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Abstract For many years one-proton radioactivity studies have been a powerful
tool to investigate nuclear structure close to the proton drip line. In many cases,
they are the only means to give access to structural information about unbound
quantum states. In particular, these investigations can be performed with rather
low-production rates. Selected examples from the wealth of experimental information
and their theoretical understanding will be presented to demonstrate the potential of
these investigations. Recently, two-proton radioactivity was discovered and opens a
new window to study the properties of atomic nuclei even further away from nuclear
stability. The potential of this new nuclear decay mode will be outlined as well.
Finally, we present some information on other exotic decay modes at the proton
drip line.

1 Introduction
The study of the structure of the atomic nucleus started soon after the discovery of radioactivity and of the atomic nucleus itself. The ﬁrst experiments
dealt with the investigation of radioactive nuclear decay. The use of nuclear
reactions was initiated only when Irène and Frédéric Joliot-Curie produced
the ﬁrst human-made radioactivity by bombarding an aluminium foil with
α particles, which produced the phosphorus isotope 30 P and a neutron. 30 P
ﬁnally decays into 30 S.
Still today the investigation of nuclear decay modes as well as the use
of nuclear reactions are the most powerful tools to study nuclear structure.
However, investigations with nuclear reactions with a particular isotope can
only be performed reasonably well with a signiﬁcant number of this isotope
produced per time interval. A typical number is 10–100 counts per second
needed to get a meaningful result. Nuclear decay studies can be performed
with as little as one count per day. It is evident that the quality of the information gained increases with the statistics obtained in a particular experiment.
However, a rule of thumb is that decay measurements can be performed with
much lower rates than reaction studies.
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This is the main reason why investigations close to the limits of nuclear
stability are preferentially performed with nuclear decay. The nuclei of interest
are generally very weakly produced and thus the experiments do not yield
suﬃcient statistics for a meaningful reaction-type experiment.
After the observation and study of the “classical” radioactivities, i.e. α, β,
and γ decay as well as ﬁssion, theoreticians, notably Ya. B. Zel’dovich [158]
and V. Goldanskii [60], proposed at the beginning of the 1960s the occurrence of new types of nuclear decay modes, which were predicted to happen
once the nuclear forces are no longer able to bind all nucleons in nuclei with
a strong excess of either protons or neutrons. In particular at the proton
drip line, the limit of nuclear binding for proton-rich nuclei, one-proton (1p)
and two-proton (2p) radioactivity were expected to occur. For nuclei with an
odd number of protons Z, 1p radioactivity, the emission of a proton from a
nuclear ground state with a certain half-life, was predicted, whereas even-Z
nuclei were predicted to decay by 2p radioactivity, once the proton drip line
is reached. According to the deﬁnition of Goldanskii, 1p emission should not
be an open decay channel for 2p radioactive nuclei, because only in this case
the two protons are emitted simultaneously. Such a situation was expected to
appear for medium-mass nuclei where the Coulomb barrier is strong enough
to create long-lived states suﬃciently narrow so that the parent and the different possible daughter states do not overlap. Then due to nuclear pairing,
the 1p daughter nucleus has a higher mass excess than the parent nucleus and
the 1p channel is not open. It is interesting to note that 45 Fe, the nucleus for
which this radioactivity was discovered (see below) was already in the list of
nuclei of possible candidates proposed by Goldanskii [59, 61]. The occurrence
of 2p radioactivity was also extensively discussed by Jaenecke [82].
One-proton radioactivity was discovered at the beginning of the 1980’s [78,
90] and has since developed into a powerful nuclear structure tool. In many
cases, 1p radioactivity studies are today the only means to access structural
information of the most proton-rich nuclei. As will be shown below, these
experiments allow a test of the nuclear mass surface, they give access to the
sequence of single-particle levels – a fundamental input for the nuclear shell
model (see, e.g. [63]), the most successful model describing the atomic nucleus – they allow a de-composition of the nuclear wave function, they give
access to nuclear deformation, and they are a tool to studying the tunnelling
through the Coulomb and centrifugal barrier, in particular in cases of changing nuclear deformation. Basically all these experimental observables are only
accessible in these investigations.
Two-proton radioactivity was discovered more than 20 years later [58, 124].
These studies are today still in its infancy. However, with future developments
on the experimental as well as on the theoretical side they have an enormous
potential and could address questions similar to those investigated by 1p radioactivity for even more exotic, i.e. more proton-rich nuclei. In addition, due
to the presence of two protons in the decay channel, pairing studies might
give new insights into the forces governing the atomic nucleus.
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In the following, we will describe the experiments which led to the discovery of one- and two-proton radioactivity. For 1p radioactivity, we turn our
attention then to recent studies which allowed accumulating a wealth of nuclear structure data and which are today a powerful tool to investigate the
most exotic nuclei. As 2p radioactivity was discovered more recently, most of
the 2p data available to date will be presented and put into a general context
in particular as compared to nuclear models.

2 One-Proton Radioactivity
Proton emission from atomic nuclei was observed already in the early years of
nuclear physics, even before it was clear that the atomic nucleus is constituted
of protons and neutrons [102]. They were called at this time “H rays”. Clearer
indications of proton emission were obtained at the beginning of the 1960s,
when proton emission was observed after β decay of 25 Si [8]. However, in these
cases the half-life of the nuclear quantum state which emits the proton is very
short (10−15 s and shorter). Therefore this state itself cannot be observed
directly.
What one generally measures in studies of ‘direct’ (in contrast to βdelayed) 1p decay is the total half-life of the parent state, its partial half-life
for proton emission which requires the knowledge of the branching ratios for
competing disintegration modes, and the energy (Ep ) of the proton emitted. If
the radioactive atoms of interest are available as thin source, Ep can be measured by means of a suitable detector viewing the source. The Q value for 1p
decay (Qp ) can then be deduced from Ep by applying a correction for the (undetected) energy of the recoiling daughter atom. In case of deep implantation
of the radioactive atoms into a detector the electronic signal of 1p decay contains both the energy (loss) of the proton and the energy of the related recoil.
Direct 1p emission from a long-lived state was ﬁrst observed in studies of
53
Co, where an isomer with a half-life of 247 ms was identiﬁed to decay by
proton emission to the ground state of 52 Fe. Despite its high-decay energy,
this decay has such a long half-life, because (i) the proton has to “carry away”
a large amount of angular momentum and (ii) there is only a small overlap
between the nuclear wave functions of the initial and ﬁnal state. In fact, the
decay occurs between an Iπ = (19/2− ) high-spin state and the Iπ = 0+ ground
state of 52 Fe. The penetration through this high angular-momentum barrier
slows the decay signiﬁcantly down. As a comparison let us mention that the
half-life would be about 10−18 s, if there were no angular momentum to carry
away and if there were a perfect match of the wave functions of the initial and
ﬁnal states.
2.1 Discovery of One-Proton Radioactivity
One-proton radioactivity was actively searched for since its prediction in the
beginning of the 1960s by Zel’dovich [158] and Goldanskii [60]. Following
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the above-mentioned discovery of 53m Co, early experimental results were presented by Karnaukhov and co-workers at the Leysin conference [86]. These
authors bombarded diﬀerent targets with beams of 32 S and 35 Cl. For the
96
Ru target, counts possibly corresponding to proton emission with an energy of 0.83 MeV were observed and tentatively attributed to the decay of
light praseodymium (or lanthanum) isotopes. 121 Pr was discussed as a possible emitter. However, today it is not clear what the real observation was as
from new experiments [129] 121 Pr can be excluded as the possibly observed
proton emitter.
A clear and well-deﬁned signal of proton radioactivity was ﬁnally observed
in experiments at GSI in the beginning of the 1980s. In experiments at the
velocity ﬁlter SHIP (Fig. 1), 151 Lu could be identiﬁed by Hofmann et al. to
emit protons with an energy of about 1230 keV and a half-life of 80 ms [78].
Shortly after, in an experiment at the GSI on-line separator (Fig. 1) Klepper
et al. observed a second proton radioactive nucleus, 147 Tm [90]. Both nuclei
were produced in fusion–evaporation reactions, where a heavy-ion beam impinges on a suitable target with energies around the Coulomb barrier, which is
the energy where, in a simple picture, the two nuclei have a suﬃciently high
velocity to overcome the mutual repulsion due to their positive charge and
the surfaces of the two nuclei touch each other. In the ﬁrst experiment [78],
the fusion–evaporation residues were separated in-ﬂight from the beam impinging on the target by means of their reduced velocity. In the second of
these pioneering experiments [90], the fusion products were stopped, ionised,
re-accelerated and mass analysed. In both cases, the decay was observed in
silicon detectors.
Faestermann et al. [46] at the Munich TANDEM could identify proton radioactivity from 109 I and 113 Cs a few years later. In the early 1990s, extensive

Fig. 1. Schematic view of the GSI velocity ﬁlter SHIP (left panel) at which the ﬁrst
case of proton radioactivity could be successfully observed, and of the GSI on-line
mass separator (right panel) where shortly after the second 1p emitter could be
identiﬁed
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studies were performed at Daresbury Laboratory and many more ground-state
proton emitters could be observed (see, e.g. [97, 98, 119, 120, 136, 137]).This
wealth of experimental data could be acquired due to the combination of
high-resolution separators and eﬃcient detection setups which included for
the ﬁrst time the use of silicon strip detectors which allowed a rather sensitive
correlation of implantation events and subsequent decays. In fact, this combination enables an eﬃcient separation of the fusion products of interest and a
correlation in space and time of the fusion products implanted in these silicon
strip detectors with their radioactive decay, which has to occur “shortly” after
their arrival in the same position as the implantation.
After the shut-down of the accelerator at Daresbury Laboratory, these
studies were continued at Argonne National Laboratory and at Oak Ridge
National Laboratory. In both laboratories, powerful separators – the Fragment Mass Analyser (FMA) in Argonne and the Recoil Mass Spectrometer in Oak Ridge were installed and combined with detection setups including double-sided silicon strip detectors (DSSSD), which allowed achieving
high sensitivities for proton-radioactivity studies (see, e.g. [37, 134]). More
recently successful experiments have also been performed at Legnaro National Laboratory [143] and at the Accelerator Laboratory of the University of
Jyväskylä [88]. All isotopes above Z=50, for which 1p radioactivity from their
ground state or from a long-lived isomer has been observed, are represented
in the nuclear chart in Fig. 10. A summary of the experimental results is also
given in Table 1.

Fig. 2. Chart of isotopes in the region of ground-state proton emitters. The isotopes
for which proton emission from the ground state or from long-lived isomers was
observed are indicated by full circles. From Z=53 up to Z=83, proton radioactivity
was observed for all odd-Z elements but one (See also Plate 10 in the Color Plate
Section)
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Table 1. Summary of experimental information on long-lived ground- and isomeric-state proton emitters. Given are the proton energies
total
), the proton-emission branching ratio (B.R.), the orbital and/or the spin of the state
(Ep ), the half-life of the proton emitter (T1/2
emitting the proton (for deformed emitters the Nilsson-model quantum numbers are given) and the angular momentum of proton
emission as well as the references for the work. For 146 Tm, conﬂicting assignments of the proton groups are given in the literature.
The most likely assignment was chosen. However, the ground state could also be a 1+ state
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Before we will address some selected topics of 1p radioactivity, we will turn
our attention to a basic model used to analyse results from proton radioactivity and to the production of proton emitters and the detection of proton
radioactivity with modern techniques.
2.2 Barrier-Penetration Half-Life Calculations
and the Interpretation of Proton Radioactivity
The protons which are emitted by proton radioactive nuclei are quasi bound.
This means that, although the Qp value is positive, i.e. from a purely energetics
point of view they are unbound, they are bound “for some time”, the time it
takes to penetrate the Coulomb and centrifugal barrier. This is schematically
shown in Fig. 3. The barrier penetration is a quantum mechanical tunnelling
process and its half-life increases with the barrier height and decreases with
increasing Qp value.
The half-life for tunnelling can be determined with more or less sophisticated models. In a rather simple model, the half-life is a function of the
integral of the one-dimensional barrier above the energy available for the decay and the frequency with which the proton knocks on the barrier, which is
calculated from the time it takes for the proton to travel from one side of the
nucleus to the other:



2
v/2
× exp − × 2A1 A2 /(A1 + A2 ) × m0 × Sint
1/τ =
c
1.17 × (A1 + A2 )1/3

Fig. 3. Schematic representation of the tunnelling of a proton through the potential
barrier of a nucleus. Ep , the energy available for the penetration of the barrier, is
linked to the Qp value via a recoil correction. Left-hand side: The diﬀerent contributions to the potential and their sum are shown. Right-hand side: The total potential
is shown and the area under the potential which the proton has to tunnel through
is indicated
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Fig. 4. Half-life for proton emission as a function of the decay energy determined
with spherical barrier-penetration calculations with angular momentum =0. The
lower horizontal line gives the experimental detection limit due to technical limitations whereas the hatched area is the region of typical β-decay half-lives

Here, v is the velocity of the proton and m0 = 931.5 MeV/c. Sint is the integral
over the barrier as shown schematically in Fig. 3. The potential is the sum of
the nuclear potential, the Coulomb potential, and the centrifugal potential.
This simple text book model can be used to determine the barrier penetration times for diﬀerent Qp values, the mass diﬀerence between the parent
and daughter system, in diﬀerent nuclei. A similar, although somewhat more
advanced calculation is shown in Fig. 4. As can be seen, for a given nuclear
charge Z, the barrier penetration times are rather steep functions of the available decay energy. With increasing nuclear charge, these curves become less
steep which is due to the increase of the barrier height and width. The lower
line in the ﬁgure gives the lower limit of experimentally accessible half-lives.
For long barrier penetration half-lives, proton radioactivity is in competition
with β + decay. Therefore, the hatched area in Fig. 4 gives typical β-decay
half-lives in the vicinity of the proton drip line, which extend from a few
milliseconds to many seconds.
From this ﬁgure it becomes clear that 1p radioactivity has to be searched
for in the half-life region between a few micro-seconds and a few hundred milliseconds. As the barrier penetration half-life depends very sensitively on the
available decay energy, Q values around 800 keV are observed for the lightest
known proton emitters in the Z=50 region, whereas energies as high as 2 MeV
were observed for the heaviest proton emitters in the lead region. The fact
that today no ground-state proton emitter lighter than about A=100 has been
observed comes simply from the fact that in this low-mass region Nature did
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not provide nuclei with masses such that the diﬀerence between the parent
and daughter nucleus mass is in the right region.
As can be seen from Fig. 4, the Qp value window which allows to observe
1p radioactivity is much smaller for light nuclei than for heavier ones. The
addition of angular momentum changes the picture only slightly. For a given
nuclear state, the Qp value window which can give rise to proton radioactivity
widens with increasing nuclear charge. For light nuclei, this window is smaller
than 50 keV, whereas for the heaviest nuclei a window width of close to 500 keV
is reached. From this ﬁgure, it becomes evident why the probability to ﬁnd
ground-state proton radioactivity in heavier nuclei is much higher than in
light nuclei, a fact which agrees with the experimental observation of proton
radioactivity for all odd-Z elements but two for elements above tin (Z=50),
but for none below (see Fig. 10).
2.3 Production of Proton Emitters and Detection of Proton
Radioactivity
Proton-rich nuclei at the proton drip line can be produced by two conceptually
diﬀerent methods: fragmentation/spallation as well as fusion–evaporation reactions. In the former, a stable nucleus heavier than the ﬁnal product searched
for is fragmented by the impact of a high-energy (E ≈ 1000 MeV) proton
(spallation) or a energetic heavy ion with energies from a few tens MeV to a
few GeV per nucleon is fragmented in a suitable target (fragmentation) [108].
In the latter case, the nuclei of interest are produced by means of a fusion
reaction of a medium-mass stable-nuclei beam with an energy around the
Coulomb barrier impinging on a suitable target. In any case, the nuclei of
interest have to be separated from the bulk of other products.
As fragmentation reactions allow easily to reach the proton drip line only
for lighter nuclei (up to Z=50) and fusion–evaporation reactions do a much
better job for heavier nuclei, basically only fusion–evaporation reactions have
been used in proton-radioactivity experiments. In all recent studies, the proton radioactive nuclei were produced at the entrance of an in-ﬂight separator, which allows separating ﬁrst of all the primary beam from the reaction
products and in addition to select reaction products with a suitable massover-charge ratio A/Q. Although such a separator reduces dramatically the
number of nuclei one has to deal with, the nuclei of interest are nonetheless
accompanied by a large number and a large variety of other nuclei.
Therefore, a powerful detection setup is required which allows to observe
and to some extent identify these nuclei and which enables one to detect their
decay. This task became much easier once DSSSDs (Fig. 5) were introduced
in this research [136]. These detectors allow locating each event in space and
time and correlating thus the implantation of a proton emitter with its decay.
For this purpose, the implantation and decay have to take place in the same
X and Y strip of the detector, which comes down to treating the DSSSD as
x × y independent detectors, where x is the number of strips in X direction
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Fig. 5. Photograph of a DSSSD as used at the FMA of Argonne National Laboratory

and y, the number of orthogonal strips in Y direction. The experimenter has,
however, to make sure that the implantation rate in each such sub-detector is
suﬃciently low, so that on average the decay of the species implanted can take
place before a new implantation occurs. This means that the implantation rate
f should be smaller than or comparable to the inverse of the half-life of the
species studied.
The DSSSDs available today can have pitches of strips as low as 100 μm
or less. Therefore, rather highly pixelated detectors can be reached. The only
disadvantages of such high subdivisions are inter-strip dead zones, where
part of the energy signal from implantation or decay may be lost, and the
need for a large number of electronics channels to readout all strips of the
detector.
2.4 Sequence of Single-Particle Orbitals
One of the basic ingredients to the nuclear shell model is the sequence and
the energy of single-particle levels. The sequence of these levels determines
which orbitals are ﬁlled for which nucleus. The levels are well known close
to the valley of nuclear stability, but their energy is also known to change as
a function of the proton-to-neutron ratio of the nuclei. Therefore, far away
from stability, inversions of these single-particle levels occur frequently and in
order to correctly model nuclei, their sequence and their energy have to be
measured.
Proton radioactivity is a powerful tool to determine the sequence of singleparticle levels. This is done by analysing the proton-emission decay energy
and its half-life. As brieﬂy mentioned above, the barrier penetration half-life
is related to the barrier height. In the case of 1p emission, this barrier is
constituted of the Coulomb barrier due to the charge of the protons and the
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nucleus and the angular momentum barrier, which depends on the angular
momentum of the orbital from which the proton is emitted. A comparison of
the experimental partial half-life for a particular proton emission, which is the
total half-life of the nucleus divided by the branching ratio for this particular
proton-emission branch, with the half-life calculated within any well-suited
theoretical model allows to determine the angular momentum of the emitting
orbital.
Figure 6 presents such a comparison. As the barrier penetration calculations contain only the decay dynamics but no nuclear-structure eﬀects which
still slow down the emission thus yielding longer half-lives, the theoretical
value has to be shorter than the experimental datum. Knowing which singleparticle levels are close to the Fermi surface in the region of the nuclei studied,
one can in many cases clearly decide which single-particle level must be the
emitting level.
Once the single-particle conﬁguration is chosen, one can use the comparison between theoretical prediction and experimental result to determine the
“experimental” spectroscopic factor:
S exp =

tcalc
1/2,p
texp
1/2,p

(1)

Fig. 6. Comparison of experimental data and barrier penetration half-lives calculated with a simple spherical model [75] which uses a nuclear, a Coulomb and a
centrifugal potential to relate decay energy, half-life, and angular momentum of the
emitted proton in the case of proton radioactivity of 151 Lu. The fact that 151 Lu is
most likely modestly oblate deformed [47, 138] does not change the conclusion signiﬁcantly in the present case. The ground state is found to have an h11/2 structure,
whereas the emitted proton in the isomer is in an d3/2 state
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This spectroscopic factor, which includes nuclear structure eﬀects like the
radial wave function mismatch, may be compared to theoretical predictions,
e.g. from the nuclear shell model. There the spectroscopic factor is deﬁned as
S theo = | < Ψi (Z + 1, A + 1)|aj+ |Ψf (Z, A) > |2 ,

(2)

where Ψi and Ψf are the wave functions of the initial and ﬁnal states, respectively. aj+ is the creation operator for a proton in orbital j. For a perfect
overlap of the initial and the ﬁnal wave function, the spectroscopic factor is
unity.
Davids et al. [35] calculated this theoretical spectroscopic factor in a lowseniority shell model (LSSM) for the spherical region between Z = 64 and 82
and found that the spectroscopic factor depends only on the number of pairs
of proton holes p below the Z = 82 closed shell in the proton radioactivity
daughter, i.e. S theo = p/9. In Fig. 7, we compare experimentally determined
spectroscopic factors with those determined from the LSSM. Evidently, the
theoretical prediction is in nice agreement with the experimental values.
Such a relatively simple model works only in this region, where the
h11/2 , d3/2 , and s1/2 orbitals are almost degenerate and the nuclei are spherical. The fact that some of the experimental points do not lie on the theoretical curve may be linked, e.g. to deformation eﬀects which are not included
in this simple model. This deﬁciency, mainly observed for the d3/2 orbital,
can be overcome by including in more sophisticated models the coupling of
the motion of the proton to vibrations of the daughter nucleus. This type
of models were proposed by Davids and Esbensen [34] or by Hagino [72].

Fig. 7. Experimental spectroscopic factors for proton emitters from elements between Z = 69 and 81 are compared to the spectroscopic factor determined within
the LSSM
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A comparison between model calculations with and without this coupling
clearly shows the necessity of this coupling and nice agreement is obtained for
any angular momentum for odd-mass proton emitters, which decay to close
to spherical daughter nuclei. In odd–odd nuclei, however, the treatment of
the unpaired neutron as a pure spectator is another approximation which has
to be overcome, if one has a “closer look” into these nuclei. In these cases,
coupling of the unpaired neutron to the even–even core is most likely also
necessary to achieve better results.
In the case of strongly deformed nuclei in the region between Z = 63 and
67, but also for nuclei with modest deformation (Z = 53–55), these approaches
are no longer valid and deformed models have to be used [7, 33, 48, 84, 100].
In addition, Coriolis coupling, which is a kinematical coupling of the degrees
of freedom of the proton and the core and which mixes diﬀerent Nilsson conﬁgurations, becomes important (see, e.g. [7, 44, 49, 154]). However, in order
to achieve reasonable results, the pairing residual interaction, which reduces
the Coriolis eﬀect, has to be taken into account [49]. These models usually
achieve nice agreement with experimental data, when they assume deformations rather close to the predictions from the Möller et al. model [107].
All these models assume the same deformation for the parent and the
daughter state. However, e.g. in the case of proton emission from 185 Bim , the
deformation is expected to change from a moderately oblate 1/2+ intruder
state to a spherical 0+ state in 184 Pb. This deformation change is beyond the
scope of most theoretical models. The time-dependent Schrödinger equation
approach naturally includes this change of deformation [147–149]. However,
none of the studies performed up to now with this model really took advantage
from this fact and tried to describe proton emission from 185 Bim .
2.5 “Fine Structure” in Proton Emission
Most proton emitters have decay branches from the proton emitting state to
the ground state of the daughter nucleus. This is true, independent of the fact
whether it is an isomer or a ground state which decays. In these decays, the
proton often has to “carry away” a large amount of angular momentum and
a decay to an excited state might reduce this angular momentum. However,
the decay to the ground state takes proﬁt from the large decay Q value which
speeds up the decay.
The decay to an excited state in the daughter nucleus is favoured, if the
excitation energy of this ﬁnal state is low and the decay Q value stays high.
This is the case in strongly deformed nuclei. Indeed, ﬁrst evidence for this
so-called “ﬁne structure” of proton radioactivity was obtained from the decay
of 131 Eu [143]. Two proton lines with an energy diﬀerence of 121(3) keV were
observed with the same half-life. From the same half-life, from 2+ energy
systematics from neighbouring nuclei, and from the observation of peaks for
γ decay and internal conversion with correct branching ratios, the authors
concluded on the ﬁrst observation of “ﬁne structure” in proton radioactivity.
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The observation of ﬁne structure helps to clarify the nuclear structure of
the decaying nucleus. From the observation of only the ground-state decay
branch it was not possible to determine, whether in the decay of 131 Eu the
proton was emitted from the 3/2+ [411] or the 5/2+ [413] Nilsson orbital [38].
A comparison of the experimental branching ratio for emission to the ground
and the ﬁrst excited state to theoretical predictions clearly designates the ﬁrst
conﬁguration to be the one which emits the proton, in agreement with predictions from Möller et al. [107]. Detailed calculations also allowed the diﬀerent
contributions from the d3/2 , d5/2 , g7/2 , and g9/2 orbitals to the decay to be
determined. From the excitation energy of the 2+ state, the authors concluded
on a quadrupole deformation of β2 = 0.34 of 130 Sm. This is in agreement with
the expectation of strong prolate deformation in this region [107].
This ﬁrst observation of ﬁne structure triggered more work on this subject.
Thus, before its experimental observation, ﬁne structure was predicted for
141
Ho [91, 99]. From a deformation of β2 = 0.29 [107], the ﬁrst paper [99]
predicted an excitation energy of 140 keV for the ﬁrst excited 2+ state of the
daughter nucleus and, by means of their model, a branching ratio of about
5%. A similar work, although with a diﬀerent model [91], deduced a branching
ratio for ﬁne structure of 6%, while using a deformation of β2 = 0.29 and an
excitation energy of 160 keV.
Its experimental observation followed shortly after in experiments at Oak
Ridge [11, 133]. From the branching ratio for ﬁne structure observed and
the excitation energy of the ﬁrst excited 2+ state in the daughter nucleus of
202 keV, a deformation of β2 = 0.24 was inferred.
Other nuclei for which ﬁne structure was observed are 144,145,146 Tm. The
composition of the 145 Tm ground-state wave function was deduced and a
deformation of β2 = 0.18 was inferred. Although the theoretical models used
to describe the decay [34, 72] do not yield exactly the same wave function
composition, the general picture of both models is similar and indicates that
the ﬁne structure is due to a small admixture to the wave function from the
f7/2 proton orbital coupled to the 2+ state of the daughter, whereas the main
contribution to the proton decay comes from the h11/2 orbital coupled to the
0+ daughter ground state.
The situation for the two odd–odd proton emitters is much less clear. As
mentioned above, the treatment of the unpaired neutron as a spectator or as
a nucleon participating in the decay may signiﬁcantly change the picture. In
the case of 146 Tm, as much as ﬁve diﬀerent proton groups were identiﬁed and
attributed to proton emission with ﬁne structure [10, 11, 55, 129]. However,
the detailed assignments and therefore also the details of the nuclear structure
information deduced are diﬀerent and the situation is yet unclear.
In the case of 144 Tm [71], the experimental information is rather scarce
and the interpretation was strongly inﬂuenced by the results obtained on
146
Tm. The dominant decay should come from the proton – even–even core
conﬁguration h11/2 ⊗ 0+ , whereas the weaker decay to the excited state
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in 143 Er is due to the proton even–even core conﬁguration f7/2 ⊗ 0+ . This
simpliﬁed picture assumes the unpaired neutron to be a spectator.
In conclusion, one can say that ﬁne structure is a valuable tool to study
details of the wave function of the initial and ﬁnal state. However, in particular in the case of odd–odd nuclei, high-statistics and high-resolution data are
needed to disentangle the diﬀerent decaying states and make correct assignments for the experimental observation. These experimental requirements are
not always fulﬁlled and hamper thus the interpretation.
2.6 Proton Radioactivity as a Spectroscopic Tool
As mentioned in the preceding chapters, proton radioactivity can be used to
test the wave function of the emitting state, the barrier penetration, or some
aspects of the daughter nucleus. However, in recent years, proton radioactivity
has also been used as a tag to identify nuclei and to study other characteristics
of the nuclei. This tagging of an implantation event in the focal plane of a
separator allows correlating it with its production at the target station of
the recoil separator and thus ﬁlter out a few events of interest out of the
overwhelming amount of less exotic, i.e. less interesting events.
In these applications of proton radioactivity, the proton decay branch is
used to identify an evaporation residue by a delayed coincidence of proton
emission and implantation signal. As in the experiments described before,
implantation and decay have to take place in the same pixel of a DSSSD.
Then the implantation event can be correlated with γ rays observed at the
production target during the formation of the evaporation residue. As this
formation process is induced by a fusion–evaporation reaction (fragmentation
reactions can be used as well, but for the moment only fusion–evaporation
was used in this type of studies; see, e.g. [145] for similar experiments not
related to proton radioactivity), the reaction products are formed in highspin states which de-excite through γ-ray cascades, most often as an yrast
cascade. These γ-ray cascades are beneath the most interesting messengers of
nuclear structure and allow to determine, e.g. the deformation of the emitting
nucleus and its moment of inertia.
The ﬁrst example of recoil decay tagging (RDT) with proton radioactivity
was proposed by Paul et al. [122], who studied excited states of the proton
emitter 109 I. Several γ lines from the h11/2 band could be observed for the
ﬁrst time and compared with the γ-ray decay scheme of neighbouring oddmass iodine isotopes. From a drop of the 15/2− state in 109 I, an onset of
deformation for this extremely proton-rich nucleus was concluded.
After this ﬁrst use of proton radioactivity to tag events, new experiments
were performed for 109 I [157], 113 Cs [70], 117 La [96], 131 Eu [142], 141 Ho [142],
145
Tm [139], 146 Tm [129, 140], 147 Tm [140, 141], 151 Lu [96, 156], 161 Re [83],
and 167 Ir [135]. The RDT study of 145 Tm allowed to observe for the ﬁrst
time proton-γ coincidences at the focal plane of the FMA at Argonne [139].
In this experiment, protons from the ground-state to ground-state decay as
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Fig. 8. Left-hand side: Proton spectrum as observed for 145 Tm. The decay of the
145
Tm ground state to the proton daughter ground and ﬁrst excited state is observed.
The inset shows the proton–γ-ray coincidence spectrum from the focal plane of the
FMA. Right-hand side: Gamma-ray spectrum from the de-excitation of high-spin
states of 145 Tm. These γ rays are observed at the target position of the FMA and
tagged with protons from proton radioactivity observed at the FMA focal plane in
delayed coincidences (from [139])

well as the decay to the ﬁrst excited 2+ state were used as tags. Figure 8
shows the observed proton spectrum from the focal plane of the FMA and the
γ rays correlated to the proton emitters. The inset shows the proton–γ-ray
correlations.
In general, these investigations allowed to observe positive and negative
parity bands and to determine the moments of inertia and thus the deformation of these proton emitters. The basic limitation to these studies is the
production cross section necessary to achieve suﬃcient statistics. With the
γ-ray arrays available today like, e.g. GAMMASPHERE, production cross
sections of about 100 nb are necessary to observe the most important γ rays
within a reasonable experiment time.
2.7 Search for New Proton Emitters
The proton-emission studies presented in the preceding sections allowed investigating nuclear structure close and beyond the proton drip line. As can be
seen from Table 1, 28 ground-state proton emitters and 19 proton-emitting
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isomers are known experimentally. The experimental together with the theoretical investigations allow improving our understanding of the evolution of
single-particle levels in the vicinity of the proton drip line, of conﬁguration
mixing in this region, of the delineation of regions of deformation, of high-spin
states and the moments of inertia of proton drip-line nuclei and of many other
aspects.
These investigations were possible, because, unlike, e.g. α emission, 1p
emission is a relatively simple process involving only two “particle” in the exit
channel, the proton and the heavy recoil. Therefore, only two-body kinematics
is necessary and no pre-formation like in α decay is needed. Another aspect is
certainly also the fact that many proton emitters are now known experimentally and systematic trends could be explored. Therefore, the question has to
be asked whether new proton emitters will still enrich our understanding of
nuclear structure at the proton drip-line.
The possibility to discover and study a new proton emitter depends mainly
on two aspects: (i) its production cross section and (ii) its life time. The production cross section depends, e. g. on the projectile–target combination and
the number of particles to be evaporated to produce the nucleus of interest.
As a rule of thumb, the further away from stability a nucleus, the more diﬃcult it is to produce, because its production usually involves more evaporated
neutrons.
A plot showing the dependence of the production cross sections on the
number of evaporated particles is shown in Fig. 11. From this ﬁgure, one can

Fig. 9. Production cross sections for fusion–evaporation reactions used to produce
ground-state proton emitters. The cross sections vary from 10 μb for the least exotic
proton emitters produced via p2n reactions to 1 nb for the most exotic proton emitters produced by means of p6n reactions. Each additional neutron to be emitted
“costs” about an order of magnitude in cross section (See also Plate 11 in the Color
Plate Section)
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see that ground-state proton emitters which were produced by means of a p2n
reaction, meaning that the fusion compound nucleus has emitted one proton
and two neutrons to form the ﬁnal proton emitter, have a production cross
section of about 10 μb. For each additional neutron to be evaporated, the cross
sections drop by about an order of magnitude to reach a cross section of about
1 nb for p6n reactions. This fact has to be kept in mind in the search for new
proton emitters and might pose serious problems for their detection.
This clearly shows that the choice of the projectile–target combination is
crucial for the experimental success. However, this choice is today limited to
stable-isotope projectiles and targets. Although radioactive beams are now
available in many laboratories across the world, their intensity is still orders
of magnitude too small to reach, with the help of more favourable production cross section, the production rates obtained with stable-isotope projectile
beams. One may hope that new radioactive beam installations will produce
the radioactive projectiles needed in amounts which can compete with stable
beams.
The second factor, the life time of a proton emitter, is ﬁrst of all dictated
by the Qp value. Figure 12 shows this quantity for nuclei close to the proton
drip-line between proton number Z = 51 and 83. The data are taken from
Table 1 or from the atomic mass evaluation [2].
From an experimental point of view, it is particularly puzzling that for
Z = 61 no proton emitter could be observed (see Fig. 10 and Table 1). This,
of course, might just be an “accident” of Nature which did not provide a

Fig. 10. Ground-state proton-separation energies for proton-rich nuclei. The open
symbols show values taken from the 2003 mass evaluation [2], whereas the full symbols
show the known ground-state proton emitters. The full lines show calculations for
barrier penetration half-lives of 100 ms (=0) and 1 μs (=5) with a spherical WKB
model, a semiclassical approximation of quantum mechanics (See also Plate 12 in
the Color Plate Section)
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praseodymium isotope with a mass and binding energy to have a half-life
in the accessible range between about 1 μs and 100 ms. 134,135 Pm might be
possible proton emitters, but up to now experiments to ﬁnd them were unsuccessful [139].
There are also other regions, for which it is astonishing that no proton
emitters could be identiﬁed. The case of light nuclei below Z = 50 has been
discussed already above. Here again the most likely explanation is that Nature
did not provide nuclei in the range of proton separation energies, which would
have half-lives in the accessible range. The only possibility seems to be to
develop new detection setups, which should allow for the identiﬁcation of
much shorter half-lives. This is no longer compatible with the detection of
proton emission at the focal plane of recoil separators. Instead one might
imagine observing the daughter nucleus at the exit of such a separator and
to detect the proton just behind a production target at the entrance of this
separator. However, in this case the proton must be observed in a rather
hostile environment in the vicinity of the target. Double-reaction experiments
as performed, e.g. in the study of 2p radioactivity [92, 159] (see below) might
be a way out.
In the region between Z = 50 and 82, more proton emitters might also
be expected. The lines indicated in Fig. 12 show the limits for half-lives between 100 ms and 1 μs. These lines have been calculated with a spherical WKB
model assuming an =0 emission for the 100 ms line and an =5 emission for
the 1 μs line. This ﬁgure evidences that new proton ground-state emitters
might be expected for 116 La, 120 Pr, 134 Tb, 155 Ta, 164 Ir, 174,175 Tl, 184,185 Bi. In
addition, proton emission from isomers might be expected, too. However, such
an extrapolation based just upon the proton separation energies and their extrapolation is most likely too simple. As has been shown, proton emission
depends very sensitively on the angular momentum and on nuclear structure
as, e.g. the overlap between the parent and daughter wave functions. Nonetheless, this ﬁgure can serve as a guide for a more detailed theoretical study to
calculate possible proton-emission Qp values and half-lives.
More proton emitters might also be expected above lead. However, these
nuclei are more and more diﬃcult to access. In addition, α decay becomes
increasingly important and might thus prevent from observing other proton
emitters.
2.8 Conclusions on One-Proton Radioactivity
The study of proton emitters as well as their use as a tag for other investigations have allowed acquiring a wealth of new experimental data, often only
accessible by means of proton emitters, and to deepen our understanding of
nuclear structure close to the proton drip-line. In particular in the region
where the s1/2 , d3/2 , and h11/2 orbitals are quasi-degenerate, these investigations allowed to determine the sequence of these single-particle orbitals which
is an important input, e.g. for shell-model calculations. The experimental data
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also triggered new developments of nuclear-structure models or at least their
application to this ﬁeld. These models have not been described in the present
lecture and are beyond its scope. A recent review can be found in [39].
Proton emitters have been used more recently as a tag to study high-spin
states above the proton-emitting ground state. This method is certainly very
promising and will ﬁnd more applications with the increase of the performance of γ-ray spectrometers like AGATA or GRETINA and the increase in
production rates expected at new radioactive beam installations.
At these installations, one may also hope to ﬁnd new proton emitters, in
particular by using proton-rich radioactive beams with high intensity to take
proﬁt from higher production cross sections when less neutrons have to be
evaporated. In parallel, new detection methods will have to be developed to
access proton emitters with half-lives below the 1 μs range. Digital electronics
with ﬂash ADCs are probably one way to go.

3 Two-Proton Radioactivity
Similar to the situation in 1p decay studies (see introductory text of Sect.
2), the general aim of investigations of the 2p disintegration is to gain information on the total and partial half-life of the parent state and on the
energy of the two protons. The energy of the two protons and of the recoiling daughter atom determine the Q value for 2p decay (Q2p ). A particularly
interesting experimental task of 2p experiments is to measure the correlations between the two protons and to thus get insight into the disintegration
mechanism.
As mentioned in Sect. 1, 2p radioactivity was ﬁrst proposed at the beginning of the 1960s [60, 158]. Goldanskii [59, 61] was the ﬁrst to give a list
of possible candidates. Later Jaenecke [82] provided another list of possible
ground-state 2p emitters. However, these lists could not take proﬁt from wellknown mass surfaces, in particular close to the drip lines. Much more reﬁned
proposals were made in the 1990s by Brown [19], Ormand [115, 117], and
Cole [29–31]. These allowed to single out nuclei like 39 Ti, 42 Cr, 45 Fe, 49 Ni,
48
Ni, and 54 Zn as promising candidates. The uncertainities associated with
these predictions and in particular the diﬀerences beneath them did not allow
determining which of the candidates would be the best nucleus to discover 2p
radioactivity.
To illustrate this fact, Fig. 11 shows the tunnelling half-life as calculated
with a simple di-proton model (see, e.g. [19]) as a function of Q2p for the
case of 42 Cr. The ﬁgure gives the relation between half-life and Q2p value,
the latter quantity being taken from the model predictions [19, 29, 117] or
from other mass models described in the literature. It is evident from this
ﬁgure that these predictions scatter over a wide range of Q2p values et thus of
barrier-penetration half-lives so that only experiment could help to ﬁnd the
best candidates.
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Fig. 11. Barrier penetration half-life for a di-proton emission of 42 Cr as a function
of the available decay energy. The diﬀerent symbols correspond to diﬀerent Q-value
predictions from the literature. The half-lives are calculated from Coulomb wave
functions using the Wigner single-particle width (see, e.g. [19])

As the lightest of the nuclei mentioned above were the ﬁrst to become
accessible experimentally, they were also the ﬁrst to be studied. It was Détraz
and co-workers who investigated the decay characteristics of 39 Ti and found
that it decays by β decay [40]. The next nucleus to be investigated was
42
Cr [57]. Its decay was found to be dominated by β decay with a half-life
10

42

8
6
4
2
0
1000 2000 3000

4000 5000 6000

energy (keV)

42

10

counts per 1 ms

counts per 50 keV

Cr

7000

Cr
+3.6

T1/2 = 13.4 -2.4 ms

1

0

20

40 60

80 100 120 140 160 180 200

time (ms)

Fig. 12. Left-hand side: Charged-particle decay-energy spectrum obtained after
42
Cr implantation. The 1.9 MeV peak is interpreted as a β-delayed decay. Right-hand
side: Half-life spectrum for the decay of 42 Cr obtained by correlating implantation
and subsequent decay. (From [57])
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of 13.4+3.6
−2.4 ms. The decay energy and time spectra obtained during this experiment for 42 Cr are shown in Fig. 12. The prominent peak at 1.9 MeV was
excluded to be of 2p nature, as such a high energy would lead to an extremely
short barrier penetration time for the two protons (see Fig. 11), in contradiction with the 42 Cr half-life.
Finally, also 49 Ni was found to decay mainly by β decay [57]. These
early experiments could not exclude that these nuclei decay with very small
branches by 2p radioactivity. In fact, 2p radioactivity is in competition with
β + decay and the dominance of one or the other depends mainly on the Q
values for 2p and β + decay. The values determine the partial half-lives for
the diﬀerent decay modes and the branching ratio is directly related to these
partial half-lives. The shorter a partial half-life, the larger the branching ratio
for this decay branch. In order to observe both decay branches, 2p emission
and β + decay, the two partial half-lives have to have similar values.
Two-proton radioactivity was ﬁnally discovered in experiments at the
LISE3 separator of GANIL [58] and at the FRS of GSI [124]. These experiments are now described in some detail.
3.1 Discovery of Two-proton Radioactivity
Exotic nuclei can be produced by diﬀerent means. Today the most powerful
methods are the ISOL (isotope separation on-line) method [153] and the projectile fragmentation method [108]. Very schematically, the ISOL method is
better suited for precision measurements, whereas the projectile fragmentation method allows the more exotic nuclei to be studied. This latter method
allowed accessing the nuclei of interest and the most proton- and neutron-rich
nuclei we know today were produced by this method (see, e.g. [15, 79, 95]).
The investigation of 45 Fe was possible due to the availability of highintensity primary beams at energies of a few tens of MeV/nucleon or higher,
energies necessary to induce projectile fragmentation. In both experiments, at
GANIL and at GSI, 45 Fe was produced by fragmentation of a primary 58 Ni
beam impinging on the target of a fragment separator. The fragments of interest, i.e. proton-drip line nuclei around mass number A=45, were selected
by the LISE3 separator [109] at GANIL or the FRS [51] at GSI and ﬁnally
implanted in a silicon detector telescope at the focal plane of these separators.
Figure 13 shows schematic layouts of these two separators. Both use a ﬁrst
magnetic selection by means of the magnetic rigidity Bρ ≈ A × v/Q, where v
is the velocity of the fragments and Q their charge. Then the fragments are
slowed down, as a function of their energy and their charge, by a specially
shaped degrader. All fragments have similar velocities after the target, close
to the velocity of the ‘unreacted’ beam. After the degrader this is no longer
true and the fragments have velocities which are functions of their mass and
their charge. Therefore, a second selection according to their magnetic rigidity
will allow to signiﬁcantly reducing again the number of nuclei transmitted. At
relativistic energies as at the FRS, these two selections are suﬃcient to reduce
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Fig. 13. SISSI/ALPHA/LISE3 complex of GANIL (upper panel) for the production
of exotic nuclei as used in the experiments on 2p radioactivity [109] and FRS (lower
panel) which was used in the 2p radioactivity studies at GSI [51]

the number of fragments arriving at the focal plane and thus at the detection
setup. At the LISE3 separator, an additional velocity ﬁlter selecting nuclei
with a similar velocity by crossed electric and magnetic ﬁelds ﬁnally reduces
the number of nuclei so that the detectors can handle the counting rates.
The fragment separators allow decreasing the number of fragments which
arrive at the focal plane to a value which can be handled by both the data
acquisitions used and the detector system. These counting rates are typically
a few hundred per second at maximum. At this rate, nuclei are implanted in
the detection setup. To study their decay, these implantations have to be correlated with the subsequent decay of the nuclei. To allow high- implantation
rates without losing the correlation, highly sub-divided setups are necessary.
This can be achieved either by a large number of individual detectors or by
a high granularity of one detector. This last condition is fulﬁlled by highly
pixelated DSSSDs. These detectors consist of orthogonal strips on either side
of the detector. The crossing of a front and a back strip forms a pixel which
can be treated as an independent detector. Therefore, a 16 x 16 strip detector
as used in the GANIL experiment has a total of 256 pixels. The GSI experiment used a telescope of seven large-surface silicon detectors in which the
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Fig. 14. Left-hand side: Setup used at the SISSI/ALPHA/LISE3 complex of GANIL
for experiments on 2p radioactivity [58]. The silicon detectors allow one to determine
the parameters of implantation events such as energy loss, residual energy, time-ofﬂight, and position as well as the characteristics of the decays such as chargedparticle sum energy and half-life. The DSSSD was the implantation device where
the nuclei of interest stopped. The subsequent decay had to occur in the same x–y
pixel of the DSSSD. Right-hand side: Setup used at the FRS in the studies of 2p
radioactivity [124]. The nuclei of interest stopped according to their range in one of
the silicon detectors which registered their energy loss. The subsequent decay had
to take place in the same detector and the charged-particle energy and the half-life
could be measured

fragments were implanted as a function of their range. In order to keep track
of implantation and decay events, the implantation and decay rate in a single
detector element should not much exceed the inverse of the half-life of the
nuclei of interest.
The setups used at GANIL and at GSI are shown in Fig. 14. The silicon detectors register the energy loss of an ion for an implantation event
and the energy of the charged particles emitted in the subsequent decays. In
the GANIL experiment [58], the adjacent detectors allowed to search for a
β + particle which would be emitted in the concurrent β + decay. In the GSI
setup [124], the NaI barrel allows to detect γ radiation from either the annihilation of positrons from β decay or from other γ radiation. Both setups allowed
therefore distinguishing with a high degree of conﬁdence between ground-state
2p emission (no β or γ radiation) or β + decay (β and γ radiation).
The spectra accumulated with these detectors are shown and explained in
the following. The fragments arriving at the focal plane of the separators are
usually identiﬁed by their energy-loss, their time-of-ﬂight, and their magnetic
rigidity. These quantities allow preparing plots which unambiguously identify
and separate all fragments. Such a plot is shown for the experiment performed
at GANIL (see Fig. 15). Although only two parameters, namely energy-loss
and time-of-ﬂight, are shown, eight other independent parameters were used
to purify the spectrum and obtain this almost background-free spectrum. A
similar spectrum was also obtained in the GSI experiment.
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Fig. 15. Fragment identiﬁcation spectrum from the GANIL experiment [58]. The
energy loss in the ﬁrst silicon detector of the setup (see Fig. 14) is plotted as a
function of the time-of-ﬂight from the production target in the SISSI device to
the detection setup. Individual nuclei correspond to the diﬀerent clusters of events.
Nuclei absent in the plot are known to be particle unstable with half-lives much
shorter than the ﬂight time through the separator

Each of the implantation events shown in Fig. 15 can then be correlated
to subsequent decays in the same detector element. The signal heights registered for the decay events yield the charged-particle energy spectrum, whereas
the time elapsed between implantation and decay yields the decay-time spectrum. Both decay-energy and decay-time spectra are shown in Fig. 16. These
spectra contain the decay characteristics from the GANIL and the GSI experiments which lead to the discovery of 2p radioactivity [58, 124] as well as
from an experiment performed in GANIL in 2005 [43]. They yield an energy of
1.151(15) MeV. The half-life average of all experiments is T1/2 = 1.75+0.49
−0.28 ms
and the 2p branching ratio is BR = 59(7)%. This gives a partial 2p half-life
2p
= 3.0+0.9
of T1/2 / BR = T1/2
−0.6 ms.
A ﬁrst indication that the charged-particle peak at 1.151 MeV is indeed
of 2p radioactivity nature comes from the fact that this energy ﬁts nicely
the prediction from recent Q-value calculations. Brown [19] gives a value of
1.154(94) MeV, whereas Ormand ﬁnds a Q value of 1.279(181) MeV [115].
Both values are in nice agreement with our experimental value. Cole’s calculations result in a value of 1.218(49) MeV, which is in reasonable agreement
with our experimental result [29].
A second experimental observable was the absence of any additional radiation such as β or γ rays. As explained above, both the GANIL as well as the
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GSI setup were equipped with detectors capable to register such radiation.
Although the detection eﬃciency was far from 100%, the fact that none of the
events with a decay energy around 1.151 MeV was in coincidence with such
radiation leaves only a probability of about 1% to miss all radiation if it is
present (see Fig. 17). As an example we explain the situation from the GANIL
experiment.
The β detection eﬃciency was determined by means of neighbouring nuclei
which emit β-delayed protons to be 30%. This means that there is a 70%
probability to miss a β particle, if present, in one decay event. To miss both
β particles in two decay events, the probability is 0.7 × 0.7, i.e. 49%. It
is easy to determine that the probability to miss all β particles in the 12
decays of the ﬁrst GANIL experiment which contribute to the 1.151 MeV
peak is 1.4%. A similar reasoning for the GSI experiment yielded a comparable
result [124].
If the peak observed at 1.151 MeV is due to, e.g., a β-delayed proton
emission, the silicon detector which registers the decay detects not only the
proton, but also the β particle which leaves part of its energy in the detector.
As shown in Fig. 18, this leads to a broadening of the observed peak. The
energy deposited by the proton is constant, but the energy loss of the β
particle depends on the emission point in the detector and in particular on
the emission direction. A comparison of the 1.151 MeV peak with β-delayed
proton peaks in neighbouring nuclei showed that these latter peaks are up
to 50% larger. The narrow width of the peak in Fig. 16 is therefore another
indication for the 2p radioactivity nature of the decay of 45 Fe.
These diﬀerent pieces of evidence leave only little room for another explanation of the events observed than 2p radioactivity. Maybe the most convincing piece is the observation of the daughter decay. For this purpose,
one analyses the second radioactive decay after implantation of an isotope
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Fig. 17. (a) Spectrum as registered by the Si(Li) detector behind the implantation
device from the GANIL experiment [58] for the decay of 45 Fe gated by the 2p peak.
The spectrum shows that beyond the noise of the detector, no signal from β particles is observed. The inset shows the decay-energy spectrum from the implantation
detector with the peak corresponding to 2p radioactivity which was used to gate the
β-particle spectrum. (b) Same spectrum as in (a) but for 46 Fe. The main spectrum
shows the events due to β particles in coincidence with the region indicated in the
right inset which represents the charged-particle spectrum from the decay of 46 Fe
with the gate region indicated. The left inset shows the full spectrum of the Si(Li)
detector for all events from 46 Fe decays

Fig. 18. Left-hand side: Sketch of a 2p emission without associated β particle; the
total decay energy being registered by the implantation silicon detector yields a
narrow peak. Right-hand side: Sketch of a β-delayed proton emission; the proton is
absorbed in the silicon detector but the β particle adds more or less energy to the
signal depending on its emission direction and thus broadens the peak
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of 45 Fe with a gate on the 1.151 MeV peak from the ﬁrst decay. The analysis sequence is the following: (i) one identiﬁes a 45 Fe implantation by means
of energy-loss, residual-energy, and time-of-ﬂight measurements. (ii) one observes, correlated in space, i.e. in the same detector element, and time with
this implantation, the ﬁrst decay of the implanted isotope. (iii) by gating on
the 1.151 MeV peak one searches for the second decay again subsequent in
time, but in the same detector element. This second decay is then the decay
of the daughter nucleus produced in the ﬁrst decay with an energy release of
1.151 MeV.
The events between 3 and 5 MeV in the decay-energy spectrum of 45 Fe
(see Fig. 16) were from the beginning interpreted as being due to the decay
of 43 Cr, the 2p daughter of 45 Fe. This was only indicative, as the chargedparticle spectrum from the decay of 43 Cr is not very distinct. It shows a large
distribution of events between 2 and 5 MeV without any really pronounced
peak. What yielded more convincing arguments was the daughter-decay halflife. When taking into account all decay events after 45 Fe implantation and
performing a parent–daughter ﬁt for the half-life, i.e. including the decay of
the parent nucleus (45 Fe) and the grow-in and decay of the daughter (43 Cr),
one can determine the daughter-decay half-life. This half-life was determined
in the ﬁrst experiment [58] to be T1/2 = 16.7(70) ms, which may be compared
to the half-life of 43 Cr of 21.1(4) ms [42].
This argument could be reﬁned with increased statistics. Figure 19 compares the second-decay half-life after 45 Fe implantation and in coincidence
with the 1.151 MeV peak with the half-lives [42] of all possible daughters of 45 Fe. It is evident from this ﬁgure that only the half-life of 43 Cr,
the 2p daughter of 45 Fe, is in agreement with the observed daughter-decay
half-life.
The argument of the daughter-decay half-life together with the other pieces
of evidence presented before leaves no other room for the interpretation of the
experimental observation than ground-state 2p radioactivity. This establishes
2p radioactivity as a new nuclear decay mode.
3.2 Direct Observation of Two Protons in the Decay of

45

Fe

The experiments presented up to now did not allow to observe directly the
two protons emitted in the decay of 45 Fe. Nonetheless, they yielded irrefutable
evidence of this new decay mode. However, to study in more detail the decay
of nuclei by 2p emission and in particular to investigate the decay mechanism,
it is necessary to observe the two protons and to determine the energy sharing
between them and the proton–proton angle.
For this purpose, the principal deﬁciency of silicon detectors had to be
overcome. These detectors do not allow the protons to escape from the detector. Therefore, only their sum energy could be determined. To directly observe
the two protons, gas detectors were built which function as time projection
chambers (TPC). In these devices, the isotope to be studied is stopped in the
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Fig. 19. The experimentally determined daughter-decay half-life conditioned by
the 1.151 MeV peak (see Fig. 16) is compared to the half-lives [42] of all possible
daughter decays for 45 Fe. Only the half-life of 43 Cr, the 2p daughter of 45 Fe, is in
agreement with the experimental value

gas volume where it emits the two protons. The charges generated by these
charged particles are projected onto a two-dimensional (2D) detector which
produces a 2D picture of the decay. The third dimension is obtained by means
of the arrival time of the charges on this 2D detector.
Such a device (the Bordeaux TPC [16]) was recently commissioned at the
LISE3 separator and the decay of 45 Fe was studied [56]. One of the 45 Fe decay
events registered with this chamber is shown in Fig. 20. The top of the ﬁgure
shows the implantation event and allows to determine the stopping position of
the 45 Fe nucleus. The lower part presents the subsequent decay event, where
the two-hump structure can only be explained by the emission of two protons.
A similar device was developed at Warsaw University. It combines the
principles of a TPC with techniques of digital photography. In this optical
time projection chamber (OTPC), primary ionisation charges created by ions
and particles stopped within the detector’s active volume drift in a uniform
electric ﬁeld towards the ampliﬁcation stage where they induce emission of
light. This light is recorded by a CCD camera and by a photomultiplier (PM).
The camera image provides a 2D projection of the particles’ tracks while
the digitised PM signal delivers information on the position along the drift
direction. Combination of these two allows a full reconstruction of a decay
event in three dimensions. More details on the operation of this detector are
given in [104].
The OTPC was used to study the decay of 45 Fe in an experiment performed
at the NSCL of Michigan State University, East Lansing, USA. The ions of
45
Fe produced by the fragmentation reaction of a 58 Ni beam at 160 A×MeV
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Fig. 20. A single event of 2p decay of 45 Fe from a recent experiment performed
with the Bordeaux TPC at the LISE3 facility of GANIL. The top row shows the 45 Fe
implantation event, where the ion enters the chamber parallel to the X direction and
stops in the center of the chamber. The decay (bottom) takes place at the point where
the ion is stopped. The double-hump structure is clear evidence for the emission of
two protons in the decay of 45 Fe (from [16])

on a nickel target were selected using the A1900 separator, identiﬁed in-ﬂight
and stopped inside the OTPC. The events of 2p radioactivity of 45 Fe were
clearly identiﬁed. An example is shown in Fig. 13.
The β-decay channels accompanied by emission of protons were also
recorded. Figure 13 shows also a CCD image of an event interpreted as a
β-delayed three-proton emission. This represents the ﬁrst observation of such
an exotic decay channel [106]. The reconstruction of 75 events of 2p decay of
45
Fe allowed to determine the angular and energy correlations between emitted protons for the ﬁrst time [105]. They were found to be in good agreement
with the predictions of the three-body model of Grigorenko and co-workers [68]
(see Fig. 22). These ﬁndings open a new possibility to examine the structure
of nuclei at the neutron-deﬁcient limit of nuclear existence.
3.3 Other Two-Proton Emitters
The decay of 45 Fe was the ﬁrst to evidence 2p radioactivity. However, from
theoretical calculations [19, 22, 29, 115, 116] it was evident that other nuclei,
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Fig. 21. Left-hand side: Example of a CCD image of a two-proton decay event of
45
Fe taken in a 25 ms exposure. A track of a 45 Fe ion entering the chamber from the
left is seen. The two bright short tracks are protons of about 0.6 MeV. They were
emitted 0.62 ms after implantation of the ion (from [105]). Right-hand side: Example
of a CCD image of a β-decay event of 45 Fe. A weak track of a 45 Fe ion entering from
the left is seen. The three long bright tracks are consistent with high-energy protons
escaping the active volume of the detector. The decay occurred 3.33 ms after the
implantation. The event is interpreted as a β-delayed three-proton decay of 45 Fe
(from [123]) (See also Plate 13 in the Color Plate Section)

Fig. 22. Left-hand side: Proton–proton correlations in the 2p decay of 45 Fe. The
experimental distribution of the opening angle between the two protons (left) and
the energy distribution of the emitted protons in units of the total decay energy
Q2p (right) are shown as histograms. The predictions of the three-body model of
Grigorenko and co-workers [68] are shown by the solid lines (from [105])

in particular 48 Ni and 54 Zn, could also show the new decay mode. The decay
of these nuclei was investigated in experiments at the LISE3 separator of
GANIL.
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Fig. 23. Decay-energy spectrum from 54 Zn. The spectrum is generated from the ﬁrst
decay events after implantations of unambiguously identiﬁed 54 Zn. Implantation and
decay are correlated in space and time by means of a DSSSD as the implantation
device. The peak at 1.48(2) MeV is due to 2p radioactivity

Due to its high-production rates, clear evidence for 2p radioactivity could
be obtained for 54 Zn. The decay-energy spectrum for 54 Zn is shown in Fig. 23.
The diﬀerent arguments used to establish that the identiﬁed decays are indeed
due to 2p radioactivity are the same as just developed for 45 Fe: (i) the decay
energy which matches modern theoretical predictions [22, 29, 116], (ii) the
narrow width of the 2p peak, (iii) the absence of β radiation, and iv) the
daughter decay characteristics.
For 48 Ni, the situation is much more complicated. The production rate
of this nucleus is so low that only about one nucleus can be produced per
day. Nonetheless, the decay of this nucleus could be studied to some extent
in a recent GANIL experiment [43]. Four implantations could be observed
and correlated with subsequent decays in the same DSSSD pixel. The decayenergy and decay-time spectra obtained are shown in Fig. 14. The event with a
decay energy of 1.35(2) MeV has no β particle in coincidence, whereas all other
events have a β particle detected in one of the silicon detectors adjacent to the
implantation detector. Therefore, this event may be due to 2p radioactivity.
It is followed very shortly by a second decay, which is in agreement with
expectations for a 46 Fe decay [42], the 2p daughter of 48 Ni [43].
Although the observation of a single possible 2p radioactivity event is far
from being suﬃcient for establishing this decay mode of 48 Ni, this event has
nonetheless all characteristics of a 2p event. However, it is evident that this
calls for conﬁrmation. To achieve higher-statistics data, one needs either much
longer beam times, e.g. at GANIL or new facilities like the RIBF installation
recently commissioned at RIKEN, Japan have to be used.
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Fig. 24. Left-hand side: Decay energy of 48 Ni obtained from a recent GANIL experiment [43]. The event with the lowest energy is most likely due to 2p radioactivity
of 48 Ni. The other events were observed in coincidence with β particles in adjacent
detectors. Right-hand side: The decay-time spectrum for the four decay events of
48
Ni is plotted. The event shown as a full histogram is the low-energy event. The
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half-life is T1/2 = 2.1−0.7

3.4 Comparison with Theoretical Models
The ﬁrst model applied to 2p radioactivity is the so-called di-proton model
(see, e.g. [19, 115]). In this model, the two protons are supposed to form a
structure-less “particle” with mass A = 2 and charge Z = 2. No considerations
are made about possible binding or resonance energies. The di-proton just has
no internal structure. Therefore, the total energy available for the decay Q2p ,
i.e. the mass diﬀerence between the parent state (e.g. 45 Fe) and the daughter
state (43 Cr+2p), is available as kinetic energy for the decay. A di-proton with
energy Q2p tunnels through the Coulomb barrier and separates outside the
nucleus into two independent protons. This simple di-proton picture was also
used to calculate the curve relating the decay energy and the tunnelling halflife in the case of 42 Cr in Fig. 12.
It is evident that neglecting any interaction between the two protons which
are known to form a resonance is not a good approximation. Therefore, this
model was extended to include the proton–proton interaction [5, 6]. In this
extended R-matrix model, the decay is sub-divided into two sequential decays, a ﬁrst decay where the parent nucleus emits two protons which form a
resonance state. In the second step, this resonance disintegrates by emitting
the two protons. Nuclear-structure eﬀects like the imperfect overlap of the
parent and the daughter wave functions are included via spectroscopic factors
calculated by means of the nuclear shell model.
This model was recently applied to 2p radioactivity for 45 Fe [21, 43],
48
Ni [43], and 54 Zn [13]. As can be seen from Fig. 25, reasonable agreement
is obtained for all three nuclei.
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The extended R-matrix model contains to a large extent the nuclear structure needed to describe 2p radioactivity. However, the dynamics of the emission process is completely neglected. A model which treats this dynamics
part in a much more thorough way is the three-body model developed by
Grigorenko and co-workers [64, 65]. Nuclear structure is included only at the
rather basic level of single-particle orbitals. This model describes 2p radioactivity from a resonance consisting of an inert core with mass A − 2, where A is
the mass number of the 2p emitter, and two protons. These three particles are
quasi-bound due to realistic interactions. Therefore, this model allows calculating the energy sharing between the three particles and the relative emission
angles in the 2p-emitter center-of-mass frame (see Fig. 22). However, it is not
quite clear how the observed correlations can be linked to the nucleon–nucleon
correlation inside the nucleus.
This model was used to relate the decay energy to the decay time for
diﬀerent single-particle levels [64, 65] in the cases of 45 Fe, 48 Ni, and 54 Zn.
The results are shown as the lines in Fig. 25. The experimental results for

Fig. 25. Experimental information on ground-state 2p emission compared to model
predictions from the extended R-matrix model of Brown and Barker [21], the threebody model of Grigorenko et al. [64, 66, 67], and the SMEC of Rotureau et al. [131,
132] for 45 Fe, 48 Ni, and 54 Zn
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all nuclei lay between the theoretical predictions from this model for f and p
single-particle levels.
The most recent model developed for 2p radioactivity is the shell model
embedded in the continuum (SMEC). This model was originally developed for
one particle in the continuum to couple bound states and continuum states.
The model was then extended to two particles in the continuum to describe
2p radioactivity [131, 132]. It has three subspaces, one for the bound states
and two for the coupling to the continuum states. The results from this model
depend strongly on the Q value for one-proton emission which is not known
experimentally.
The results from the SMEC are also plotted in Fig. 25. The sizes of the
rectangles in the ﬁgure correspond to the uncertainties from this model which
are due to uncertainties from the experimental Q2p and Qp values and the
diﬀerent eﬀective interactions used.
The comparison of the experimental data with the model predictions as
shown in Fig. 25 demonstrates that these models are able to describe this new
nuclear decay mode reasonably well. Part of the discrepancies comes from a
lack of theoretical input in the models. As mentioned above, the extended
R-matrix model does not contain the dynamics of the emission process. The
same is also true for the SMEC. The three-body model which treats best the
emission dynamics has large deﬁciencies concerning nuclear structure. Future
developments certainly have to try to treat both aspects, nuclear structure
and emission dynamics, at the same level.
3.5 Conclusions on Two-Proton Radioactivity
The experimental results presented in the preceding paragraphs have demonstrated that 2p radioactivity is established as a new nuclear decay mode (see
[17] for a recent review of the ﬁeld). Although the experimental information
is still scarce, this decay mode was shown to be the main decay branch for
45
Fe and 54 Zn. In the case of 48 Ni, more decays of this nucleus have to be
studied to deﬁnitively demonstrate that 2p radioactivity is also present as a
decay branch.
The theoretical models succeed to describe this new phenomenon astonishingly well. However, none of the models contain all necessary inputs to
completely describe 2p radioactivity. New developments are needed to go beyond the present descriptions of 2p radioactivity.
To understand 2p radioactivity and to develop it into a powerful nuclear
structure tool, more 2p emitters have also to be studied. Possible candidates
are 59 Ge, 63 Se or 67 Kr which can be reached at new facilities like the Japanese
RIBF at RIKEN or the FAIR facility of GSI in Germany.
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4 Other Exotic Decay Channels
Besides 1p and 2p radioactivity, proton-rich nuclei may also decay by other
decay channels. These decay channels are, e.g. β-delayed single- or multiproton emission, β-delayed α emission, or emission of protons from excited
states populated by other means. The exhaustive treatment of these channels
is beyond the scope of the present lecture notes, however, we will nonetheless
discuss a few selected examples shortly.
4.1 Beta-Delayed Decay Modes
Beta-delayed one-proton (β1p) emission is today almost a standard decay
mode. It was observed in close to hundred diﬀerent nuclei (see [14] for a
recent review). This decay mode is extensively used to determine nuclear
masses [42], parameters of fundamental interactions [1], isospin mixing [50],
nuclear spins [150], the Gamow–Teller strength distribution in nuclear β decay [151], parameters of nuclear astrophysics [23], and much more.
In principle, β-delayed two-proton (β2p) emission can be used just for the
same research areas. However, these β2p emitters are still further away from
the valley of stability than the β1p emitters and therefore more diﬃcult to
produce. Only nine β2p emitters are known experimentally. However, more
than ten are expected to be observable up to mass number A=100 [14]. The
main interest of these β2p emitters is most likely the possibility to study
proton–proton correlations. Although all decays investigated up to now turned
out to be purely sequential decays, i.e. one proton is emitted after the other,
a small correlated branch is expected from theoretical considerations [20].
If observable, these correlations may give valuable insights in, e.g. pairing
correlations in the atomic nucleus.
As mentioned earlier (see Fig. 13 (right)), the most exotic of these
β-delayed decay modes is the β-delayed three-proton decay recently observed
in the decay of 45 Fe [106]. However, beyond the interest of its observation
itself, the nuclear structure information which can be gained from this decay is probably limited. As it is most likely an emission from the isobaric
analogue state in 45 Mn, it would be, however, interesting to see whether
nuclear structure models will be able to predict or reproduce the branching ratios for one-, two-, three-, and maybe even four-proton emission from
this state.
Beta-delayed α emission is an important decay mode only for a handful of
light nuclei [14]. It plays a role in determining certain astrophysical parameters
(see, e.g. [26, 52]). Its importance for nuclear structure comes from the fact
that light nuclei often break up into several α particles [41]. These break-up
channels are the inverse of astrophysical reactions like the triple-α capture
reaction to form 12 C which is at the origin of life.
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4.2 Two-Proton Emission from Short-lived States
The term 2p radioactivity was coined by Goldanskii [60] in order to describe
a phenomenon where 2p emission is possible, but the 1p emission channel is
energetically not accessible. In addition, he requested, somewhat arbitrarily,
a half-life of more than 10−12 s for the 2p emitting state.
Beyond 2p emission as described above, i.e. 2p radioactivity and β2p emission, other 2p emission modes exist and have been observed. Thus 2p emission
with a half-life as short as nuclear reaction times (t ≈ 10−21 s) has been observed from the ground states of 6 Be [18], 12 O [92], and 19 Mg [110]. However,
all experimental information is in agreement with a three-body decay limited
just by phase space, which most likely means that the decay mainly proceeds
through the tails of broad intermediate states in the 1p daughter nucleus.
Two-proton emission from nuclear states populated in inelastic reactions
has been observed in the decay of levels in 14 O [4], 17 Ne [27, 28, 159], 18 Ne [62],
and 19 Na [114]. All these observations are again in agreement with an uncorrelated emission pattern, except for 17 Ne where a proton–proton angular
correlation could be found for higher-lying excited states [159].
The interpretation of this decay pattern is still controversial. Other work
suggested that some of the excited states of 17 Ne may have a pronounced 2p
halo structure and a large overlap with the 15 O ground state leading to much
larger spectroscopic factors for a direct 2p decay than for a sequential decay [69, 85]. However, the measured energies of the two emitted protons from
17
Ne show large diﬀerences which cannot be reconciled with a di-proton scenario where roughly equal energies are expected for the two protons. Another
explanation of the 2p emission pattern in 17 Ne could be a large deformation
in higher-lying states. Strong anisotropy of the Coulomb barrier could be a
source of dynamical correlations between emitted protons even if this 2p decay is a sequence of two successive 1p emissions. Obviously, for a consistent
interpretation of the 15 O + 2p data, higher statistics is mandatory.
4.3 Two-Proton Emission from

94

Ag

The decay of 94 Agm is particular in several respects. It possesses two longlived β-decaying isomers and has the highest spin state ever observed to β
decay. One of these isomeric levels decays by several diﬀerent decay branches:
β-delayed γ decay [32, 125], β-delayed proton emission [111], direct proton
decay [113], and direct 2p emission [112].
In particular, the 2p emission branch is peculiar. The experimental setup
allowed the measurement of the individual proton energies and the relative
proton–proton angle. Although the statistics of the 2p experiment is rather
low [112], the authors identiﬁed proton–proton correlations. They interpreted
these data as due to simultaneous 2p emission from a strongly deformed ellipsoidal nucleus. In this case, the strongly asymmetric Coulomb barrier favours
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the emission of two protons within narrow cones around the poles of the ellipsoid, either from the same pole or on opposite sides.
It is not clear to which extent the observed proton–proton correlations in
such a scenario are related to proton–proton correlations inside the nucleus. As
only microscopic theoretical studies of the 94 Agm decay could disentangle an
internal structure of decaying states from dynamical eﬀects of the anisotropic
Coulomb barrier, providing thus more details about the 2p decay pattern in
the nucleus, and these studies are impossible using present-day computers, a
detailed interpretation of the observed data is not possible today.
From the experimental side, further experiments of the 94 Agm decay cannot be made without new technical developments to produce 94 Agm as the
on-line separator of GSI unfortunately has been dismantled a few years ago.
Therefore, a detailed understanding of the decay properties of this isomeric
state based on new high-statistics experimental data has to await the production of 94 Agm at facilities other than the GSI on-line separator [130].

5 Conclusions
Nuclear structure studies in the vicinity of the proton drip line have yielded
a wealth of information on the organisation of protons and neutrons in the
atomic nucleus. For many elements, they have allowed to reach the limits of
nuclear stability and therefore to test our theoretical understanding of nuclear
structure of the most proton-rich species which exist.
One-proton radioactivity has developed, since its discovery at the beginning of the 1980s, into an indispensable tool of nuclear structure investigations
beyond the proton drip line. To a large extent, the experimental information
and the theoretical understanding which went along with it, e.g. the sequence
of single-particle states, deformation eﬀects, or the composition of the nuclear
wave function, can only be obtained by means of these studies. Therefore,
this decay mode will most likely keep its importance in the next decade, as
higher-intensity primary beams but possibly also the use of radioactive beams
will still enhance the quality of the data achievable and allow thus an even
more detailed investigation of nuclear structure close to or beyond the proton
drip line.
Two-proton radioactivity, recently discovered, suﬀers from the rather low
production rates of the 2p emitters. It is needless to say that future facilities
will bring an increase by at least one, maybe several orders of magnitude
of these rates. This will enable us to reﬁne the studies performed with 2p
radioactivity to the same degree as one-proton radioactivity today. Therefore,
basically all the investigations performed with one-proton radioactivity could
be also tried with these 2p emitters. In addition, the 2p emission process
may ultimately allow also to investigate proton–proton correlations inside the
atomic nucleus.

One- and Two-Proton Radioactivity

193

The β-delayed decay modes have impressively demonstrated their usefulness in many experiments. They are a rather universal tool applied in investigations concerning the nuclear mass surface, astrophysics, fundamentalinteraction studies or other topics of nuclear structure. Their potential will
continue to increase with increased production rates for the most exotic of
these emitters.
For all these reasons, the study of very proton-rich nuclei in the vicinity of
the limits of nuclear stability is an extremely powerful tool of nuclear structure
physics and of related research ﬁelds. The eﬃcient use of present-day facilities
and the construction of new installations for nuclear research can only increase
its usefulness.
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