energy proton beams [5] and (2) heavy ion
fusion reactions of neutron deficient projectile and
target nuclei [6,7]. For example, 96Ru target (97.9%
enrichment) was irradiated with 261 MeV 58Ni
projectiles at GSI to produce a proton emitter 151Lu
for the first time in 1980 [8].

As stated earlier, production rates for proton
emitters are extremely low, the half-lives are
extremely short, and proton energies are relatively
small. Hence, a pre-selection of the desired proton
emitters from a host of the other undesirable reaction
products, and the incident beam is necessary before
their decay properties can be studied. The GSI
separator for heavy ion reaction products (SHIP) [9]
has been used successfully to discover 151Lu and
other proton emitters. Here recoiling reaction
products from the target are separated based on
momentum and ionic charges and are implanted on a
Si detector system for detection of proton decay. The 

separation time for the system is about 0.5-2 ms,
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Fig. 3 Schematic representation of tunneling through the Coulomb barrier for decay by 1p and 2p emission.
For one-proton emission (left), the tunneling depends mainly on the barrier height. For two-proton
emission (right) the correlation between the two protons may influence the tunneling process [2].

Fig. 4 Barrier-penetration half-lives for a proton
as a function of the nuclear charge and the
decay energy. The half-lives are calculated 
from Coulomb wave functions using the
Wigner single-particle width. The
horizontal line gives the lower detection
time limit, whereas the hatched area gives

typical b-decay half-lives [2].



setting lower limit of detection of proton emitter
half-lives. The suppression factor of the primary
beam is high (108-1016), allowing rare events to be
observed. Similarly Fragment Mass analyser (FMA)
at the ATLAS accelerator in Argonne National
Laboratory, which is recoil mass separator, has been
used successfully to discover the heaviest proton
emitter (185Bi) known so far. 

The discovery of ground state 2p radioactivity
of 45Fe was reported in the year 2002. The
experiments were performed at the SISSI/LISE3
facility of GANIL [10], France and FRS of GSI,
Germany [11]. 45Fe was produced by fragmentation
of a primary 58Ni beam. The detection set up for two
proton radioactivity is rather elaborate. For example, 
at GSI, a Si telescope of seven elements , surrounded
by a high efficiency NaI array, was used. The 2p
radioactivity was confirmed by a series of
elimination processes of the competitive decay

modes: (1) b+ decay followed by proton emission
was eliminated by non observation of two 511 keV
gamma ray in coincidence with the proton, (2)
Smaller width of the 2p emission (ground state

emission) compared with the b+ delayed p emission,
and (3) Confirmation from daughter half-life.

Results

Figure 5 shows the energy spectrum of the
decay products from the heavy reaction residues
produced by irradiation of  96Ru target with 261 MeV 
58Ni projectiles. The residues were separated by
SHIP. About 100 decay events due to 1p decay of
151Lu at 1.23MeV were recorded. The proton decay

energy was well separated from the a-lines of other
reaction products. Figure 6 shows the 2p decay
energy spectrum of 45Fe from the GANIL
experiment (left) [10] exhibiting a peak at 1.14 MeV, 
and GSI experiment (right) [11] showing a peak at
1.1 MeV. It is to be noted that both the experiments
observed the total energy released in the decay,
neither the individual proton energies nor their
relative emission angles. The events seen at high
energy are not due to 2p emission. As can be seen
from the figures, only a few events were recorded in
both the cases, showing the sensitivity achieved in
the experiments. 

From the point of nuclear spectroscopic
aspects and predictions of 1p radioactivity, nuclides
have been classified into several regions. Some of
them are: (1) Neutron deficient Z<50 region where
the proton drip line is relatively close to the valley of
beta stability. This region is of interest for
understanding the astrophysical rapid-proton-
capture (rp) process. Figure 7 shows the proton drip
line in the region Cu-Zn that has been identified, and
a possible path of the rp process. Likely proton
emitters are also indicated in the figure. (2) The
transitional region near Sn where proton emitters
like 105Sb, 109I, 112,113Cs, 146,147Tm have been
identified. Calculations of half-lives, possible
shell-model states and the ground state deformations 
have been resonably successful in this region. (3)
Neutron deficient heavy nuclei (Z>76), which have
high probability of alpha decay. Proton radioactivity
of 165,166,167Ir, 171Au and 185Bi have been reported
[10]. Interesting information regarding validity of
the existing models of nucleus is being obtained
from the study of such nucleus. Efforts are on for
identification of new 1p and 2p emitters. New
facilities giving radioactive ion-beams are coming
up which will facilitate further research in this area.
The mechanism of 2p emission is still not clear.
Study on the correlation of the protons emitted can
throw light on the process. The two-proton decay
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Fig. 5 Energy spectrum showing the 151Lu proton
decay line at 1.23 MeV during the
irradiation of a 96Ru target with 261-MeV
58Ni projectiles at SHIP[12]. a-decay lines
of other reaction products are at distinctly
higher energy.



may open an original route towards studying pairing
in the atomic nucleus. In addition, this research will
allow determination of masses for nuclei beyond the
limits of stability via the measurement of the Q
value, which then allows mass-model predictions far 

away from the stability line to be tested. By
comparing experimental results and theoretical
calculations, the single-particle structure of
extremely proton-rich nuclei might become
accessible. A deeper understanding of nuclear
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Fig. 6 (Left) 45Fe decay-energy spectrum from the GANIL experiment exhibiting a peak at (1.14 ± 0.04) MeV
[10]. (Right) 45Fe decay-energy spectrum from the GSI experiment showing four events at 1.1(1) MeV
[11]. Both spectra also show events at higher energies.

Fig. 7 Section of the chart of nuclides in the region of interest for the astrophysical rp process. The nuclei
marked by circles have been identified at GANIL. The nuclei to the left of the dashed line are predicted 
to be 1p emitters. The arrow indicates a possible route for the rp process [13].



structure can only be obtained by studying nuclei far
away from stability [4]. 
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Double Beta Decay – An Introduction

Introduction

Beta decay is a process where a neutron
(proton) in a nucleus transforms to a proton
(neutron) with the simultaneous emission of an
electron (positron) and an anti-neutrino (neutrino) of 

the electron type. The b- decay, for example, can be
written as 

n ® p + e- + v e

or, when the neutron is bound in a nucleus, 

ZA ® Z+1A + e- + v e

This process can also take place, if allowed by
energy considerations viz. Q-value > 0, for a bound
proton but is energetically disallowed for a free
proton. In a related process, termed electron capture,
an inner shell electron reacts with a proton in a
nucleus producing a neutron and a mono-energetic
neutrino. The first step in understanding beta decay
was taken by Pauli [1], with his suggestion of a
neutral, light, weakly-interacting spin half particle
emitted along with beta particles. This hypothesis
explained the continuous energy spectrum of beta
particles and resolved the spin-statistics crisis. This

idea was converted by Fermi to a theory [2] on the
lines of the successful field theory of quantum
electrodynamics.  Soon  af ter ,  Maria
Goeppart-Mayer proposed a second order beta
decay process, double beta decay [3], which would
proceed at a very slow rate with typical half lives

³1017 years. 

Two kinds of double beta decay processes are

possible involving the emission of (1) 2b-2v ( v º

antineutrino) or (2) 2b+2n, b+EC2n and ECEC2n
where EC is the nuclear electron capture process. EC 

is possible whenever b+  decay is allowed
energetically but the reverse is not always true.

Two Neutrino Double Beta decay 

Whenever 2n2b decay is possible it usually has 
to compete with normal single neutrino beta decay.
Since it is a decay process which is much slower, by a 
factor of about 1015- 1020, than single beta decay the
former would be almost impossible to observe in the
prolific background of the latter process. It is
therefore best observed in those cases where single
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neutrino beta decay is energetically forbidden (see
Fig. 1). 

The first attempts to measure double beta decay 
(DBD) used geochemical methods following
Pontecorvo’s suggestion [4]. The idea was to look
for an enhancement in the abundance of 130Xe
compared to 128Xe, in geologically old samples of
tellurium ore, due to the larger phase space for the
DBD of the 130Te compared to 128Te. Interpreting
absolute concentrations could be misleading so
ratios of the xenon isotopes 128Xe/132Xe and
130Xe/132Xe, were measured and led to the first lower
limits on DBD half-lives [5]. These were much
improved in recent times [6]. The first laboratory

real-time observation of 2n 2b decay was made by

Elliott et al. [7]. Several cases of 2n2b decay have

since been observed [8], many by the Neutrino
Et tore  Majorana Observatory (NEMO)
collaboration [9].

The DBD decay width G2n2b depends on a phase 
space factor and a nuclear matrix element (NME) as 

G2n2b = G(Qbb, Z) êM2n ê
2 

where G is the phase space factor (approximately µ
Qbb

9 where the latter is the mass difference between
the parent and daughter atom) and M2n the NME.

The latter can only be estimated to a factor ~ 3

implying an uncertainty of ~ 10 in the half life. 

The qualitative nature of the sum energy
spectrum of the two beta particles emitted in DBD is
shown in Fig. 2. The DBD spectrum is continuous

with a maximum energy, known as the end point
energy, of Qbb. 

The 2b+2n is hampered by the fact that the
relevant mass differences are such that the available
energies are < 1 MeV with the corresponding values
higher by 1.02 and 2.04 MeV, respectively, for

b+EC2n and ECEC2n decays. We will not consider
these decays further in this article although searches
for these processes, though more difficult, are of
great interest. 

Zero neutrino or Neutrinoless Double Beta decay

This decay process is of fundamental interest
since it may be the only way we might be able to
identify the true nature of the neutrino viz. whether it
is its own anti-particle (Majorana particle) or is
different from its anti-particle (Dirac particle). The
possibility of a Majorana nature [10] exists only for
neutral spin half (or spin 3/2 etc.) particles. 

Nuclei that can decay by 2n DBD can also

decay by 0n DBD. However this process involves
the emission, in the intermediate state, of a neutrino
by a nucleon and its absorption on another nucleon.
As mentioned above this can only occur if the
neutrino is a Majorana particle. For example, if a
neutron emits a right handed neutrino it can be
absorbed by a proton if it is left handed. This is not
possible in the presently accepted Standard Model if
the neutrino is massless. This probability is

proportional to a factor (1-bn) where bn is the speed
of the neutrino in units of the speed of light. In fact it
is likely that neutrinoless double beta decay (NDBD) 
is the only way of probing the Majorana nature of the
neutrino in the foreseeable future. For the NDBD
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Fig. 1 A typical level diagram for a nucleus

undergoing 2b- decay. Here b- decay is
energetically forbidden.

Fig. 2 A typical sum energy spectrum of the two
beta particles emitted in DBD and NDBD
(neutrino less DBD). 



events a narrow peak in the sum energy spectrum of
the two beta particles at Qbb is the distinctive
signature. A typical spectrum is shown in Fig. 2. The
energy spectrum arising from NDBD is a peak at
Qbb. The higher the energy resolution of a detector
which measures this sum energy, the better is the
ability to distinguish it from the background arising
from the tail of the DBD events.

The NDBD decay width is given by the
equation 

G0n2b = G(Qbb, Z) êM0n ê
2 ámnñ

2 

where G is the phase space factor (approximately µ

Qbb
5), M0n nuclear matrix element (NME) and ámnñ

is the effective Majorana mass of the electron

neutrino [8]. The phase space factor is µ Qbb
5 and the

nuclear matrix element corresponds to that for 0n2b
decay. It is therefore easier to search for this decay
process in cases where the Q-value is high. For
practical reasons all the nuclei being probed are
those with Q > 2 MeV. 

Following Avignone et al. [8] the sensitivity to

the 0n halflife is given by 

T1/2 = 4.2 ´ 1026 (yr) [ea/(Wns)] [Mt/(bD(E)]1/2 

where e is the event detection efficiency, a the
isotopic abundance, W the molecular weight of the
source material, ns  the number of standard
deviations corresponding to a certain needed
precision, Mt is the product of the source mass and

exposure time, b the background counts and D(E)
defines the signal region (in the relevant energy
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TABLE 1. List of nuclei where 2b2n/2b0n DBD measurements have been made.

Parent Nucleus Abundance

(%)

 Qbb (MeV) 2b2n half-life (years)
1s error

2b0n half-life (years)
90% Confidence level

2b- 2n

48Ca 0.187 4271.0   4.0 (4.4 ± 0.5) ´ 1019 > 5.8 ´ 1022 [17]

76Ge 7.8 2039.6   0.9 (1.5 ± 0.1) ´ 1021 > 1.9 ´ 1025 [11]

(2.23± 0.45) ´ 1025 1s

82Se 9.2 2995.0   6.0 (9.2 ± 0.7) ´ 1019 > 2.1 ´ 1021

96Zr 2.8 3350.0   3.0 (2.0 ± 0.3) ´ 1019

100Mo 9.6 3034.0   6.0 (7.1 ± 0.5) ´ 1018 > 5.8 ´ 1023 [9]

116Cd 7.5 2802.0   4.0 (3.0 ± 0.2) ´ 1019 > 1.7 ´ 1023

128Te 31.7 868.0   4.0 (2.5 ± 0.3) ´ 1024 > 7.7 ´ 1024 [6]

130Te 34.5 2533.0   4.0 (9.0 ± 1.0) ´ 1020 > 3.0 ´ 1024 [16]

136Xe 8.9 2479.0   8.0 > 4.5 ´ 1023

150Nd 5.6 3367.1   2.2 (9.1 ± 0.7) ´ 1018 > 3.6 ´ 1021

238U 99.275 1145.8   1.7 (2.0 ± 0.6) ´ 1021

b+EC 2n-bar

106Cd 1.25 2771   8 > 3.7 ´ 1020

130Ba 0.106 2611   7 (2.2 ± 0.5) ´ 1021



domain). It is clear that the lower limit on the NDBD

half life can be converted to an upper limit on ámnñ

and is µ (Mt)-1/4 . An improvement by a factor of 2
requires an increase in Mt by factor of 16! 

There is a variety of techniques that have been
used to search for NDBD. The methods broadly use
calorimetry, where the total energy deposited by the

2b particles is measured with good energy resolution 

(up to ~0.1% as in high purity germanium detectors
enriched in 76Ge), and tracking detectors where
energy resolution is poorer but the momenta of the
beta particles are measured yielding angular
correlation information. 

Of the several NDBD candidates (see Fig. 3
below and Table 1) that groups worldwide are
working on, a few illustrative examples are briefly
described below. Some of the NDBD candidate
nuclei have been studied using more than one
technique.

The main background in NDBD experiments
arises from natural radioactivity from 40K, 232Th and
238U and daughter products from the last two
nuclides. 

Calorimetric Experiments

76Ge: The first measurements were done with
sub kg natural germanium detectors and overground
experiments with modest shielding. These were
improved upon over the years culminating in the
Heidelberg-Moscow experiment [11] done in the

underground laboratory at Gran Sasso, Italy and
IGEX [12]. The former used 11 kg of enriched 76Ge
in 5 HPGe detectors and ran for about 10 years
beginning 1990 with good data corresponding to

~72 kg.yr. The corresponding numbers for IGEX are 

9 kg 76Ge over 8-9 years but with good data for ~9
kg.yr. While both collaborations put similar lower

limits on a NDBD halflife ~2 ́ 1025 years, translating 

into an upper limit ~ 0.4 eV/c2 for the effective

Majorana mass ámn ñ ,  a  part  of  the
Heidelberg-Moscow collaboration have claimed
positive evidence for NDBD with a quoted halflife

of about 2.2 ´1025 years at 1s implying an ámnñ of ~
0.4 eV/c2. Efforts are being mounted by the new
collaborations GERDA [13] and MAJORANA [14]
to either confirm this claim or push the sensitivity to

~ 0.13 eV/c2 and 0.06 eV/c2, respectively.

130Te: The first laboratory measurement [15] using a
cryogenic bolometer was made by the group of
Fiorini at Milano. The basic principle of the method
is that the specific heat of a non-magnetic insulator

varies as (T/qD)3, qD being the Debye temperature, so 

that if cooled to temperatures ~ 10mK even a small
energy deposit of the order of about 2.5 MeV can be
measured through a measurable rise in temperature.
The temperature sensor is usually a neutron
irradiated Ge crystal which has a uniform and large
concentration of n- and p-type impurities. For
example, in TeO2 at 10 mK the specific heat is about

0.8 ´10-13 J/(K mol) leading to a temperature

increase ~ 0.5 mK for crystals of about 125 cm3. The
latest results from a scaled up version of the Milano
experiment, Cuoricino, used about 41 kg of TeO2

crystals [16]. The lower limit on the NDBD half life

of 1.8 ´ 1024 years leads to upper bounds on the
effective Majorana mass of the neutrino of 0.2 – 1.1
eV/c2, similar to those from the 76Ge experiments.
This experiment is being upgraded to Cuore and will
use about 700 kg of TeO2 with some of it enriched in
130Te.

Tracking Experiments

The NEMO collaboration uses thin metal foils,
or powders packed between thin mylar foils, as a
beta source, a set of open Geiger Muller counters in a 
solenoidal magnetic field to track the two electron
trajectories and plastic scintillators coupled to
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Fig. 3 Natural abundances and Q-values for
NDBD candidate nuclei.



photomultiplier tubes to measure the residual

energies for calorimetry. It has measured the 2n
DBD half lives of several nuclei and set the lower
limit on the NDBD half life of many of these nuclei.
The recently completed data runs were based on a
version called NEMO-3 which used up to about 10
kg of source material, often enriched, and had energy 
resolutions (FWHM) of 14-17% at 1 MeV. The
planned SuperNEMO upgrade will use up to 200 kg
source material and have an improved energy
resolution (FWHM) of 7%. 

100Mo: A total of about 6.9 kg of enriched 100Mo was
used in the form of thin metallic foils. The derived

upper limit on ámnñ by quoted by NEMO-3 is
between 0.6 and 1.3 eV/c2. 

Scintillator Based Experiments

48Ca: An experiment using 23 natural CaF2(Eu)
scintillators, containing about 7.6 gms of 48Ca, was
performed by the Osaka group to place a lower bond
on the half life for NDBD of 48Ca. While this nucleus
has the highest DBD Q-value of about 4.3 MeV, the
natural abundance is only 0.19% making enrichment 
an attractive and even necessary means of improving 
the sensitivity at 90% confidence level. The present

lower limit on the NDBD half life is 5.8 ´1022 years
and 3.5 – 22 eV/c2 [17].

136Xe: Liquid scintillators (LS) have the ability of
dissolving upto 2% of Xe. This opens the possibility
of measuring the DBD and NDBD in 136Xe
especially by using the enriched Xe [18] and large

sized LS detectors ~ 100 -1000 tons. An experiment
of this nature is planned at Kamioka and Sudbury
Neutrino Observatory and is expected to have a

sensitivity to ámnñ of about 0.1 eV/c2. 

Gas and Liquid Ionization Detectors

136Xe: The EXO detector [19] aims to measure
NDBD using an enriched 10 ton gas or liquid phase
detector. The detector is a Time Projection Chamber
(TPC) which is a position senstive version of an
ionization counter with the additional feature that it
will tag the daughter ion 136Ba++ using the laser
fluorescence technique. The position sensitivity of
the TPC enables the spatial location of the barium
ion thereby reducing drastically potential
background. The energy resolution is expected to be

about 2%. The aimed sensitivity to the NDBD half

life is 5 ´1028 years and an ámnñ of 10 -50 meV/c2.

Another experiment is being planned by the
XAX collaboration [20] and is much more ambitious 
in that it hopes to search for DBD, NDBD in 136Xe,
weakly interacting massive particles which are
candidates of dark matter which is believed to be an
important component of the universe and, using a
136Xe depleted 129/131Xe enriched detector, the
energy spectrum of solar pp neutrinos to a precision
of 1-2%. 

Outlook

In the near future the present generation of
experiments, especially the ones based on 76Ge,
130Te, 136Xe and 150Nd should either find evidence for 
NDBD or push the present upper limit on the

effective Majorana mass of ~ 0.5 eV/c2 down to
about 0.05 to 0.1 eV/c2. Some of these experiments
may also shed light on dark matter and make more
precise measurements of solar pp neutrinos.
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Beta-Delayed Particle Emission

Beta decay is one of the first forms of
radioactivity observed where a nucleus transforms to 
its neighbouring isobar with conversion of one
neutron to proton or proton to neutron. The mass
parabola of isobaric series of mass number A=151 is
pictorially represented as Fig. 1 [1]. Each point in
mass parabola represents the mass of the nuclei in
their ground state. No nucleus in its ground state can
get rid of energy without changing the number of

neutrons or protons. The b- and b+ emission and
electron capture (EC), together classified as beta
decay, is very common mode in which nuclei on the
mass parabola decay to their successive neighbours
until the valley of stability is reached. It can also be
seen from the figure that the beta decay energies
(difference between masses of successive atomic
number) increase rapidly with distance from the
valley of stability.  The Q values involved in the beta
decays of the nuclei near the stability line are in the
range of few MeV while it can be in excess of 10
MeV for the nuclei far away from stability. As an
example, inset in Figure 1 shows the available paths
for the decay of 151Lu. The first path leads to ground

state of 151Yb by simple b+
 decay, which rarely

occurs alone. Often, the beta decay leads to the
population of excited states in the daughter nuclei
which decay to ground states by emission of
gamma-rays. However, as the distance from the
stability line increases, the energy difference
between successive nuclei is very high. This leads to
situations where particle unbound excited states are
populated in beta decay and these can emit a wide
range of particles. All such decays are generally
classified as beta delayed particle emission 
Exper imental ly  many dif ferent  types  of
beta-delayed particles emissions like p, 2p, n, xn, d, t

and a have been observed. Emission of smaller
particles is common and heavier systems would be
suppressed due to the coulomb barrier similar to one
encountered in cluster emission. In the limit of large
masses of the emitted fragment, the process turns
into beta-delayed fission, observed in heavy nuclei.
The case shown in Fig. 1 corresponds to the excited
state of 151Yb which can decay by emitting proton
and is called beta delayed proton emission.  The
other side of the valley of stability in mass parabola

is matched by b- delayed neutron emission.

The force responsible for beta decay is called
weak force while the force which binds the nucleons
together is strong force. This strong force is also
responsible for the emission of nucleons from the
nuclei when the binding energy is insufficient. So
the time scales of particle emission are considerably
shorter than the beta decay lifetimes of their
precursors and hence usually the observed lifetimes
of these particle emissions correspond to the
lifetimes of their beta decaying precursors. It should
be mentioned that third decay path shown as particle
emission from ground state sets the limit of isotope
synthesis. If significant amount of energy is gained
by direct particle emission then it takes dominance
over the beta decay. If the nuclei have to first go
through beta decay before particle emission, the
lifetimes of the nuclei are longer and make the
synthesis and identification of those nuclei possible.
In some cases where the nuclei are unstable towards
charge particle decay, the nuclei were separated and
their properties measured as the lifetimes are longer
owing to coulomb barrier [1].
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The Q-value for b-delayed emission of x
number of neutrons from the nucleus of mass (A, Z)
can be written as

( ) ( )Q Q S (Z 1) =  Q Z S- - -xn xn
A A -x

xnb b b= - + -

The first expression involves the Q-value of the
parent nucleus and the separation energies of the
beta-daughter, but it can be written also in terms of
the separation energies of the mother nucleus and the 
Q-value of a lighter isotope [2]. A related formula

applies to b+-delayed emission of protons, one can
replace Q -b

 by QEC and use that Q -b
= QEC - 2 mec

2

The Q-value for other delayed particle-emissions

can be rewritten in the general form Qx = C – S where
the constants C and “separation energies” S for the
different processes are given in Table 1 (all
separation energies refer to the mother nucleus (A,Z) 

for delayed a-emission a Q-value for the final
nucleus enters).

TABLE 1. Parameters in the Q-values equation
for nucleus A 

Z

x C (keV) S

b-p 782 Sn

b-d 3007 S2n

b-t 9264 S3n

b-a 29860 S4n + Qb(A-4
Z-1)

ECn -782 Sp

ECd 1442 S2p

EC
3He

6936 S3p

ECa 26731 S4p + QEC(A-4
Z-3)

As seen from the formulae, the deciding factors 
in the positive Q-values of beta delayed emission of
particles are the separation energies. So these
processes are more predominant in the nuclei near
the driplines where the separation energies are very
small. The nuclei in lower mass region which have
positive Q-values for beta delayed emission are
shown in Fig. 2 [3].

Though very neutron rich isotopes decay by b-

delayed neutron/neutrons emission and neutron

deficient isotopes by b+/EC delayed proton
emission, it is not necessary a nuclei can emit only
one kind of beta delayed particle. One such example
is the case of 11Li which shows different beta delayed 
particle emissions as given below. 

 3
11

8  4
11

7Li Be-¾ ®¾b (12%)

       4
10

6Be n+ (81%)

       4
10

5Be n+ 2 (4%)

      3
8

5Li t+ (0.01%)
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Fig. 1 Atomic masses of a series of isotopes that
have 151 nucleons (A = 151). The filled and 
open symbols correspond to measured and
predicted masses respectively. The masses
are given in energy units (MeV) to
emphasize the energy released by decay
between neighboring nuclei. The only
stable isotope, 151Eu, is shown as a
darkened square. The dashed lines show
the approximate threshold at which a
neutron or proton becomes energetically
unbound by the nucleus. The inset
illustrates three possible decay channels
for the very neutron-deficient nucleus 151Lu 
[1].



      2
6

4He n+ +a (1%)

      2 34
2He n+ (2%)

As most of the nuclei showing these exotic
decay modes lie close to the driplines and are short
lived, the production and identification of nuclei and
measuring the various possible decay modes is a
challenging task. For a long time, thermal neutron
induced fission has been source of neutron rich
exotic nuclei. Later, deep inelastic heavy ion
reactions provided a new way producing these
isotopes. With the advancement of facilities
producing very high energy projectiles, the
projectile fragmentation has become an important
route to produce these isotopes and study their decay
properties. Due to high energies involved, the
kinematics focussing of the fragments is well suited
for  magnetic  separat ion procedures .  The
advancements in the high efficient and rapid
separation processes of these fragments have
enhanced the number of nuclei studied for the
various exotic decays.

As discussed earlier, in the exotic decay of
nuclei called beta delayed particle emission, the

particles such as p, 2p, n, xn, d, t and a have been
observed. For simplicity the various beta delayed
particles emissions would be discussed in the
following sections under categories: beta delayed

single nucleon emission (neutron or proton)
processes, multi nucleon (xn, 2p) emission

processes, composite nucleus emission (a, 3He, t, d)
processes and delayed fission.

Beta Delayed Neutron and Proton Emission

The b- delayed emission of neutrons in the
neutron rich fission products with low neutron
binding energies has been well documented. The
neutrons are promptly emitted but the overall time
scale is governed by the beta decay of the delayed
neutron precursor. Because of the importance of
delayed neutrons in the reactor control, the delayed
emission in fission products has been extensively
studied. The beta delayed neutron emission rates
also play an important role in understanding the
isobaric distribution of nucleus in the r-processes
[4]. The delayed neutron emission probabilities
depend strongly on the total energy available in the
beta decay of the precursor (Qb ) and neutron
separation energies of the neutron emitter (Sn). Since 
the neutron emission occurs from a region of high
level density, the beta decay to these levels can be
treated statistically. Assuming the beta strength
function to be constant above a cut of energy C and
zero below it, the delayed emission probabilities can
be approximated as [n=5]

P
Q S

Q C
n

n

n 1
-

-

»
-

-

æ

è

ç
ç

ö

ø

÷
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+

b

b

The total neutron emission probabilities in different
Na and Mg isotopes are shown in Fig. 3 [5-7].
Unmoderated neutron detection methods have
limited efficiencies and the exact neutron energy
spectra are difficult to measure experimentally. The

integrated b-- dealyed neutron emission is usually
measured. This information is essential to evaluate
the level of competition taking place between

neutron capture and b-decay for those neutron-rich
nuclei of importance to the astrophysical r-process. 

The b --delayed neutron emission and

b+-delayed proton emission are charge symmetric.
The production and measurement of properties of
nuclei with no neutron binding energies (dripline
nuclei) in the ground state is difficult as the neutrons
face no barrier for emission while the nuclei with
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Fig. 2 Nuclei with N, Z £ 50 for which the Q-value

for various b-delayed particle emission
processes is positive. The left half shows
single- and multi-nucleon emission and the
right, emission of nuclei of mass number 2
and 3. 



proton unbound ground states still can be identified
in favourable cases as they face the coulomb barrier
for proton emission. The study of these delayed
nucleon emission assumes importance in
understanding the interplay of various forces that
determine these decay processes [8]. Exact

measurement of the proton energies in b+- delayed
proton decays is easier and allows precise
level-by-level spectroscopy in neutron-deficient
nuclei. The beta delayed proton decay has been used

to test the theoretical predictions of the b-decay
rates. Some typical beta-delayed proton emitters and
branching fractions are given in Table.2a. However,
it may be pointed out the there are many nuclei with
Z<N also showing the beta delayed emission of
protons and few examples are given in Table 2b.
However, these precursors have very low proton
branching ratio as compared to the proton rich nuclei 
[9].

Delayed Multi Particle Emission

In the beta delayed multi particle emission, the
nucleus breaks into more than two particles. In many
nuclei, the pairing energy makes many even Z nuclei
stable towards single nucleon emission and unstable
towards two neutron or proton emissions. The beta
delayed emission of more than one neutron and

protons are observed in many nuclei [10, 11]. The
delayed emission of combination of protons and
neutrons is less common than the emission of their
composite particles. The kinematics of the particles
is decided by energy and momentum conservations.

The main interest in b-delayed multi-particle
emission is the fact that the mechanism of the
break-up is not fully determined by energy and
momentum conservation. In three body break-up
there are three binary subsystems and each
subsystem have resonances controlling the
break-up. Whether the break-up proceeds via each of 
these resonances sequentially or the beta-daughter
breaks up directly into the three body continuum is
still a matter of investigation. Sequential and direct
break-up represent limiting multi-particle
mechanisms as direct processes and compound
nucleus are for nuclear-reaction mechanisms. The
observation of the emission of more than one
nucleon also provides information on the formation
of such clusters in nuclei.

The mechanism of multiparticle emission,
whether it is simultaneous emission or sequential
can be studied by observing the energy and angular
correlations of these particles. The beta delayed
two-proton emission has been used for this purpose.
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Fig. 3 (a) Systematics of Si ³1 Pin for Na and Mg isotopes relative to Qb-Sn values. The solid line is drawn to

guide the eye. (b) Variation of Si ³1 Pin with the ratio (Qb-Sn)/( Qb-C) for all Na and Mg b-delayed

neutron emitters with known b-decay scheme. C is taken as the excitation energy of the first b-fed
level. 
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TABLE 2a. Some proton rich nuclei showing delayed proton emission

Precursor Production reactiona t1/2 (msec) Qb-Bp (MeV)b Proton branching ratio

N odd

6
9

3C
10B (p,2n) 127 ± 1 16.68 ~1.0

8
13

5O
14N (p,2n) 8.9 ± 0.2 15.82 0.12

10
17

7Ne
16O (3He, 2n) 109 ± 1 13.93 0.99

12
21

9Mg
20Ne (3He, 2n) 123 ± 3 10.67 0.33

14
25

11Si
24Mg (3He, 2n) 221 ± 3 10.47 0.32

16
29

13S
28Si  (3He, 2n) 188 ± 4 11.04 0.47

18
33

15Ar
32S (3He, 2n) 174 ± 2 9.34 0.34

20
37

17Ca
36Ar (3He, 2n) 175 ± 3 9.78 0.76

22
41

19Ti
40Ca (3He, 2n) 80 ± 2 11.77 1.0

24
45

21Cr
32S (16O,3n) 50 ± 6 10.80 0.25

26
49

23Fe
40Ca (12C, 3n) 75 ± 10 11.00 0.60

28
53

25Ni
40Ca (16O, 3n) 45 ± 15 11.63 0.45

30
57

27Zn
40Ca (20Ne, 3n) 40 ± 10 13.99 0.65

32
61

29Ge
40Ca (24Mg, 3n) ~40 ~12.2 ~0.50

TABLE 2b. Some b-delayed proton emitters with Z<N

Precursor Production reactiona t1/2 (sec) Qb-Bp (MeV) Proton branching ratio

52
109

57Te
96Ru (16O, 3n) 4.4 ± 0.4 7.14 ~3.0 x 10-2

52
111

59Te
102Pd (12C, 3n) 19.3 ± 0.4 5.07 ~1.0 x 10-3

54
113

59Xe Ce (p, 5pXn) 2.8 ± 0.2 7.09c ~4.0 x 10-2

54
115

61Xe Ce (p, 5pXn) 18.0 ± 3.0 6.20 3.4 x 10-3

54
117

63Xe Ce (p, 5pXn) 65.0 ± 6.0 4.10 2.9 x 10-5

55
114

59Cs La (p, 3pXn) 0.7 ± 0.2 8.20c

55
116

61Cs La (p, 3pXn) 3.6 ± 0.2 6.43 2.7 x 10-3

55
118

63Cs La (p, 3pXn) 16.4 ± 1.2 4.70 4.2 x 10-4

55
120

65Cs La (p, 3pXn) 58.3 ± 1.8 2.65c 7.0 x 10-8

56
117

61Ba
92Mo (32S,2p5n) 1.9 ± 0.2 8.08c

56
119

63Ba
92Mo (32S,2p3n) 5.3 ± 0.3 6.35 9.0 x 10-3

56
121

65Ba
92Mo (32S,2pn) 29.7 ± 1.5 4.70 2.0 x 10-4



The studies so far point to the sequential emission of

two protons in b+-2p decay as indicated by little or no 
angular correlations between the emitted particles as

shown in b+-2p decay of 31Cl [12] as shown in Fig.4.

Composite Particle Emission

The synthesis of nuclei farther from stability
line with enormously large Q values opens further
exotic decay modes. One such example is beta

delayed emission of 3He, a and tritons besides
neutrons in the decay of 11Li. Emission of such
composite particles is possible in many other nuclei
and delayed emission of alpha particles is reported in 
many nuclei [13-15]. These states are situated
typically at 5-12 MeV excitation energy and are thus
bridging the gap between, on the one hand, the
ground states, which in certain cases show alpha
radioactivity, and on the other hand the compound
nuclear states near or above the Coulomb barrier,
accessible through reaction processes. The study of
the beta delayed emission of composite particles is
expected to throw light on the formation
probabilities of alpha and other composite particles

in a relatively cold nucleus. The proton rich isotopes
of Te, I, Xe, and Cs showing the delayed alpha
emission are shown in the Fig. 5 [16]. In many
nuclei, the beta delayed proton decay competes with
the delayed alpha decay.

Delayed Fission

The beta delayed fission may also be treated as
extreme case of particle emission. The beta delayed
fission can be represented as 

(N,Z) b¾ ®¾  (N ± 1, Z m 1) ® (N Zi i
i

, )å

where the Ni and Zi refers to the neutron number and
proton number respectively, of the fission product
and the asterisk indicates the excited state populated
in beta decay. To observe considerable beta delayed
fission branching in the nuclei, the beta decay
half-lives should be shorter than the alpha or
spontaneous fission half lives of the parent. i.e. the
beta decay should be one of the major branches of
decay and the decay Q values should be higher than
the fission barrier of the daughter nucleus. The
neutron rich nuclei which are expected and observed
to show beta delayed fission are shown in Fig.6 [17].
The graph shown here is rather old. Delayed fission
has been already established in many of nuclides
shown in the region 2 (expected to show delayed
fission based on calculations) [18]. The proton rich
nuclei which have shown and expected to show the
beta delayed fission are also shown as open and
closed circles. The fission induced by neutrons has
been most studied area in the low energy fission. The 
delayed fission also provides useful information on
the low energy fission of nuclides. The beta delayed
fission has been used in determining fission barriers
in many nuclei [19]. Since, the heavy elements are
formed in the nucleosynthesis by successive neutron
capture and beta decay, all the beta delayed particle
emissions play pivotal role in deciding the final
composition of the elements and their study is
necessary to understand various processes and
problems in astrophysics [20].

Significant developments in the production
and separation of nuclei far from valley of stability
have increased the scope of studying the nuclei with
exotic decay modes as beta delayed particle
emission. The developments have been significant
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Fig. 4 The distribution of individual proton
energies and the angle between them for the 
2.7 MeV Q2p-peak. This corresponds to the
2p-transition from a GT-fed state in 31C1 at
7.36 MeV ending in the g.s. of 29P.  The
angular distribution shows a small angular 
dependence typical of a sequential decay
[12].



especially in lighter mass region where the
separation techniques have reigned supreme. The
complexities associated with beta delayed
multiparticle emissions require sophisticated
instrumentat ion to  decipher informat ion
unequivocally. The complexities in the beta delayed
multiparticle emission and other exotic decay modes
are exemplified in the decay scheme of 31Ar in Fig. 7. 
Many nuclei with predicted beta delayed particle
emissions are yet to be observed. The advancements
in the high intensity radioactive ion beams and
nuclear instrumentation are expected to provide the
opportunity to study many more such isotopes which 

would give further insight into the nuclear structure
and unanswered questions in astrophysics.
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Fig. 7 Decay scheme of 31Ar and its daughters.
This figure shows the complexities in the
beta decay of an exotic nucleus. Note that
31Ar could be two-proton radioactive, but
neither this branch nor the beta-delayed
three-proton branches have been
established experimentally [3].



Non-Nucleonic Excitations in Nuclei

Abstract

Nuclei are complex-composite systems.
Characteristic to such systems nuclei exhibit a very
rich excitation energy spectrum. These could
involve usual nucleonic or non-nucleonic degrees of
freedom, depending on the energy scale .
Non-nucleonic degrees of freedom include various
mesonic and baryonic resonances. In this article, we
aim to discuss excitations of non-nucleonic degrees
of freedom from the quark dynamics. An exotic state
called “pentaquark” is discussed to show how
observation of such a state may open a new direction
towards understanding the strong interaction
dynamics. 

Introduction

The atomic nucleus is a bound system of
neutrons (n) and protons (p) interacting through
strong interaction. Neutron and proton have mass
about 939 MeV, and behave identically in strong
interactions. These are considered to be two isotopic
spin projections of a state called nucleon with
isotopic spin 1/2. The isotopic spin (or isospin) is
conserved in strong interaction. The group of
strongly interacting fermions (half integral spin) is
called baryons. Nucleons are baryons with baryon
number (B) one.

It was realized quite early that nuclei are far
more complex than just collection of neutrons and
protons. As early as in 1935, Yukawa proposed the
idea that nucleons interact through the exchange of a
boson (integral spin particles) of mass about 140
MeV. Such a particle with spin-zero was discovered

later and named pion p. It appears in three charge

states, namely, p+, p0 and p- with almost same masses 
of about 140 MeV. These three charge states behave
identically in strong interaction, so pion is assigned
isospin one. The group of strongly interacting
bosons is called mesons. Meson number need not be
conserved in a nuclear interaction. Pion is the
lightest member of meson group.

Over the years, this interaction mechanism has
been extended to include the exchange of heavier

members of the meson group, such as sigma (s), rho

(r), omega (w), eta (h) and others between nucleons.
The two nucleon interacting potential, obtained
invoking meson exchange mechanism between
nucleons, is able to account extremely well all data
of nucleon-nucleon scattering experiments up to
about 400 MeV. Thus, there must be various mesons
present in a nucleus for binding the nucleons
together to form the nucleus.

However, in spite of this very strong
theoretical reason to expect mesons in the nucleus, it
was not easy experimentally to isolate the effects
arising from these mesonic constituents. It was even
more difficult to see their presence directly. The
clear evidence indicating presence of mesonic
effects was found in the radiative capture of thermal

neutrons in hydrogen, n + p ® d + g. Experimentally, 

the cross-section is 334.2 ± 0.5 mb, whereas the best
calculations taking only nucleonic degrees of
freedom give about 302.5 mb. This discrepancy of
about 10% is now reasonably well understood in
terms of effects arising due to non-nucleonic or
mesonic degrees of freedom.
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There are several types of non-nucleonic
excitations in nuclei. Excitation of such degrees of
freedom in nuclei gives crucial information towards
understanding of the basic dynamics of strong
interaction. Here, we aim to discuss about two
different types of non-nucleonic excitations. This
article is organised as follows: We discuss In section
(2) about the structure of the nucleons the building
blocks of nuclei, in section (3) about the strong
interaction from the fundamental point of view, in
section (4), about excitations of free resonances, in
section (5) about the mechanism of modification of
resonances in nuclei, in section (6) about a new type
of excitation called pentaquark. Lastly in section (7)
we give a summary of the article.

Structure of Nucleon

Magnetic moment of a structure-less point-like 
spin 1/2 particle with mass m and charge e is eh/2m.
Neutron and proton are thus expected to have
magnetic moments 0 and 1 nuclear magneton
respectively. However, observed magnetic moments 
of neutron are -1.91 and that of proton is 2.79 nuclear 
magneton. Nucleons are not structure-less point-like 
particles. 

First experimental evidence towards internal

structure of nucleon was obtained in the 1950’s in p+

and p- scattering off the proton [1]. The scattering
cross-section, when plotted as a function of total
energy, shows a broad resonance like structure,
which is due to the formation of an intermediate

state, called delta (D), the lowest excited state of

nucleon. The mass of (D)is 1232 MeV and the width
is about 112 MeV. It decays predominantly through
the strong interaction to pion and nucleon with
lifetime of the order of 5 x 10-24 sec corresponding to
the decay width. The spin and isotopic spin of this
state have been identified to be 3/2 and 3/2
respectively.

Within a few years after the discovery of delta,
a large number of short lived strongly interacting
particles, usually called resonances, were
discovered. Besides the excited states of nucleons,
these resonances included particles that show
“strange” behavior. These were produced copiously
but decayed slowly. Noting that production of these
particles always associated pairs, a new conserved
quantity, called “strangeness”, was postulated.

Strangeness was preserved during their creation, but
not conserved in their decay. The production of these 
particles is via strong interaction that conserves
“strangeness”, and decay is through “strangeness”
violating weak interaction. 

Existence of conserved quantities in an
interaction is always associated with some symmetry 
of  the in teract ion.  The se t  of  symmetry
transformations constitute a “group”. Gell-Mann [2]
identified the symmetry group corresponding to the
symmetry that conserves isospin and strangeness to
be SU(3), the group of 3-dimensional unitary
matrices of determinant one. He recognized that this
symmetry group could generate natural groupings of 
hadrons (strongly interacting particles), mesons and
baryons together into sets with same spin and parity
consisting of particles of isospin (I) multiplets that
differ only by strangeness (S). For example, the
baryon octet consists of, (I=1/2, S=0) two nucleons,

(I = 1, S = -1) three sigma (S), (I = 0, S = -1 ) one

lambda (L) and (I = 1/2, S = -2) two cascade (º). The
group of particles with same spin and parity actually
correspond to the states of representation space of
the SU(3) group. The members of the baryon octet
mentioned above correspond to the states of eight
dimensional representation of SU(3) group. The
fundamental representation of SU(3) is three
dimensional ,  and higher  dimensional
representations of SU(3) can be constructed from the 
fundamental representation. Strangely enough, none 
of the observed groups particles ever corresponded
to the fundamental representation of SU(3). This
indicates the existence of a deeper level of
elementary constituents of matter. The particles
corresponding to higher dimensional representation
of SU(3) must be composed of those corresponding
to the fundamental three dimensional representation
of SU(3)! 

In 1964 Gell-Mann and Zweig [3] proposed the 
idea of quarks as the constituents of hadrons. It is
possible to understand all low lying hadrons with
only three spin 1/2 quarks, up (u), down (d) and
strange (s).

Quark Charge
(Q)

I IZ S Baryon
No. (B)

u 2/3 1/2 1/2 0 1/3
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d -1/3 1/2 -1/2 0 1/3

s -1/3 0 -1 1/3

Different types of quark are termed as flavors,
which is conserved in strong interaction but not in
weak interaction. Later three more flavors of quark,
namely, charm, beauty and top, have been
discovered. According to relativistic quantum
mechanics, corresponding to every particle there
must exist an antiparticle with same mass and
opposite charge. Quarks (q) are thus associated with
anti-quarks (q). The baryons are composed of three

quarks (q) to make, B = 1, and the mesons are with a
pair of quark (q) and antiquark (q) to make B = 0. 

Quark structures of a few baryons and mesons

can be written as, p º (uud), n º (udd), D+++ º (uuu),

D+ º (uud), D0 º (udd), D- º (ddd), p+ º (ud), p0 º (uu

-dd)/ 2, p- º (du), K+ º (us), K- º (su), S+ º (uus), S- º

(dds) ,  S0  º  (uds) .  There is  a  one to one
correspondence between the observed hadrons and
the states predicted by this simple classification;
thus, the quark model appears to be a very useful
periodic table of hadrons.

In the late 1960’s Friedman, Kendall and
Taylor [4] discovered quarks in their pioneering
experiment, by hitting the proton hard with electron
in the deep inelastic region where the energy transfer 

(n) and the momentum transfer (Q) are very large. At 
high momentum and energy transfer the elastic
collisions become very unlikely, as elastic form
factor decreases rapidly. However, the proton was
found to break up into hadron fragments. The
inelastic cross-section is very large! Proton must be
made of something more elementary. The quark
model of Gellman and Zweig got experimental
confirmation.

The observed st ructure functions  of
electron-proton scattering in the deep inelastic
region showed a very peculiar property. These

depend only on one variable, x = Q2/2Mn, (with M as 

the proton mass) instead of Q2 and n separately. This
is known as Bjorken scaling [5], and this can be
understood only by considering the proton to be
composed of point-like, non-interacting, spin-half
particles. 

The understandings of hadrons in terms of
quarks face a problem concerning the Fermi-Dirac
statistics of the constituents. Since the fundamental
state of a composite system is expected to have zero

oribital angular momentum, the D++ baryon (J = 3/2)

corresponds to (u ­ u ­ u ­), with the three
quark-spins aligned in the same direction and all
relative angular momentum equal to zero. This wave

function is symmetric and, therefore, the D++ state
obeys the wrong statistics. The problem can be
solved [6] by assuming the existence of a new
quantum number called, color, such that each
species of quark may have three different colors, say
(red, yellow, green). One can construct an

anti-symmetric state of the D++ in which the colour
part of the wavefunction is antisymmetric. At least
three colors are needed for making an antisymmetric
state. Baryons and mesons are described by the
color-singlet combinations of quarks. Direct test of
the color quantum number, however, has been
obtained through various processes, and number of
colors has been experimentally determined to be
three.

States with non-zero color have not been
observed. So, it is further postulated that all
asymptotic states are colorless, i.e. singlets under
rotations in color space. This assumption is known as 
the confinement hypothesis, because it implies the
non-observability of free quarks: since quarks carry
color they are confined within color-singlet bound
states.

Strong Interaction

The baryons and mesons are made of quarks.
The strong interaction that binds nucleons to form
nuclei must be some kind of residual manifestation
of the strong interaction among quarks. The strong
interactions of quarks are due to their “color”
charges. There must be an object to exchange color
charge from one quark to the other. Each quark
carries three types of color charge, so, nine different
colored objects would be required to make all
possible change of colors of quarks. However, from
these nine, it is possible to make a combination
which is color neutral and would combine with any
color in the same way. Excluding that one we get
eight objects to mediate strong interaction between
quarks. These are called gluons, which are spin-1
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bosons and massless. In electromagnetic interaction
there is only one neutral photon that mediates the
interaction. In contrast, in case of strong interaction
there are eight gluons which are colored. The
interaction of quarks by exchanging gluons is
described by a theory, modeled in the similar
framework of electromagnetic interaction, is called
quantum chromodynamics, or QCD. It is a quantum
field theory in which interaction between quark and
gluon is introduced using the principle of local gauge 
invariance [7].

One of the most important wisdom of
relativistic quantum theory is that, the vacuum is not
just the empty space; it can be thought of as a
medium of virtual particles. In QCD the vacuum
contains virtual quark-antiquark pairs that interact
by exchanging virtual gluons. When a quark is
placed in vacuum, its color can polarize this medium
of virtual quark-antiquark and gluon, and due to this
its colour may appear to an approaching gluon less if
the gluon has large momentum, and large if it has less 
momentum. The coupling constant (or the
interaction strength) depends on the energy scale; it
is not a constant, but running. In the very high energy 
limit the coupling constant becomes very small, the
quarks are non-interacting in the asymptotic limit!
This is known as asymptotic freedom [8]. On the
other hand in the low energy limit the coupling
constant grows large. This is known as infrared
slavery. Converting momentum scales to the length
scales we may say that quarks are non-interacting at
small distance scales and very strongly interacting at
large distance scales. The quarks inside the nucleon
are almost free, however, they interact very strongly
if we try to bring one of them out of the nucleon. This
explains scaling behavior in deep inelastic
scattering, and justifies the confinement hypothesis. 

Quantum chromodynamics possesses another
interesting symmetry. Particles with zero mass move 
with the speed of light. If the alignment of spin and
momentum (called helicity) of a mass less fermion is
fixed in one frame it will appear same from all other
frames as no frame can move faster than it. Thus
helicity of a mass less particle is conserved. It is
associated with a symmetry called chiral symmetry.
Masses of u, d and s quarks, that constitute the low
lying excitations of strong interaction physics, are

small compared to the energy scale of QCD, mu » 2

MeV, md » 5 MeV and ms » 140 MeV In the limit, mu, 

md, ms ® 0, quark dynamics has chiral symmetry
(though explicitly broken to a small extent).
However, when these quarks form a nucleon they
acquire mass of about 350 MeV (1000 MeV/3),
consequently the chiral symmetry is lost. This
situation where the symmetry possessed by the
dynamics is lost in the ground state is called
spontaneous symmetry breaking. The consequence
of spontaneous symmetry breaking is that the ground 
state hosts mass less bosonic excitations called
``Goldstone Bosons’’ [9]. Thus, the chiral symmetry 
is spontaneously broken in QCD, and the massless
Goldstone bosons are the spin zero negative parity

octet mesons, namely (p+, p0, p-, h, K+, K-, K0, K0).
The order parameter associated with chiral
symmetry breaking is the so-called chiral or quark
condensate. The spontaneous chiral symmetry
breaking implies that a massless (or nearly massless)
quark develops a non-zero dynamical mass.
interacting with the quark condensates. The
Goldstone bosons become the fundamental degrees
of freedom of low energy QCD. Small masses of
these Goldstone bosons is due to the fact that the
chiral symmetry was not exact but explicitly broken
by a small amount

Spontaneous symmetry breaking is  a
widespread phenomenon, and analogues exist in
various other areas of physics. In case of
paramagnetic to ferromagnetic transition the basic
hamiltonian of this spin system is invariant under
rotations in space. However, its low temperature
phase is characterized by a non-vanishing
magnetization which points into a definite direction
in space. Rotational symmetry is spontaneously
broken. This is a non-perturbative, collective
phenomenon. Many spins cooperate to form the
macroscopically magnetized material. Slow
variations in the direction of the magnetization
produce a collective low-frequency, long
wavelength motion of the spins. This spin wave
(magnon) is the Goldstone boson of spontaneously
broken rotational symmetry. In case of spontaneous
chiral symmetry breaking, the analogue of the
non-vanishing magnetization is the chiral
condensate; the analogue of the spin wave is the
octet mesons.
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The main features of QCD that percolate to low 
energy strong interaction physics:

· There are two vacuua called perturbative
vacuum and physical vacuum. Perturbative
vacuum hosts colored quarks and gluons, but
physical vacuum hosts color-less hadrons in
which quarks are confined. 

· Chiral symmetry is spontaneously broken in
transition from perturbative to physical
vacuum. Perturbative vacuum is chiral
symmetric, as u, d, s quarks are almost mass-less 
and physical vacuum is not because quarks
acquire mass. 

Any model trying to understand strong
interaction at low energy must take into account the
above two features to be consistent with the
fundamental theory of strong interaction.

Free Baryons and Resonances

Formation of structure in low energy QCD can
be addressed by studying the complete spectrum of
excited states of nucleon. This includes the
determination of the quantum numbers and decay
branching ratios of the excited states as well as the
extraction of the couplings of the states to interaction 
probes.

QCD is established as a fundamental theory of
the strong interaction. In principle, one should be
able to construct strongly interacting particles and
their interaction starting from QCD. However,
realization of QCD towards this goal has not yet
been achieved completely. This is mainly because of
the fact that quark gluon coupling constant (or
interaction strength) becomes large at low energy,
and consequently perturbative techniques fail.
Numerical methods, requiring huge resources, are
being tried and considerable progress has been made
there.

In this situation, QCD inspired models have
been introduced to understand baryons and
resonances. There are two classes of models. In one
class, quarks are taken as the basic degrees of
freedom, which are confined by a potential put by
hand. The feature of spontaneous breaking of chiral
symmetry has been considered in these models. This
model and its several variants are known as
constituent quark model [10]. In another class of
models spontaneous breaking of chiral symmetry is

taken as the fundamental feature of low energy
QCD. The basic degrees of freedom here are the
Goldstone bosons, and baryons emerge as the
solitonic excitation of the non-linear interaction
among the Goldstone bosons. These models are
known as chiral soliton models [11].

Experimentally general features of the
excitation energy spectrum of the nucleon, and the
properties of most of the baryon resonances have
been determined from pion elastic and inelastic
scattering. The baryon spectrum can be fairly well
accounted for by constituent quark model taking
three dimensional spin-independent harmonic
oscillator potential as the confining potential.
However, for a more detailed description of the
excitation energy spectrum a spin dependent
quark-quark interaction has to be included. The spin
dependent potential can be generated through one
gluon exchange or scalar meson exchange between
the quarks [12].

Baryons and Resonances in Nuclei

When baryonic or mesonic resonances form in
side nucleus by photo excitation or strong interaction 
processes, the properties of the resonances are
modified. It might be naively expected that any
resonance structure would be broadened in a nucleus 
due to many body effects comprising of Fermi

motion, collisional broadening (N*N ® N*N) and

additional decay modes (N*N ® NN). These
channels are not available for free baryon
resonances. Resonance excitation in nuclei,
however, also will be narrowed by medium effects
due to Pauli blocking final states. For example, the

decay, D ® Np is prohibited if the final state of the
nucleon is occupied.

However, modification of the properties of
hadrons including resonances can occur inside the
nuclear medium due to a fundamental feature of
QCD. The order parameter of the spontaneous chiral
symmetry breaking, the quark condensates, may
change inside the nuclear medium. Model
calculations show that quark condensate decreases
with increasing density and temperature of the
medium, leading to partial restoration of chiral
symmetry inside nuclear medium. Thus, in the
nuclear medium quarks are expected to have lower
constituent mass than that in a free nucleon. The
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hadron masses may be lowered inside the nuclear
medium. The meson-nucleon interaction strength
also will be modified.

Experimental signatures towards this are
looked for in di-lepton (e+ e-) spectrum in heavy ion
collisions [13]. Di-leptons are mostly the decay
products of vector (spin =1) meson, such as rho
meson. Modification of rho meson mass inside the
nuclear medium would lead to the shift of peak in
dilepton spectrum and signal partial restoration of
chiral symmetry in nuclear medium. Experiments
have not been able to identify yet clearly the effect
arising from the chiral restoration in nuclear
medium.

Pentaquark

There are many possibilities for combining
quarks with color into colorless hadrons. However,
only two configurations of the usual mesons and
baryons have been found till now, though QCD
predicts the existence of mesons and baryons with
more complicated internal  structure.  The
non-conventional mesons could be made of a quark,
anti-quark and one gluon, (qqg) called hybrid, or of

three gluons, (qqg) called glueballs, or of two quarks
and two antiquarks, (qqqq) , etc. Similarly

non-conventional baryons could be made of three
quarks and a gluon, (qqqg), or four quarks and an
antiquark (qqqqq), etc. 

Baryons whose minimum quark content is four
quarks and one antiquark are called ̀ `pentaquarks’’,
and those in which the antiquark has a different
flavor than the other four quarks are called ̀ `exotic’’
pentaquarks. The quantum number for these states
cannot be defined by only three quarks. For example, 
in non-exotic (uudss), baryon number, B= 1/3 + 1/3 + 
1/3 + 1/3 - 1/3 = 1 and strangeness, S= 0 + 0 + 0 + -1 +
1 = 0; and for exotic (uudds), baryon number = 1/3 +
1/3 + 1/3 + 1/3 - 1/3 = 1 and strangeness = 0 + 0 + 0 +
0 + 1 = 1. A baryonic state with S = +1 is explicitly
exotic, and observation of such a state opens up new
direction in strong interaction physics.

There were searches in the 1960’s and 1970’s
mostly in bubble chamber experiments with incident

p and K beams for a baryon with positive

strangeness.  Those experiments found no
enhancements in S = +1 baryon channels. 

Mass of (uudds) pentaquark (called Q+) with
spin = 1/2, isospin = 0, parity = +, strangeness = 1,
was predicted about 1800 MeV, and width around
hundreds of MeV in the constituent quark model.
However, chiral soliton model [15] predicted mass

and width of Q+ as 1530 MeV and about 15 MeV
respectively. The width prediction was the key for

the revival of experimental search for Q+, and in
2003 f i rs t  observat ion was cla imed in

photo-production on bound neutron in 12C, g + n ®

Q+K- ® K+nK-. The invariant mass spectra of, K+n,

shows a clear peak at, 1540 ± 10 MeV.

However, observation of Q+ is controversial
yet, as some experimental groups did not confirm its
own discovery. It  is widely believed that
pentaquarks ``do not exist’’. In recent experiments,
it is again observed. More experiments are planned.

If the existence of pentaquark is confirmed it
will change our view on strong interactions. Firstly,
quark model and its variants will be proved to be
incomplete and should be revisited for several
reasons. The traditional view of hadrons as “made
of” constituent quarks with mass ~350 MeV, cannot
explain its low mass and width. The constituent
quark models ignored two important features of
QCD namely, (1) according to quantum field theory
baryons are actually superposition of states with 3, 5, 
7,…quarks, and (2) that constituent quarks have to
interact strongly with pion and kaon fields due to
spontaneous breaking of chiral Symmetry.

Summary

A tricky point in nuclear physics, known for a
long time, is that the nucleons and mesons, the usual
hadorns that are observed in the asymptotic states are 
not the basic degrees of freedom of the strong
interaction that governs the dynamics. The
fundamental degrees of freedom of strong
interaction are quarks, and the interaction of these
quarks is described by QCD in terms of exchange of
gluons between them. Hadrons are colorless
composites of quarks and low-lying excitations in
the QCD vacuum. The QCD vacuum, in which
hadronic excitations are built, thus, is not the
perturbative vacuum; also, this vacuum does not
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share some of the symmetries of QCD, the chiral
QCD is not manifest in the physical vacuum. The
chiral symmetry of QCD is spontaneously broken.
Chiral symmetry of QCD and its spontaneous
breaking play a very important role in understanding
the strong interaction dynamics at low energy.

Nuclei exhibit a very rich excitation spectrum.
By studying these excitation spectrum it is possible
to identify the correct low energy behavior of QCD,
the fundamental theory of strong interaction. 
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