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1. Introduction

One of the current frontiers in low-energy nuclear-physics research is the study of nuclei at the limits of nuclear
stability. These limits are determined by nuclear binding energies and are characterized by the drip lines which separate
bound systems from the unbound ones on the chart of nuclei. This article is focused on the very neutron-deficient nuclei,
beyond the proton drip line. This region is very interesting, mainly due to unique phenomena resulting from interplay
between nuclear forces, in particular pairing interaction, and the Coulomb force. The emerging Coulomb barrier hampers
emission of unbound protons which brings into competition beta decays governed by weak interactions. In addition,
proton unbound nuclei are examples of open quantum systems in which coupling to the continuum of scattering states
affects various features like Thomas-Ehrman shift or clustering phenomena.

Beyond the proton drip line, unbound protons can be emitted from a nucleus leading to proton radioactivity. Single-
proton emission from the nuclear ground-state, occurring for nuclei with odd number of protons (Z), has been studied
since 40 years and developed into a powerful spectroscopic tool providing a wealth of information on properties and
structure of exotic nuclei [1]. On the other hand, a characteristic decay of even-Z unbound nuclei is the two-proton (2p)
radioactivity in which two protons are ejected simultaneously from a nucleus. This is the most recently discovered decay
mode and still the least known. This phenomenon is the central topic of the present article in which we make a summary
of the current status of the experimental and theoretical studies on the 2p emission.

In the past, developments in this research field were presented in review articles by Blank and Borge [2], Blank and
Ploszajczak [3], and Grigorenko [4]. Recently, a status of two-proton radioactivity was summarized by Zhou et al. [5]. A
broader overview of radioactive decays at the limits of nuclear stability was given in Ref. [ 1]. A pedagogical introduction to
nuclear physics at the proton dripline and to radioactive decays with emission of charged particles can be found in [6,7],
respectively.
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Fig. 1. Schematic picture of a 2p-unbound nucleus. The solid line illustrates the radial part of nuclear potential (including Coulomb interaction) as
a function of the distance from the nuclear center (r). The potential felt by protons, represented by full circles, is shown on the right side. The
sum of the repulsive, long range Coulomb interaction and the attractive, short range nuclear force creates the Coulomb barrier. The potential felt
by neutrons (open circles) is shown on the left. The dotted lines indicate alternative decay modes: 2p emission and g* decay.

1.1. Basic concepts

The limit of nuclear stability for neutron-deficient even-Z nucleus is determined by the two-proton separation energy:

Syp =B(N,Z)—B(N,Z —2), (1)

where B(N, Z) is the binding energy of the nuclide with N neutrons and Z protons. The (two)proton drip-line is defined
as the border between the last bound isotope and the first one with the negative value of the S,,. Thus, the exact location
of the drip-line requires precise knowledge of nuclear masses in the region of interest.

The nuclear potential for protons and neutrons in a 2p-unbound nucleus is schematically shown in Fig. 1. Although the
last two protons are unbound, they are confined by the Coulomb barrier which prevents them form the rapid emission. The
partial half-life of the 2p decay is strongly affected by the tunneling probability through this potential barrier, which in turn
is extremely sensitive to the decay energy Q,, = —Sy,. To illustrate this sensitivity we consider the WKB approximation [8]
in which the partial half-life for the emission of a charged particle from a nucleus is proportional to the Gamow factor
describing the tunneling process:

G =exp |:2 /rom dr lzh—? |Q — V(r)|:| , (2)

where pu is the reduced mass of the particle and the daughter nucleus, Q is the decay energy, and the V(r) is the radial
part of the particle-nucleus potential. The integral runs over the classically forbidden region, where particle remains under
the barrier. Taking the Woods-Saxon potential with the Coulomb term and assuming the tunneling of a diproton (*He)
with the orbital angular momentum of £ = 0, we have calculated the G-factor for the three cases of 2p emission as a
function of the decay energy, see Fig. 2. It can be seen that a change of the decay energy by a few hundred keV changes
the G-factor by a few orders of magnitude. Thus, the reliable prediction of 2p decaying candidates requires very accurate
knowledge of the decay energy, in addition to a model of the 2p decay mechanism.

On the other hand, the 8% decay channel is opened with the partial decay constant proportional to Q2. Since the beta
decay energy Qg is large for nuclei far from stability, the resulting 8 half-lives can be as short as a few milliseconds. This
has important consequences for experimental observation of the 2p decay. To win the competition with 8% decay, it has
to proceed faster, with the half-life of the order of milliseconds and shorter. Hence, production and separation of such a
nucleus must be fast and calls for special experimental techniques. We note that when the Coulomb barrier is sufficiently
high, the BT decay of an unbound nucleus will be faster that the proton emission and will dominate the decay. Thus, an
observation of the proton emission proves that the nucleus is beyond the drip-line but does not allow to locate this line.

Another important aspect of the 2p emission is the competition with the single proton emission. Possible scenarios are
illustrated by respective decay energy schemes in Fig. 3. In this Figure, in addition to the separation energies, we indicated
two energy values for future reference: Er is the energy of the three-body system, relative to the break-up threshold, and
E; is the lowest two-body resonance relative to this threshold. The typical situation for the ground state of an even-Z

3
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Fig. 2. Gamow factor for the diproton penetration through the potential barrier as a function of the 2p decay energy Q,, for the three 2p emitters.
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Fig. 3. Energy conditions for different modes of two-proton emission: (a) true 2p decay, (b) sequential emission via a narrow intermediate state.
The cases (c) and (d) represent “democratic” decays.

medium mass nucleus beyond the proton drip-line, and the most favorable for the 2p radioactivity, is shown in the panel
(a). Due to the pairing interaction, the S, energy is negative, while the single proton separation energy, S, is positive,
or close to zero. Then, the emission of a single proton, and thus also sequential emission of two protons, is energetically
forbidden or strongly suppressed. This type of decay has essentially three-body character and we refer to it as the true
2p decay.

In the situation shown in the panel (b), the proton separation energy S, is negative so that the initial nucleus can decay
by sequential emission of two protons. Such a scenario may occur in particular when the initial nucleus is located further
beyond the proton drip-line (has less neutrons) than the isotope decaying by the true 2p emission (a) or when it is in an
excited state. In this situation the simultaneous emission of two protons is also possible but it is difficult to experimentally
isolate such a channel from the dominant sequential contribution. The panels (c) and (d) represent scenarios analogous

4
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Fig. 4. Region of the chart of nuclei discussed in this article. Solid line denotes the proton drip-line, doubly magic nuclei are indicated by a square
filled with a pattern, other stable nuclei are marked with black squares. Stars represent known ground-state 2p emitters.

to (a) and (b), respectively, but with the broad intermediate state. Such cases, when the energies of emitted protons
are of the same order than the width of the intermediate state, are called “democratic” decays. The distinction between
simultaneous and sequential emission losses its meaning and no strong correlations between outgoing fragments are
formed.

Experimental work devoted to 2p emission has been focused on light and medium mass nuclei. Presently, these studies
reached the Z = 36 (krypton). The relevant part of the chart of nuclei is shown in Fig. 4. The proton drip-line is shown
by the solid line and the nuclei discussed in this review are indicated.

1.2. Historical note

The classical era of radioactivity studies was completed with the discovery of spontaneous fission by Flerov and
Petrzhak in 1940. By then, all most common radioactive processes, including « decay, 8~, B+, and electron capture (EC)
decays, as well as y radiation were known. A detailed account of this fascinating period in the subatomic physics was
given by Pais [9]. The modern times in research on radioactivity started with investigations of nuclei very far from stability,
at the limits of nuclear binding. In 1960 Zeldovich was the first to consider the proton drip-line for light nuclei and to
notice the possibility of simultaneous 2p emission [10]. It was, however, Goldansky who made the first systematical
study of properties of very neutron-deficient nuclei, and considered their possible decay modes, including one-proton
and two-proton radioactivity [11,12]. The first theoretical description of 2p emission was attempted by Galitsky and
Cheltsov [13]. The candidates for the experimental observation of 2p radioactivity were considered by Goldansky [12] and
by Janecke [14]. Precision of their mass models, however, was not sufficient for accurate predictions and experimental
techniques at that time were not developed enough to reach the considered candidates.

Most exact predictions of masses for 2p radioactivity candidates were based on Coulomb energy differences between
partners of isospin multiplets. This difference can be calculated, either using microscopic models or Coulomb energy
systematics. Then, using experimentally measured mass of the neutron-rich member of the multiplet, the mass of the
exotic proton-rich member can be determined [15-20]. This approach proved to be very successful and played an
important role motivating experimental efforts to search for the 2p radioactivity. Selected results of these predictions
are shown in Fig. 5.

Experimental studies on 2p emission started in the end of seventies. Naturally, the first cases tried were light nuclei
which are relatively easier to produce: ®Be [21,22], 120 [23,24], and '®Ne [23]. Because of the low Coulomb barrier these
nuclei have very short half-lives and intermediate states are also broad, so they fall into category of democratic decays.
Subsequent studies of these cases, in particular on °Be, provided interesting insights into three-body dynamics as will
be discussed later in more detail. Two-proton emission from excited nuclear states, populated in 8 decay or in inelastic
nuclear reactions, can provide a way to study the 2p decay mechanism for less exotic nuclei. In 1983 the first case of
B-delayed two-proton emission (82p) was discovered in 2?Al [25]. Later many more cases were observed and some of
them, like 3'Ar, were studied in more detail [2]. In all of them, however, sequential emission was found to dominate.
Nuclear reactions were used to excite states in a few nuclei to investigate 2p emission. This approach started in 1996

5
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Fig. 5. Theoretical predictions of one-proton (S,) and two-proton (S,,) separation energies for candidates of true 2p decay, together with experimental
results (stars).

with the 2F state at 7.77 MeV in 0 produced by 2p transfer on '2C in 1996 [26]. Later excited states in '’Ne, ®Ne, and
19Ne were populated by various methods [27-31]. A question whether the simultaneous emission of two protons does
contribute to these decays remains unsettled and will be discussed in the following.

The observation of the 2p radioactivity from a long-lived nuclear ground-state had to wait more than 40 years from
the first insight of Goldansky. This breakthrough was achieved in 2002 for °Fe in two independent experiments at GSI
Darmstadt [32] and GANIL [33]. It was possible thanks to a new experimental technique based on the reaction of projectile
fragmentation and the in-flight identification of single ions arriving to the detection setup where they decay at rest. The
same method allowed discovery of 2p radioactivity of *#Zn at GANIL [34], “®Ni at the NSCL MSU laboratory [35], and
67Kr at RIKEN Nishina Center [36]. As can be seen in Fig. 5 the measured decay energies for these four 2p emitters were
found to agree very well with the predictions. A different technique based on tracking the products of the decay in-flight,
developed for studies of 2p decays with very short half-life, was used at GSI Darmstadt to identify 2p radioactivity of °’Mg
in 2007 [37].

1.3. Outline of the paper

In Section 2 theoretical description of 2p emission will be presented. Various approaches from effective approximations
through microscopic models to advanced three-body models will be discussed. Section 3 is devoted to experimental
techniques essential for 2p decay studies. Most important aspects of production and identification of ions beyond the
proton drip-line, and detection of their decays will be reviewed. Discussion of 2p emission phenomena will start in
Section 4 which is dedicated to democratic decays and 2p emission from excited states. This will be followed by an
overview of experiments on 2p radioactivity from long lived nuclear ground states in Section 5. In Section 6 more exotic
decay modes, like three-proton or four proton emission, will be addressed. Related few-body phenomena will be discussed
in Section 7. This will include the relation between proton and neutron radioactivity, five-body decays, and the question
of the tetraneutron. Finally, a brief summary and outlook for future research will be given in Section 8.

2. Theoretical models

As shown in Section 1, more and more 2p emitters have been discovered when going beyond the proton dripline.
These nuclei are usually of different properties due to the interplay between the inner structure and open quantum
nature. As shown in Fig. 6, in order to decipher the experimental observables and establish firm connection with structural
information, a self-consistent description of the internal and external wave function is needed, which raises a big challenge
for nuclear theory. Normally, there are mainly three aspects - inner structure, three-body nature, and continuum effect -
that are crucial for the 2p decay process. The former determines the spectroscopic factor and possible decay channels for
the valence protons, while the rest are related to the decay dynamics and asymptotic behavior. Due to the vast difference
in decay lifetime and the complexity of the problem, many theoretical frameworks are mainly focused on one or two of
these aspects (see Fig. 7). Part of the frameworks has been reviewed in [1,3-5], here we will briefly introduce some of
approaches published recently. Also presented are some basic theoretical ideas that demonstrate the efforts being made
toward a comprehensive description of 2p decay.
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Fig. 6. The schematic figure of the connection between (a) inner structure and (c) experimental observables (nucleon-nucleon correlation) through
(b) 2p decay. The blue and red balls represent the neutron and proton, respectively.
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Fig. 7. The schematic figure for the categories of the theoretical models applied to 2p decay. It contains three different aspects: structure, three-body
nature, and continuum effect.

2.1. Coordinates and degrees of freedom

To study the 2p decay process and the corresponding properties, it is necessary to figure out the degrees of freedom in
this system. For the initial state of a 2p emitter, the valence protons are located inside the nucleus and coupled with other
nucleons mainly through the short-range nuclear interaction. In principle, a fully microscopic framework should start from
the nucleon degrees of freedom, and the total wave function ¥/* is a mixing of different configurations. Meanwhile, due
to the property of the continuum coupling, it has been found that the structure of the near-threshold resonance tends to
be aligned with the corresponding decay channel [38], which is in accord with the phenomenon of threshold clustering in
various weakly-bound systems [39-43]. In such a dilute-density environment near the threshold, the correlation caused by
the short-range nuclear interaction among the valence nucleons would benefit the cluster formation [44,45]. This indicates
that, in the case of the 2p decay from the low-lying state, the daughter nucleus is possible to be preformed inside the
nucleus. Consequently, the degrees of freedom for the nucleons inside the daughter nucleus can be approximately frozen.
The interest has also been boosted by exploring the diproton structure, which is likely to occur in 2p decay due to the fact
of (1) the increasing level density in the presence of the low-lying continuum near the threshold and (2) the combination
of channels with different parities. Although the transition from a fully microscopic system to a cluster picture is not totally
clear, the three-body assumption is usually taken into account during the emission process. In this case, the corresponding
wave function can be described as the relative motion of the daughter nucleus and two valence protons:

D M AT g

Ipmpicme

where @™ and ¢/<™ are the wave functions of the valence part and the core (daughter nucleus), respectively. ] and &
are the corresponding angular momentum and parity. In this case, the final state interaction is mainly dominated by the
long-range Coulomb force and the effective interaction among the clusters.

Based on the three-body nature of the 2p decay, it is convenient to introduce the coordinates of the valence
protons [46]. There are two kinds of coordinates that are commonly used to construct the few-body as well as many-
body framework. As shown in (see Fig. 8), one is Jacobi coordinates [47], and the other is cluster-orbital shell model

7
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(a) Jacobi k1 Y-type (b) COSM (c) Momentum
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Fig. 8. (a) Jacobi and (b) COSM (single-particle) coordinates, and the corresponding momentum scheme.

(COSM) [48]. The former is built in the center-of-mass reference frame, also known as the relative coordinates:

X = aY% MX(ril - riz )a

Ay ri, + Ayt > (4)
= —_— T N
Y =My ( A+ A, i3

where i; = pi,i; = py,i3 = c for T-coordinates and iy = p,,i, = c,i3 = p; for Y-coordinates, see Fig. 8. In Eq. (4)
A; is the ith cluster mass number, and uy = Aj A;, /(A +Ai,) and py = (A, + A, )Ai /(Ai, + A;, + Ajy) are the reduced
masses associated with x and y, respectively. In this way, the Jacobi coordinates automatically eliminate center-of-mass
motion, and allow for the exact treatment of the asymptotic wave functions. Therefore, it is suitable for nuclear reactions
and the description of other asymptotic properties. However, the complicated coupling/transformation coefficients and
antisymmetrization prevent it from extending to larger fermionic systems, although efforts have been made in recent
years with the help of harmonic oscillator basis [49,50] or generalized hyperspherical harmonics [51].

The coordinate space is useful to reveal the inner structure of a nucleus, but, in experiments, usually free particles
in momentum space are measured by detectors positioned far away from the source. Therefore, it is also convenient to
introduce the relative momenta:

ki, ki,
ky = iy (Aﬁ Aiz) ,
ky = py <f‘i1 +7ki2 - kj) )
i +A, Ay

Where k; is the momentum of the ith cluster. Since there is no c.m. motion, it is easy to notice that Zi ki =0, and k, is
in the opposite direction of k;,. 6, and 6, are the opening angles of (ky, k) in T- and Y-Jacobi coordinates, respectively
(see Fig. 8). The kinetic energy of the relative motion of the emitted nucleons is given by E,, = hzkﬁ /(2px) and Ecore—p is
that of the core-nucleon pair, which represents the energy E, = hzk,z((Z;Lx) associated with x in T- and Y-type coordinates,
respectively. Similarly, E, = h2k§ /(2uy) = Qgp — Ex, where Qy, is the two-nucleon decay energy given by the binding
energy difference of parent and daughter nuclei. Therefore, the T-type (6, Ep,) and Y-type (6, Ecore—p) distributions reveal
the nucleon-nucleon correlation and the structural information about the mother nucleus. Finally, the total momentum
k is defined as ,/k2/px + kﬁ/uy, which approaches the limit ,/2mQ-,/h at late times of the final state.

(3)

On the other side, the COSM is based on the single-particle coordinates (r, —r.) with respect to the core or the origin in
the laboratory frame. In this framework, all the valence nucleons are treated equally, which would make it easy to calculate
matrix elements and extend to the many-body systems by introducing the configuration mixing between valence protons
and the daughter nucleus. Hence, it is favorable in many microscopic models such as configuration interaction. However,
since it is not in the c.m. coordinate, one needs to be very careful when treating asymptotic observables. For example, a
recoil term of (i)l Py /mc) is needed to deal with the extra energy introduced by center-of-mass motion [48,52], where
m, is the mass number for the core. This also indicates that Jacobi-Y and COSM coordinates become identical with an
infinite-mass core.

The benchmarking between COSM and Jacobi coordinates has been done in Ref.[53], in which both weak-bound and
unbound systems (°He, Li, °Be, and 2°0) were investigated using the Berggren ensemble technique [54]. Consequently, the
COSM-based Gamow shell model and the Jacobi-based Gamow coupled-channel method give practically identical results
for those structural properties and observables related to the inner wave function of a nucleus [53]. Also, it has been
shown that the Jacobi coordinates capture cluster correlations (such as dineutron and deuteron-type) more efficiently.

8
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2.2. Decay properties and simplified models

Among the most fundamental properties of an unstable system at the edge of nuclear stability, the first to be
established is the decaying mode and corresponding half-life [1,55]. In order to capture the decaying properties, the
continuum effect needs to be taken into account. Since the spectrum of an observable is real in Hilbert space, the decaying
resonance is hidden among the scattering eigenstates of the Hamiltonian, which enhances the difficulty of describing
and studying these open quantum systems. To this end, one can utilize Gamow theory by introducing complex-energy
eigenstates in the rigged Hilbert space, or R-matrix through the flux current of the asymptotic wave function. For the
former one, the complex energy can be written as

Fop—il (6)
= —_ 1—,
2
where I' is the decay width. The imaginary part represents the uncertainty of the energy for an unstable state, and is
connected with the half-life through the uncertainty principle:
hln2
Tip = . 7
172 Ia (7)
One can also extract this relation by comparing the exponential decay and the temporal part of a resonance, i.e. e
In this way, a decaying system can be treated in a quasi-stationary formalism [56].
Equivalently, the flux current is another way to extract the decay width or half-life [53,57,58]. Due to the three-body
character of the final state, the decay width can be obtained with the asymptotic wave function using the expression [59]:

iEE/h—T't/(2h)

I (zp’fﬁw - wﬁw> dxdy
r=i
[ | |*dxdy

; (8)

where H is the Hamiltonian, and (x, y) are the Jacobi coordinates. Utilizing the hyperspherical harmonics expansion
technique, the Jacobi coordinates can be transferred to the hyperradius p and hyperangles £2, and the asymptotic behavior
for the non-interaction three-body system Hp can be obtained. However, this is not straightforward for the 2p decay,
since, in a three-body system, the long-range Coulomb interaction does not commute with Hy. According to the R-matrix
theory, if the contribution from the off-diagonal part of the Coulomb interaction in the asymptotic region is neglected, the
hyperradial wave function of the resonance ®¢(p) is proportional to the outgoing Coulomb function H* (ne, kp) [60-62],
where 7; is the parameter related to the effective charge Z§ff for the channel £ and k is the total momentum. For quasi-

bound systems, such as medium-mass nuclei, the proton decay widths are usually below the numerical precision of the
complex-energy method. One can still safely use the flux current by adopting the expression @’/® = kH*'/H* [63,64].
In this way, it bypasses the numerical derivative of the small wave function in the asymptotic region that appears in the
original current expression and increases numerical precision dramatically [65].

In principle, the two methods mentioned above require a microscopic wave function with relatively high precision.
Meanwhile, during the decay process, the valence protons are transiting from a strongly coupled and localized initial stage
to a spatially separated but correlated final state, which also increases the complexity of the problem. Therefore, many
approximations have been made based on the primary degrees of freedom in this problem.

2.2.1. Direct decay approximation

Following the picture of Gamow theory and the three-body character of the final state, the daughter nucleus can be
assumed to be preformed right before the emission, while the valence protons move inside the mother nucleus bouncing
upon the nuclear surface, and eventually penetrate quantum mechanically the surrounding Coulomb and centrifugal
barrier. If neglecting the final-state interaction, the two valence protons are emitted independently but under the rules
of energy and angular conservation, which is known as direct decay. Based on the R-matrix, the total 2p decay width is
convolution of two single-proton emissions [24,66-70]. The expression can be written in Jacobi-Y coordinates:

Qzp
Iy =63, / T'(E)dE,
0
F(E) = Ax(E) . ry(le - E)

(9)

where I} is the decay width of the particle emission associated with y, and A, is the normalized level density. 922p is the
spectroscopic factor for the daughter nucleus of 2p decay, which, in principle, needs to be evaluated by the microscopic
models focused on the structural aspect (see Fig. 7). Eq. (9) represents the sum over all the decaying channels for particle
p1 with energy E,, = Qup — E. For the direct decay, Ay is approximately given by a Breit-Wigner type distribution of
particle p,:

1 TL(E)

ME) = o EZE, 2 + IER/4 (10)
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Since Iy is the single-particle decay width, it can be obtained in the WKB approximation shown in Eq. (2) or the R-matrix
methodology for single-particle decay [71]:

kh?
Mx/y

¢(E7 Rx/y)
H+(nx/y, ka/y)

which is a product between the penetrability P and reduced width squared y2. In the assumption of a multi-step two-body
process, the parameter n = e®Z¢%/(h?k), and the asymptotic behavior of the radial wave function @ is proportional to
the outgoing Coulomb function H* for a resonance, that is limg_, ®(E,R) = C¢H* (1, kR), where C; is the asymptotic
normalization coefficient (ANC) for the channel £. Consequently, the obtained I/, does not depend on Ry, at the external
region. In practice, Ry,y is chosen as the channel radius.

A similar expression for the direct decay approximation is obtained based on the three-body framework [13,58,72],

yy(E) = 2P(E, Ryyy. ZS) )V *(E. Ryjy) =

(11)

Qp
Iy = 27 (V3) / AE) - Ay(Qap — ENE, (12)
0

where (V3) = D(Qyp — Ep, —Ep, > and D is a constant depending on details of nuclear structure. Although Eqs.(9) and (12)
are different by a factor of about four for the true 2p decay from the ground state, they are qualitatively in agreement for
the general behavior of decay properties.

The energy-dependent decay width I"(E) in Eqs.(9) and (12) also represents the energy correlation of the corresponding
Jacobi coordinates. If the valence protons of the mother nucleus decay sequentially and the intermediate state is relatively
narrow compared to Q,, (see Fig. 3b), the decay process would favor some specific energy Q,. Consequently, this would
result in a sharp peak in the distribution of I"(E). On the contrary, if it is a true three-body decay as shown in Fig. 3a,
the most optimized decay path would be that the two valence protons emit with roughly equal energies (E,, ~ Ep,
or Ex ~ E,). In the latter case, neither of the valence protons spends a long time tunneling through the Coulomb and
centrifugal barrier, otherwise, the total 2p decay width would be significantly suppressed. This results in a bell-shaped
Ecore—p energy correlation for the Jacobi-Y coordinates [73]. It is interesting to point out that this simple estimation gives
results in qualitative agreement with the three-body exact theory.

2.2.2. Diproton decay approximation

Based on the fact that the most optimized decay path is under the condition of E,, ~ E,, for a true three-body
decay, the valence protons can be approximately treated as a cluster (diproton) and decay simultaneously [12]. After
tunneling through the barrier, the diproton tends to separate due to the repulsive Coulomb force. The presumption of two
distinct processes is still true. Therefore, one can express Eq. (9) in Jacobi-T coordinates. Consequently, I',(E) represents
the diproton decay width, which can be evaluated through the WKB approximation or R-matrix theory:

TY(E) = 2P(E, Re_pp, 2Zc)y(E, Re_pp). (13)

Based on the formula I'(E) = A(E) - I')(Qp — E) in Eq. (9), the level density Ay in Jacobi-T coordinates describes
the status of the diproton state (/, = S = 0). For a proton-proton system in free space, it is likely to be a threshold
resonance [74], which manifests itself as a scattering feature near the threshold. Therefore, a simple approximation would
be Ay ~ 8(E — Epp), where E,, is an average energy between two proton [12,14,15,18,75]. Later on, Ref. [68] proposed a

level-density form A, = sin?[8,(E)] in the spirit of Migdal-Watson approximation, where §; is the s-wave phase shift for
proton-proton scattering.

In Ref.[76], the two-proton decay process was studied within the framework of scattering theory, in which two
particles are emitted from a correlated pairing state. By using similar proton-proton interactions, the BCS equations and
the external dynamics are treated in a self-consistent way. The results show that it would be incorrect to consider the
decaying system as a simple diproton. The decay proceeds neither through a diproton particle nor as an uncorrelated
two-proton channel but rather as a configuration in between these two extremes.

Recently, a dynamic dinucleon model was proposed in Refs.[77,78], which combines a semi-realistic internal structure
for the nuclear interior with a nucleon-nucleon interaction solely governing the emission process. The formalism is
defined in a three-body framework but with restrictions to illustrate the isolated “dineutron emission” aspect of this
problem. The results show that a broad variety of “dineutron” correlation patterns are possible.

Besides those approximate approaches introduced above, there are some other developments in the phenomenolog-
ical or quasi-classical methods, including extended Geiger-Nuttall law for 2p decay [79,80] and effective liquid drop
model [81-83]. All the approximate approaches in this Section 2.2 are based on different assumptions. Although the
real situation of 2p decay is a complicated process, these approaches could be useful for systematical studies and
demonstrating the main physics process behind some specified 2p decays.

2.3. Internal structure and configuration mixing

In the initial state of a 2p emitter, the valence protons could be strongly coupled with the rest of the nucleons inside the
mother nucleus. To determine the possibility of the preformation or spectroscopic factor 022p of the daughter nucleus, one
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needs to utilize some microscopic theory of the structural aspects, such as density functional theory (DFT) or configuration
interaction (CI). The former aims to describe the bulk properties of the nuclei, which is suitable for systematically exploring
the candidates of 2p emitters (see Section 8 and Refs[75,84-87] for details). The latter is focused on the configuration
mixing among the valence nucleons of the mother nuclei located near the shell closures [88-91].

2.3.1. Configuration interaction

As one of the most successful models in nuclear theory, CI is also known as the interacting shell model, and has
been widely applied in structural and spectroscopic studies across the nuclear landscape. For a regular CI framework, the
many-body Hamiltonian can be expressed in the COSM coordinates with the recoil term:

A= ] e[y PP 14
=3 [2 ) [n 2 z
i=1

i<j

where p is the reduced mass of the valence particles, Vj; is the two-body interaction. The first and second terms in Eq. (14)
represent the one- and two-body operators, respectively. In some models, the latter one could be approximately replaced
by an effective interaction or matrix elements. Since all the valence particles are treated in the same framework, one can
define the single-particle orbital g with the quantum numbers, and build the total wave function |¥/™) = |Aw]) based
on the corresponding basis. A is the mass number of a nucleus, and w contains the quantum numbers for the system.
Consequently, this many-body framework allows us to analyze the preformation factor and structural information of the
daughter nucleus via the two-nucleon decay amplitudes (TNAs). For the removal of two protons from the initial state
|Aw']’), leaving it in the final state ((A — 2)w/|, TNA is given by the reduced matrix element as [70]

(4= 2001 [a, @, 1" 140)
J+800) @+ 1)

where @, is an operator that destroys a proton in the orbital g. The spectroscopic factor S = szp is given by a coherent
sum over TNAs. In the case of diproton decay,

Op = Y /2] +1-TNA(Ga, G5) - {LScosmlias) - (LSt|LScosm). (16)
a,b

TNA (qa, @) = : (15)

where (LS|j,jp) is the transformation between LS and jj schemes, and (LSt|LScosm) is that between COSM and Jacobi-T
coordinates, since the latter is natural for the description of diproton. In a regular CI framework, the wave function is
constructed on a harmonic oscillator (HO) basis. In this case, (LSt|LScosm) can be written as the product of a coefficient
[A/(A — 2)]Wa+Nb)/2 and Talmi-Moshinsky-Smirnov brackets (nyfy; ny€y|nglq; nply); [92,93], where N and n are the total
and radial numbers of oscillator quanta, respectively. For simplicity, only the matrix elements with J, =L =S = n, = £,
= 0 have been taken into account for the diproton decay. Furthermore, total decay width can be evaluated using the
formulae in Section 2.2.2.

Due to the excellent analytical and numerical properties of the HO basis, the framework described above combines
the structural information and decay properties of diproton decay efficiently. However, for a general problem of 2p
radioactivity, some drawbacks might be critical:

e The structural and decay aspects of the problem are not treated on the same footing. Due to the impact of final-state
interaction, the internal and external configurations might be different;

e The diproton decay is an approximation for the 2p decay process [76,77], and described as spin-singlet nucleon pair
that might not be spatially close in the CI framework. The use of COSM coordinates also makes it hard to capture
the proper three-body asymptotic behavior for the 2p decay;

e The 2p emitter is an unbound system, whose decay process is strongly impacted by the continuum effect. However,
the orbitals generated by HO potential are always bound and fully localized as shown in Fig. 9. It might fail when
dealing with these open quantum systems near the dripline.

In order to deal with these problems, new methods have been developed, such as the hybrid model [49,50,88] and
continuum-embedded framework [89,94]. The former is focused on the mixing between the configuration interaction and
three-body decaying dynamics, while the latter is trying to gain insight into the continuum effect in these open quantum
systems.

2.3.2. Hybrid model

The formulae of diproton decay in Section 2.2.2 are based on the R-matrix theory with that the valence protons are
emitted as a cluster, which neglects the three-body dynamics, such as the simultaneous emission with large opening
angles. To this end, a hybrid model has been developed [88], which takes advantage of the detailed structure information
from CI and the partial decay width of each channel from the three-body framework [72,95].
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(b) SMEC

Fig. 9. The schematic figure for the comparison between the frameworks of (a) regular configuration interaction and (b) shell model embedded with
continuum.

Table 1

The partial 2p half-lives (in ms, Mg in picoseconds) calculated by the hybrid model with the incoherent and coherent sum of the different amplitudes
contributing to the emission process. As a comparison, the experimental 2p emission half-lives (in ms, Mg in picoseconds) are also listed. For the
four heavier nuclei, the calculations are obtained with and without the contributions from the s? configuration. See Ref.[88] for details.

Nucleus T} 7 T2 J, without s> T} 7, with s?

Jr Expt. Incoherent Coherent Incoherent Coherent
Mg 1/2- 4.0(15) 073473, 0.2013:52
4Fe 3/2% 3.7(4) 20(8) 6.6(26) 5.9(24) 1.8(7)
4Ni 0+ 3.0(22) 5.1(29) 1.8(11) 1.3(6) 0.43(22)
47n 0t 1.7(7) 1.8(8) 0.9(4) 1.7(8) 0.6(3)
§7Kr 3/2~ 20(11) 850(390) 320(140) 820(380) 250(110)
§7Kr 1/2~ 20(11) 904(420) 290(130) 940(430) 360(160)

In Ref.[95], a kind of “three-body penetrability” was calculated by assuming different dominating internal configura-
tions forming a “corridor” of values. Consequently, the total 2p decay width I, were approximately decomposed into
different channels £2, as

Dy~ Y S, (17)
12

where S(¢?) is the weight (or spectroscopic factor if neglecting the preformation factor of the daughter nucleus) of the
£? configuration. This analogy could work well if the configuration dominating the internal region is responsible for the
decay (with the largest partial decay width). However, the situation becomes complicated when the valence protons are
in competitive configurations. In this case, different configurations are connected through the final-state interaction under
the decay dynamics of a three-body system, and the valence protons tend to “penetrate” from high-¢ to low-¢ orbitals
(see Section 2.4 for details), which would benefit the tunneling process. It indicates that this I"(¢?) ideology cannot fully
take into account the effect of final-state interaction, since the internal structure (in the form of spectroscopic factors) is
still disentangled from the decay dynamics in the hybrid model.

Utilizing the estimated partial decay width I"(¢2), one can directly adopt the TNA calculated by Eq. (15) without
transforming to Jacobi-T coordinates. For simplicity, only the case with ]’ = ] = J, = 0 and ¢, = ¢, = q has been
considered in Ref.[88]. The total 2p decay width can be estimated in two extreme conditions:

e Incoherent sum. — Following the assumption described above [95], I, with structural information embedded can be
estimated by replacing S(¢2) in Eq. (17) with [TNA (qz)]z;
e Coherent sum. — In this case, all amplitudes combine coherently, as in two-nucleon transfer reactions. This gives

Iy ~ |:ZTNA ()T (eZ)T, (18)

in which the phase is taken as positive for all terms.

Within this framework, the half-lives of 2p emitters have been evaluated (see Table 1 and Ref.[88]). The obtained
results incorporating three-body dynamics are substantially improved and agree well with the experimental data.
Meanwhile, as discussed in Ref.[88], it is crucial to include some s? or other low-¢ components in the decay (owing to their
small centrifugal barriers). These components are often introduced via continuum coupling, three-body dynamics, and
core/cross-shell excitations. Meanwhile, the half-lives of ®’Kr retain a large discrepancy between the experimental data
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and theoretical predictions [88]. As a recently observed 2p emitter, the half-life of 8’Kr is systematically over-estimated
by various theoretical models [72,96]. It seems that such a short lifetime can only be reproduced by using a large amount
of s- or p-wave components [88,97], while Refs.[36,98] suggested there might be a deformation effect. This would be
interesting for further theoretical or experimental studies.

There are other approaches combining structure and reaction aspects starting from ab initio framework [99-101]. In
particular, in Refs. [49,50], each component of the three-body system was calculated using the no-core shell model (NCSM)
in Jacobi coordinates. The inter-cluster motion is described using the resonating group method (RGM), which has been
widely used in nuclear reactions. Although this framework has not been applied to the study of 2p decay yet, it is promising
that the method can describe the configuration mixing and three-body dynamics in a robust way.

2.3.3. Continuum-embedded framework

The 2p emitters are open quantum systems located beyond the proton-dripline, whose decay properties are strongly
impacted by the low-lying continuum. In order to properly consider this effect in the CI framework, one has to bypass
the localized HO basis. To this end, many continuum-embedded frameworks have been developed [52,102-107]. Among
them, the shell model embedded in the continuum (SMEC) [102,103] and Gamow shell model (GSM) [52] have been
successfully applied to the study of 2p decay [89,90,94].

Shell model embedded in the continuum. — In the framework of SMEC [89,90], the Hilbert space is divided into two
orthogonal subspaces: © = {]Wf‘)} and P = {|&)} as shown in Fig. 9b. Based on the Feshbach projection technique,
lI/iCI contains discrete CI states localized inside the nucleus, and & are scattering states. The corresponding projection
operators are

Q — Z |lPiCl> (lIJiCI

P =/ dE |£8) (€] .
0

Consequently, an open quantum system description of Q includes couplings to the environment of decay channel through
the energy-dependent effective Hamiltonian:

H(E) = QHQ 4+ Woo(E) (20)

where QHQ denotes the standard configuration-interaction (shell-model) Hamiltonian describing the internal dynamics in
the closed quantum system approximation, and Wg o(E) the energy-dependent continuum coupling term with scattering
energy E. For the situation with one particle in the scattering continuum,

Woo(E) = QHP; - Gp, - PiHQ | (21)

’

(19)

where P; is the projection operator for the one-nucleon scattering subspace, and @pl is the corresponding one-nucleon
Green’s function. Following the same methodology, one can obtain the effective Hamiltonian with two particles in the
continuum [90]. As a result, #(E) can take into account all possible emissions for two protons as well as one proton
implicitly. Usually, the sequential 2p emission may occur either through the resonance or the correlated continuum of
an intermediate nucleus, while the one-nucleon scattering subspace is less important for a true 2p emission. Therefore,
by analyzing the couplings between Q and P ; subspaces, one can estimate whether the valence protons of a 2p emitter
decay sequentially or simultaneously [89,90].

Gamow shell model. — Defined in the rigged Hilbert space, GSM has also been successfully used for studies of weakly
bound and unbound states in dripline nuclei. Similar to SMEC, both frameworks describe the nucleus as a core surrounded
by valence nucleons, but they treat the coupling to the unbound continuum space differently.

In the GSM, the continuum effects are automatically taken into account by utilizing the Berggren ensemble [54] that
contains resonant (bound and decaying) and scattering states (see Fig. 10). The completeness relation for the Berggren
ensemble can be written as:

D) (] + / Ju(k)) (u(k)| dk =1, (22)
L+

n

where |u) is a one-body state, and n denotes bound states and decaying resonant (or Gamow) states lying between the
real-k momentum axis in the fourth quadrant of the complex-k plane. The L* contour represents the complex-k scattering
continuum, and can be chosen arbitrarily as long as it encompasses the resonances of interest. If the contour LT is
chosen to lie along the real k-axis, the Berggren completeness relation reduces to the Newton completeness relation [108]
involving bound and real-momentum scattering states. The matrix elements of Hamiltonian are calculated using the
exterior complex scaling [109] with the Berggren basis. By diagonalizing the complex symmetric Hamiltonian, energies
and decay widths are obtained simultaneously as the real and imaginary parts of the complex eigenenergies.

In principle, similar to SMEC, GSM includes all possible emissions for two protons. However, it is not easy to extract
the 2p decay width from the total one. A convenient way proposed in Ref.[94] is that the decay mechanism of 2p can be
roughly estimated by analyzing the total width as a function of the decay energy Q or the related Hamiltonian parameters,
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Fig. 10. The schematic figure of (a) the S-matrix poles with Berggren ensemble in complex momentum plane and (b) the typical wave functions of
bound, resonance, and scattering states.
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Fig. 11. GSM calculated energies and widths (in MeV) of '°F and '®Ne (left panel) and of '”Na and '®Mg (right panel) as a function of the difference
AVy = Vo — Véﬁt) of the Woods-Saxon central potential depths (see Ref.[94] for definition). Energies are depicted by blue disks and red diamonds for
even and odd nuclei, respectively. Widths are represented by segments centered on disks and diamonds. The widths of ®Ne and 18Mg have been
multiplied by 20 for readability. Energies are given with respect to the 0 core. The physical GSM calculation, for which V, = Vém), is indicated by
an arrow.

Source: Reprinted with permission from Ref. [94].

© 2021 by the American Physical Society.

since the thresholds of one- and two-proton decay channels vary differently, so are their G-factors as shown in Eq. (2).
Based on this idea, ®Ne and Mg have been investigated [94]. The former is a well-known 2p emitter studied by many
theoretical approaches, while the latter was recently discovered to have a possible 2p + 2p decay mode (see Section 6.2
and Refs.[94,110] for details).

Fig. 11 shows the calculated decay energies and widths of the mother and intermediate nuclei as a function of one-
body potential depth. As '®Ne and '®*Mg possess one additional valence proton compared to '*F and "Ne, the binding
energy of the former nuclei increases faster with central potential depth than that of the latter. Consequently, Q,, and Q,
would change with different speeds. Since the one-proton decay channel usually has a smaller Coulomb barrier compared
to the 2p one, it is more sensitive to the Q value. It can be noticed that, as AVj increases, the total decay width has
different behaviors. This indicates a transition from true 2p decay to the situation where a one-proton decay channel
becomes dominated. Since the only requirement is the total decay width, this method is convenient to estimate the decay
mechanism, but the behavior of the total decay width needs to be carefully analyzed due to the non-linear property of
the G-factor.

2.4. Decay mechanism and three-body character

Besides the decay width or half-life, another important feature in 2p emission is the decay mechanism and dynamics.
As discussed above, nuclear decay with three fragments in the final state is a very exotic process. This behavior depends
on the status of the valence protons in the mother nucleus, as well as the property of the neighboring nucleus (see Fig. 3).
Moreover, it is strongly influenced by an interplay between the internal and external mixing [89], which invalidates an
idealized picture of an independent decay mode associated with the pairing field. To gain more sight of this dynamics, the
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few-body framework could be a proper tool [47,76,111-116]. There is a long history of the developments of the general
few-body theory [117-121], which has been proven to be very useful for studying the nuclear reaction as well as the
decay mechanism. While such models provide a “lower resolution” picture of the nucleus, they can be helpful when
interpreting experimental data, providing guidance for future measurements and more microscopic approaches. Here we
review some interesting models in the domain that have been widely used for revealing the valence-proton configuration
and the corresponding nucleon-nucleon correlations.

During the decay process, the 2p emitter can be treated as a three-body system if neglecting the preformation of the
daughter nucleus. Based on these degrees of freedom, the Hamiltonian can be written as:
2
p;

3
H= Z 2m
i=1

where Vj; is the pairwise interaction between clusters i and j, including nuclear and Coulomb interactions. In some cases,
a phenomenological three-body force V3 is introduced to reproduce the binding energy and spectrum of the system.
T.m. stands for the kinetic energy of the center-of-mass, and can be expressed differently in Jacobi [57] and COSM [113]
coordinates. The treatment and properties of COSM coordinates have been discussed in Sections 2.1 and 2.3. Jacobi
coordinates can be expressed as T- and Y-types, each is associated with a complete basis set. In practice, there are two
ways to deal with Jacobi coordinates:

3
) + Z Vij(rij) - Tc.m.’ (23)
Pisj=1

e Faddeev equations can be defined in momentum [122] and coordinate [123] spaces, where the three Faddeev
components are expanded on the partial angular momenta related to the Jacobi coordinates. As a result, the valence-
proton wave function @™ in Eq. (3) can be constructed with three components related to the three sets of Jacobi
coordinates [124,125], i.e.

3
(pjpﬂp — Z @{P”P(xi,yi), (24)
i=1
where the components @; are functions of their own “natural” Jacobi coordinate pairs i (see Fig. 8), and solutions of
the Faddeev coupled equations [125];

e Hyperspherical harmonics (HH) technique is constructed from five-dimensional hyperangular coordinates 2 =
{arctan(y/x), §2«, £2,} and a hyperradial coordinate p = \/x? 4+ y? [126,127]. The eigenfunctions of the hyperangular
momentum operator are yf,",”((Q), where K is the hyperspherical quantum number and y is a set of quantum numbers
other than K. Utilizing y{,“,”(((z), the matrix elements in different sets of Jacobi coordinates can be transformed to

one single set through the Raynal-Revai coefficient [128], noticing that hyperradius p is transformation invariant.
Expressed in HH, the total wave-function can be written as [129]:

— g M
Db = p=o 2N "yl (p) - ' (92), (25)
yK

where 1//{/",? P(p) is the hyperradial wave function.
The HH framework provides a useful way to analyze the three-body asymptotic behavior. The resulting Schrodinger
equation for the hyperradial wave functions can be written as a set of coupled-channel equations:

[_ h? <d2 (K +3/2)K +5/2)

2m \dp? 02 ) - E} YvilP) +;ZK,/V51<(p’ P We(p)dp" =0, (26)
=y/,

where VEK is the effective interaction expanded on the HH basis, and contains local (0 = p’) and non-local (p # p’) parts.
The non-local potential can be generated by the antisymmetrization between core and valence particles. Consequently,
some Pauli forbidden states would be introduced, and can be roughly eliminated using the projection operator [129-131]
or the supersymmetric transformation method [125,132,133].

For chargeless particles, Vf,( contains only the short-range nuclear force. Therefore, for a decaying system whose three
components are spatially apart in the final state, the asymptotic behavior is dominated by the first term of Eq. (26), and
the asymptotic wave function of a resonance is proportional to the outgoing Hankel function. However, for the charged
particles, the presence of the long-range Coulomb potential in a three-body system could mix different channels, which
makes the problem theoretically and numerically more complicated [4,62,134]. This influence also manifests itself in the
asymptotic nucleon-nucleon correlations, especially for the angular correlation (see the discussion in Section 2.4.2 and
Refs. [60,135] for details). In order to extract the correct information from emitted particles, precise three-body solutions
at very large distances are required.

From Eq. (26), it can be noticed that the centrifugal barrier is determined by the hyperspherical quantum number K in
a three-body system. When approaching the threshold, the presence of the centrifugal barrier is crucial for the tunneling
process, and is expected to give raise to changes in asymptotic correlations. This would rise some interesting phenomena
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in extreme conditions. For example, when the decay energy Q. is very small, the 2p radioactivity is dominated by the
K = 0 component, which corresponds to the s-wave (¢, = ¢, = 0), while other components are strongly suppressed.
Consequently, the energy distribution approaches the universal phase-space limit [72,77,136]:

do .

T ~ &1 —¢) with & = E;,/Qap. (27)
At the same time, the angular distribution becomes essentially isotropic. This is a universal property for both 2p and 2n
radioactivity. As the energy of the resonance increases, asymptotic energy and angular correlations quickly start deviating
from the phase-space limit shown in Eq. (27). This could provide useful information for testing theoretical frameworks
and experimental measurements.

Normally, the numerical results of the three-body method converge fast as the hyperspherical quantum number K
increases. However, in some special cases, a large K is required, which will dramatically increase the model space due to
the various combinations of angular momentum coupling. Some methods have been proposed to reduce the model space,
such as adiabatic approximation [124,137-139] or G-matrix [58,116]. Both of them treat the kinetic energy and potential
adiabatically, and fold the matrix elements into the subspace. A correction with non-adiabatic coupling terms has also
been made for the former method [139].

If one considers bound three-body systems, many few-body models have proven to be very useful to analyze the
properties of the valence nucleons [111], especially models based on the Lagrange-mesh technique [112] or COSM [48].
However, for the description of resonances and corresponding decay properties, the low-lying continuum should be
properly taken into account. To this end, following the idea introduced in Section 2.2, many theoretical frameworks have
been developed for the few-body system. Here we briefly introduce some of them, which have been successfully applied
to studies of two-nucleon decay.

Three-body reaction framework — It follows the idea of R-matrix theory, and is based on the assumption that the
configuration space can be divided into two regions: an internal region where the solution is dominated by nuclear
structure aspects, and an external region where the wave function ¥ is with a pure outgoing boundary condition for a
three-body system. The internal wave function ¥™ can be determined through two kinds of approaches:

e As proposed in Refs.[57,97], ¥ can be approximately obtained by
(H-—Ew™ =0, (28)
and fine-tuned through a kind of perturbative procedure
(H— EW™ = —i(r/2)¥™; (29)
e W can also be approximated by the inhomogeneous Bloch-Schrédinger equation [61,121,140,141]
(H+ £ —EWm = £y,

. R 8(p —Ro) 9 (30)
£ o L) T g,
yK

’

P32 dp

where Ry is the channel radius.

Both approaches are complemented with the continuity condition of the wave function ¥™(R,,) = ¥*Y(R,,) and of its
first derivative.

Green’s function method — Ref.[114] shows that the decay energy spectrum dP/dE can be accessed through the Green’s
function:

dp 1 m (e
dE =« m< ref
where G is a two-body Green’s function, and &, is a reference state. ®@.¢ can be approximated with the bound analog
state of the neighboring isotope (isotone), which captures the main components inside the nucleus for the resonance of
interest.

Complex-plane framework — As shown in Section 2.2, in the rigged Hilbert space, one can extract the decay width by the
imaginary part of the complex energy. Based on this idea, the complex-scaling method [142,143] is one of the commonly
used frameworks. By rotating the Hamiltonian in a complex plane, one can make the wave function ¥ converge at the
asymptotic region, which can be used to handle the system with a relatively large width.

Recently, another complex-plane framework Gamow coupled-channel (GCC) method has been developed [53] utilizing
the Berggren ensemble technique (see Section 2.3.3). Since the Berggren basis contains bound, resonant, and scattering
states, it allows describing the structure and decays of three-body systems on the same footing. The GCC method has been
benchmarked with GSM [53], and applied to unraveling the intriguing features of several 2p emitters, including extremely
unstable 10 [98,135,136,144-147].

Using the methods above, the halflives and other decay properties can be extracted within the three-body framework,
which is useful for revealing the status of a 2p emitter. The emitted protons carry invaluable information about the

6‘¢ref>, (31)
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Fig. 12. The calculated (a) 2p density distribution (marked by contours) and 2p flux (denoted by arrows) in the ground state of ®Be in Jacobi
coordinates pp and core — pp. The thick dashed line marks the inner turning point of the Coulomb-plus-centrifugal barrier. The maxima marked by
filled and open stars correspond to diproton and cigarlike structures, respectively. (b) Two-nucleon angular densities (total and spin-triplet S = 1
channels) in the ground-state configurations of ®Be, as obtained in GCC and GSM.

Source: Part (a) is adopted from Ref. [147] and part (b) from Ref. [53].

internal structure, nucleon-nucleon correlation, and properties of open quantum systems. Since Section 2 is focused on
the theoretical frameworks, in the following, we will briefly introduce some general observables and properties that can
be provided in the three-body method, and leave physics discussions for the other Sections.

2.4.1. Valence-proton configuration

The advantage of the three-body models described in this Section 2.4 is that it can easily capture the configurations and
correlations of valence protons [114,147,148]. For example, as a typical light-mass 2p emitter, °Be has been considered
to feature a “democratic” decay mode (see Section 4.1 for details), attributable to the large width of the ground state of
its neighboring nucleus °Li (Q, = 1.97 MeV, I = 1.23 MeV). The density distribution of 6Be has been studied in various
few-body models; it shows two maxima associated with diproton and cigarlike configurations (see Fig. 12), which is
due to the fact that the valence protons mainly occupy p-wave. Meanwhile, the nuclear interaction is attractive at the
mid-range, where the diproton configuration is usually more pronounced than the others. The formation of a dinucleon
structure also requires the mixing of orbitals with different parities and angular momentum. Therefore, the model space
cannot be limited to one single shell, and the presence of the low-lying continuum is crucial.

Moreover, the configuration evolution of the internal structure during decay can be analyzed by using the flux
current j = Im(¥TVW)hi/m [147], which shows how the two valence protons evolve within a given state wave
function ¥. As we see in the current field of ®Be (the small arrows in Fig. 12), a competition between diproton and
cigarlike configurations occurs inside the inner turning point of the Coulomb-plus-centrifugal barrier associated with the
core-proton potential [147]. Near the origin, the dominant diproton configuration tends to evolve toward the cigarlike
configuration, owing to the repulsive Coulomb interaction and the Pauli principle. On the other hand, near the surface, the
direction of the flux extends from the cigarlike maximum toward the diproton maximum, tunneling through the barrier.
Moreover, at the peak of the diproton configuration (located near the barrier), the direction of the flux is almost aligned
with the core-2p axis, indicating a clear diproton-like decay [53,60,149,150]. Meanwhile, the flux current of 120 indicates
that there might be a competition between direct and “democratic” 2p decay, in which a significant part of the flux from
the diproton configuration toward the cigarlike configuration persists up to the potential barrier and beyond [147].

For the 2p emitter with a daughter nucleus well preformed before the decay process, the three-body model can provide
accurate information for the valence protons. Usefully, this is true for the weakly bound/unbound systems near the
dripline, due to the “alignment” effect [38] that the near-threshold resonance would result in a single “aligned eigenstate”
of the system carrying many characteristics of a nearby decay channel, while the valence protons are weakly coupled to
the daughter nucleus [151]. However, sometimes the daughter nucleus can be exotic and contains mixed configurations.
In this case, the lack of structural information regarding the daughter nucleus — which is usually treated as a frozen core -
becomes one main drawback of the regular three-body model. Therefore, several efforts have been made toward a more
microscopic framework on few-body systems [140,152-156]. For instance, Refs.[152,153] introduced a deformed core
in the three-body method. Later on, microscopic cluster models, such as frameworks based on the generator coordinate
method [140] and the stochastic variational method [154], have been developed to study nuclear structure.

For 2p emission, the GCC method has been extended to a deformed case [98], which allows a pair of nucleons to couple
to the collective states of the core via nonadiabatic coupling. Consequently, the total wave function of the parent nucleus is
the coupling between the valence protons /™ and the core ¢’»™ as shown in Eq. (3). This method has been used to study
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Fig. 13. Left: Nilsson levels £2[Nn, A] of the deformed core-p potential as functions of the oblate quadrupole deformation B, of the core. The dotted
line indicates the valence level primarily occupied by the two valence protons. Right: Decay width (half-life) for the 2p ground-state radioactivity of
67Kr. The solid and dashed lines denote the results within the rotational and vibrational coupling, respectively. The rotational-coupling calculations
were performed by assuming that the 1/2[321] orbital is either occupied by the core (9/2[404]-valence) or valence (1/2[321]-valence) protons.
Source: Figure is taken from Ref. [98].

the recently observed 2p emitter 8Kr (see Section 5.4 and Ref.[36] for details), which illustrated how the deformation and
exotic structure can impact the decay properties and valence configurations. Fig. 13(a) shows the proton Nilsson levels
(labeled with asymptotic quantum numbers §2[Nn, A]) of the Woods-Saxon core-p potential. When the deformation of
the core increases, a noticeable oblate gap at Z = 36 opens up, attributable to the down-sloping 9/2[404] Nilsson level
originating from the 0go/, shell. The structure of the valence proton orbital changes from the 9/2[404] (¢ = 4) state at
smaller oblate deformations to the 1/2[321] orbital, which has a large £ = 1 component. This transition can dramatically
change the centrifugal barrier and decay properties of 87 Kr, which results in a dramatic increase in the decay width.

2.4.2. Nucleon-nucleon correlation

Another important feature of three-body decay is the nucleon-nucleon correlations. The correlated nucleon-nucleon
pairs with large relative linear momenta reveal the nature of strong interaction at short distances [157]. On the other side
of the spectrum, many low-energy properties, such as odd-even staggering of nuclear binding energies, of the atomic
nucleus are profoundly affected by pair correlations of its nucleonic (protons and neutrons) constituents [158-160].
The study of 2p decay could provide valuable information on the interplay between the short-range nuclear force and
long-range electromagnetic interaction [1,2,11].

At the initial stage of the 2p decay, the valence nucleons are highly correlated and spatially compact due to the presence
of pairing condensate [113,161-163]. During the emission process, although the initial structure is largely distorted by
the Coulomb repulsion and instability of the system, some information leaves an imprint on asymptotic nucleon-nucleon
correlations. Of particular importance are the angular and energy correlations between emitted nucleons, which carry
information on the interplay between structure and reaction aspects of the nuclear open quantum system [135,164,165].
To analyze these properties, we briefly introduce these two kinds of nucleon-nucleon correlation, and review the
corresponding theoretical developments.

Internal correlation in coordinate space. — Similar to the valence-proton configuration, the spatial correlation reveals
the structural information mainly inside the nucleus, which is governed by the strong nuclear force. The physics quantity
can be accessed in both three-body [113] and CI [166] frameworks through a normalized density distribution:

P (Tepy s Tepys 0) = (W |8 (repy, — 1) 8 (rep, — 1) 8 (612 — )| W)

p©6) = /Snrfmrfpz Sing - p (rep,, ep,, 0) drdr’, (32)
where 1, Tep,, and 6y, are defined in Fig. 8(b). It primarily represents the average positions and opening angles of the
two valence protons inside the nucleus. Notably, the angular density is defined in coordinate space; it cannot be directly
observed in experiments.

The spatial correlation of the two valence neutrons in the g.s. of ®Be is shown in Fig. 12b. The distribution p(8) shows
two maxima [53,114,143]. In accordance with the density distributions in Jacobi-T coordinates, the higher peak, at a small
opening angle, can be associated with a diproton configuration. While, the second maximum, found in the region of large
angles, represents the cigarlike configuration. Although Jacobi coordinates are more efficient to describe the diproton
configuration, both the three-body model and GSM are able to capture the angular correlations inside the nucleus, which
provide practical identical distributions in sufficiently large model space. One can analyze the inner structure of the
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valence protons by comparing the spatial correlation with analytical expressions. Taking the (p3/2)* or (p1,2)? configuration
as an example, p () is proportional to cos? @ sin6 and sin® @ for spin singlet and triplet states, respectively.

Asymptotic correlation in momentum space. — The emitted protons become free particles when far away from the source
prior to hitting the detector, which manifest themselves as plane waves in momentum space. As discussed, the asymptotic
correlation of the emitted particles is important not only for the experimental accessibility but also for the valuable
information it carries. It can be expressed in Dalitz plot and Jacobi coordinates. The former is mainly focused on the energy
correlation (Epp, Ecore—p), while the latter contains T-type (6, Eyp) and Y-type (6, Ecore—p) distributions (see Section 2.1).
To model angular and energy correlations of emitted particles, precise three-body solutions at very large distances are
required, and this poses a formidable challenge, especially in the presence of the long-range Coulomb interaction.

Currently, two methods are mainly used to extract the asymptotic correlation for 2p decay:

o The first method, as shown in Refs.[72,116], is to extract the status of the emitted protons by analyzing the flux
current at a large distance. In the HH framework, for a three-body decay where all inter-particle distances are large,
the flux j is independent on the hyperradius p. In this case, the differential flux at pm.x becomes identical to the
momentum distribution:

N 2 .
dj (Pmax, §2) _ FL Im WTPS/zilDS/ZW N dj (Qk), (33)

ds2 m dp =P ds2y
where §2, = ({arctan(ky/ky), $2,, 2} is the hyperangle in momentum space. To obtain a proper momentum

distribution, this method also requires a precise treatment of the asymptotic wave function that has been suppressed
and distorted by the long-range Coulomb force.

e An alternative way of tackling the two-nucleon decay is the time-dependent formalism, in which measured inter-
particle correlations can be interpreted in terms of solutions propagated for long durations. The initial state is a wave
packet, and propagated by the time evolution operator (see Section 2.4.3 for details) which can be expanded on the
eigenbasis of the original Hamiltonian [149,150] or Chebyshev polynomials [105,135,167]:

A

- H
e int = Z(—l)n (2 = 840) Ju(O)To( ), G4
n=0

h

where J, are the Bessel functions of the first kind and T, are the Chebyshev polynomials. Since the evolving wave
packet has an implicit cutoff at large distances, the unwanted reflection at the boundary can be avoided, as well as
the divergence of the Coulomb interaction in the momentum space [135]. The time-dependent approach is suitable
for these short-lived systems, in which decay dynamics can be demonstrated. For those who have relatively long
lifetimes, to extract the nucleon-nucleon correlation dominated by the final-state interaction, one needs to propagate
the wave function for a long period, and analyze its asymptotic components carefully [136].

The measurement of nucleon-nucleon correlation boosts the interest of 2p decay. As shown in Refs.[1,72,116], the
asymptotic nucleon-nucleon correlations of ®Be, °Fe, and several other 2p emitters have been reproduced or predicted
using the three-body model. Moreover, by comparing with experimental correlation, it indicates that the ground state
of ®Fe contains a moderate amount of the p-wave component [73]. Similar studies have been done for the light
nuclei [136,145,146], among these psd-shell 2p emitters, the energy correlations of 20 and its isobaric analog >Njas look
similar to that of '®Ne, but rather different from the energy correlations of Be and ®Bjas. This indicates that the valence
protons of 20 might have more sd-shell components, even though, in the naive shell-model picture, these valence protons
fully occupy the p-wave orbitals. Consequently, these qualitative analyses provide us with useful information about the
valence protons and corresponding 2p emitters. Moreover, in order to gain deep insight into the connection and extract the
structural information from these asymptotic observables, high-quality experimental data and comprehensive theoretical
models are anticipated.

The asymptotic nucleon-nucleon correlation also turns out to be useful to reveal the property of nuclear force, and
the status of a state. As shown in Fig. 14, the asymptotic correlation of ®Be is sensitive to the nucleon-nucleon interaction
strength [ 135], which could be used to study the in-medium effect of nuclear force. The states with different spin-parities
would result in different patterns of asymptotic correlation. Based on the measured correlation and calculated ones,
Ref.[136] shows that the broad peak observed in !0 contains multiple states, which are in accordance with the previous
energy-spectrum analysis [144,168].

Moreover, these correlations can help to determine the 2p decay mechanism, as well as the corresponding config-
urations. For example, in the case of ¥°Fe, the small-angle emission dominates in the asymptotic region, which may
correspond to a diproton decay [73]. The Y-type correlation helps to determine the intermediate state of the sequential
decay from the 22+ state of 20 [145]. While, based on the asymptotic correlation, the situation in ®Be is considerably
more complicated [169]. However, because the emitted protons are influenced by the centrifugal barrier and long-range
Coulomb interactions, one must be careful that these configurations reflecting the circumstances in the asymptotic region
might differ from those inside the nucleus. To better understand decay dynamics on how the inner structure evolves into
the asymptotic correlation, the time-dependent framework could be useful (see Section 2.4.3 for details).
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Fig. 14. Calculated asymptotic (a) energy and (b) angular correlations of emitted nucleons from the ground state of 6Be calculated at t = 15 pm/c
with different strengths of the Minnesota interaction [173]: standard (solid line), strong (increased by 50%; dashed line), and weak (decreased by
50%; dash-dotted line). Also shown are the benchmarking results obtained within Green’s function method (GF; dotted line) using the standard
interaction strength. 6; is the opening angle between k, and k; in the Jacobi-Y coordinate system, and Ep,/, is the kinetic energy of the relative
motion of the emitted nucleons.

Source: Figure is taken from Ref. [135].

2.4.3. Decay dynamics

The time-dependent formalism is a useful strategy for tackling the decay process, which allows addressing a broad
range of questions - such as configuration evolution [170], decaying rate [171], and fission [172] - in a precise and
transparent way. Therefore, the complex three-body dynamics of 2p decay can be demonstrated within this framework.

An approximate treatment of 2p emission was proposed in Ref.[174], in which the center-of-mass motion for the two
valence protons was described classically. In a more realistic case, the early stage of the 2p emission from the ground
state of ®Be was nicely demonstrated using a time-dependent method in Refs.[149,150]. A confining potential method
was used to make a meta-stable initial state ¥(0) be bound by modifying the core-proton potential at the external region.
In Ref.[150], the different time snapshots of the density distribution p(rpp, rc—pp) and the corresponding density changes
pq have been investigated (see Fig. 15), where p and py are defined as:

Py (Tpps Te—pp) = (W(d)(t)‘B(Tx — Tpp)d(1x — rcfpp)‘lp(d)(t)> / (‘I’(d)(f)|‘1’(d)(f)>;
[Wa(t)) = [ (1)) — [(0)) (¥(0)|¥(t)).

At the beginning (t = 0) when the wave function is fairly localized inside the nucleus, the density distribution is
in accordance with the static calculations, which shows two maxima for ®Be associated with the diproton/cigarlike
configuration characterized by small/large relative distance between valence protons. During the early stage of the decay,
two strong branches are emitted from the inner nucleus, see Fig. 15. The primary branch corresponds to the protons being
emitted at small opening angles, which indicates that a diproton structure is present during the tunneling phase. This can
be understood in terms of the nucleonic pairing, which favors low angular momentum amplitudes and hence lowers
the centrifugal barrier and increases the 2p tunneling probability [60,147,149,150]. The secondary branch corresponds to
protons emitted in opposite directions. This is in agreement with the flux current analysis shown in Fig. 12.

In order to capture the asymptotic dynamics and better understand the role of final-state interaction, Ref.[135] has
propagated the wave function of ®Be to larger distances (over 500 fm) and longer times (up to 30 pm/c), which allows
analysis of asymptotic observables including nucleon-nucleon correlation. In this framework, the initial state IIIé” is a
complex-momentum eigenstate of the Hamiltonian subject to purely outgoing (decaying) boundary conditions, and can be
decomposed into real-momentum scattering states using the Fourier-Bessel series expansion. The resulting wave packet
was propagated by the time evolution operator through the Chebyshev expansion, and benchmarked with Green’s function
method, since the time evolution operator can be written as the Fourier transform of G = (E — H + in)~":

. It
it = £ (6,5 N L) . (36)
2mi 2rh
The obtained results are practically identical for both methods as shown in Fig. 14.

According to Ref.[135], after tunneling through the Coulomb barrier, the two emitted protons tend to gradually
separate due to the Coulomb repulsion. Eventually, the 2p density becomes spatially diffuse, which is consistent with the
broad angular distribution measured in Ref.[169]. This corresponds to an opposite trend for the momentum distribution
of the wave function, in which the emitted nucleons move with the well-defined total momentum shown by a narrow
resonance peak at long times [175]. Fig. 16 illustrates the dramatic changes in the wave function and configurations
of ®Be during the decay process. The gradual transition from the broad to narrow momentum distribution exhibits a
pronounced interference pattern, which is universal for two-nucleon decays and governed by Fermi’s golden rule. The

(35)
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Fig. 16. Time evolution of the wave functions of SBe. Configurations are labeled as (K, £y, ¢y, S) in Jacobi-T coordinates. K is the hyperspherical
quantum number, £ is the orbital angular momentum in Jacobi coordinate, and S is the total spin of valence protons. The projected contour map
represents the sum of all the configurations in momentum space; the interference frequencies are marked by dotted lines.

Source: Figure is taken from Ref. [136].
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interference frequencies, shown by dotted lines in Fig. 16, can be approximated by (%k2 — Qp)t =umh, where n =1, 3,
5 ... le, they explicitly depend on the Qy, energy.

Moreover, the configuration evolution also reveals a unique feature of three-body decay. As seen in Fig. 16, the initial
ground state of ®Be is dominated by the p-wave (£ = 1) components, and the small s-wave (¢ = 0) component comes from
the non-resonant continuum. As the system evolves, the weight of the s-wave component - approximately corresponding
to the Jacobi-T coordinate configuration (K, £, £y, S) = (0,0,0,0) - gradually increases and eventually dominates because
it experiences no centrifugal barrier. Such kind of transition can also be revealed by comparing the internal and external
configurations obtained in time-independent calculations [72]. This behavior can never happen in the single-nucleon decay
due to the conservation of orbital angular momentum but is present for the two-nucleon decay as a correlated dinucleon
involves components with different ¢-values [161,176-178]. In addition, for 2p decays the Coulomb potential and kinetic
energy do not commute in the asymptotic region [116] and this results in additional configuration mixing.

As shown above, the time-dependent approach could reveal the decay dynamics and configuration evolution of the
short-lived system. In particular, for 2p decay, due to the three-body character, the asymptotic configuration might be
different from the inner structure. This indicates that, in order to describe the asymptotic properties correctly, the external
wave function is necessary and needs to be treated properly.

So far, only a few 2p emitters have been discovered, and they are located in the vast regions of the nuclear landscape,
which have different structures and decay widths. To better understand this exotic phenomenon, impressive progress
has been made on the theoretical side over the past decades. As reviewed in Section 2, these theoretical developments
are based on different assumptions and focus on various aspects, such as inner structure, nucleon-nucleon correlation,
and decay dynamics. These properties are not isolated but connected to each other, which gives a comprehensive
description of 2p decay. For example, it has been found that the 2p decay width is sensitive to the strength of the
pairing interaction [69,135,150], since the diproton structure benefits the tunneling process. As shown in Fig. 14, the
attractive nuclear force is not only responsible for the presence of correlated dinucleons in the initial state, but it
also significantly impacts asymptotic correlations and decay dynamics [135]. This also indicates that, even though the
initial-state correlations are largely lost in the final state, some fingerprints of the dinucleon structure can still manifest
themselves in the asymptotic observables. Although there are a lot of open questions - such as the 2p decay mechanism
and the impact of inner structure - still under debate, further studies with microscopic and self-consistent frameworks
would be useful for gaining deep insight into the 2p decay process as well as other open quantum systems.

3. Experimental methods
3.1. Production of 2p emitters

As indicated in Section 1.1, the 2p emission from a nuclear ground state can be observed only when this process is
fast enough to compete with 8% decay. Since the latter process is fast for nuclei beyond the proton drip-line because of
large B decay energy, the resulting half-lives of 2p decaying nuclei are shorter than about 10 ms.

First we discuss long-lived cases of 2p radioactivity with half-lives longer than a few hundreds of nanoseconds. The
ideal experimental method for study of such cases is based on projectile fragmentation followed by in-flight separation
and identification [179]. In this technique, nuclei of interest are produced by a high-intensity beam of relativistic (>
50 MeV/nucleon) heavy ions impinging on a target where the reaction of projectile fragmentation takes place. Selection
of very rare ions of interest, from a huge number of all reaction products is made by means of a fragment separator. In
this device a combination of electromagnetic elements with wedge-shaped degraders is used to transport selected ion
species to the final focus of the separator where detection setups are mounted. This technique has a few key advantages
for studies of very exotic nuclei:

e The method has no chemical dependence.

o The production targets are thick on the absolute scale, of the order of 1 g/cm? which provides large yields of products.
In contrast, a widely used technique to produce proton drip-line nuclei, based on fusion-evaporation reaction and
the beam energy close to the Coulomb barrier, requires targets of about 1 mg/cm? thick.

e The fragmentation targets, however, are thin relative to the range of projectiles in the target material. The products
emerge from the target with large velocity (only slightly smaller than that of the impinging beam particles) and are
transported to the final focus within a time of the order of 1 ps.

e Due to large speed, the products can pass through a series of thin detectors, usually located in the second half of
the separator. This is used for a full identification of each single ion arriving to the final focus by measurements of its
particle rigidity (Bp), time-of-flight (TOF), and energy loss (AE). The state-of-the-art of this procedure is described
in Ref. [180].

e The beam of fast, selected unstable products can be used as a radioactive beam to initiate secondary reactions. The
application of this feature will be discussed later in this section.

The separated and identified in-flight ions are stopped inside the detection setup where their decays at rest can be
observed. This method proved to be very sensitive and efficient. In fact, all four cases of 2p radioactivity shown in the
right part of Fig. 4 and in Fig. 5 were discovered with this technique. An example of the particle identification is presented
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Fig. 17. Identification plot of atomic number Z versus the mass-to-charge ratio A/Q for ions selected by the BigRIPS separator at the RIKEN Nishina
Center. The separator setting was optimized for Br.

Source: Reprinted with permission from Ref. [36].

© 2016 by the American Physical Society.

Table 2
The laboratories where the projectile fragmentation method is used to produce and study nuclei very far from the stability. In the lower part of the
table the facilities under construction are listed.

Country Laboratory Driver Beams Max beam Separator Reference
accelerator energy [AMeV]
Russia FLNR Cyclotron Li-Ar 50 ACCULINNA-2 [181]
China HIRFL Cyclotron Cc-U 60 RIBLL [182]
Italy LNS Cyclotron H-U 80 Fribs [183]
France GANIL 2 cyclotrons Cc-U 95 LISE [184]
USA NSCL 2 cyclotrons 0-U 170 A1900° [185]
Japan RIBF 4 cyclotrons H-U 350 BigRIPS [186]
Germany GSI Synchrotron H-U 1000 FRS [187]
USA FRIB Linac H-U 400 ARIS [188]
Germany FAIR Synchrotron H-U 1500 Super-FRS [189]

2The A1900 separator was closed in 2020 to be replaced by ARIS.

in Fig. 17 showing the first observation of 8’Kr [36]. A list of leading laboratories employing the projectile fragmentation
method is given in Table 2.

The lighter 2p emitters, indicated in the left part of Fig. 4 have much shorter half-lives so there is no time to identify
them before they decay. The production of such an emitter and its decay happens essentially at the same place, in-
flight. All recent experiments on such cases employ the method of radioactive beams by taking advantage of projectile
fragmentation. A fragment separator is used to produce, separate, and identify in-flight ions of an unstable projectile
fragment which play a role of a secondary radioactive beam. This beam is directed to a secondary production target
where the 2p emitting nucleus of interest is produced, mostly by 1n or 2n knockout reaction. Identification of the 2p
emitter is done by detection of the decay products and by the kinematical reconstruction. Thus the same set of detectors
is used to identify the nucleus, its decay mode, and to study properties of this decay.

An example of such technique is the setup developed at GSI Darmstadt and used for the first observation of 2p emission
from Mg [37]. The idea of the method is illustrated in Fig. 18. In this experiment, the primary beam of Mg with the
energy of 591 MeV/nucleon was bombarding a beryllium target, 4 g/cm? thick, located at the entrance of the FRS fragment
separator. The first half of the FRS was used to select ions of Mg which served as the secondary, radioactive beam. This
beam, at about 450 MeV/nucleon, hit the secondary 2 g/cm? thick beryllium target at the middle focal plane of the FRS.
Here by the 1n knockout reaction the ®Mg was produced and promptly decayed by 2p emission. Tracks of both protons
were detected by a set of silicon microstrip detectors and the 2p daughter nucleus, ”Ne, was fully identified in the second
half of the FRS. Triple coincidences of two protons and a !”Ne ion were used to define the Mg decay and, in addition,
the proton tracks were used to reconstruct the position of the decay vertex. Later the same method was used at the FRS
to investigate 2p emission from '®Ne [191], 3°Ar [190], and 2°Ar [192]. A very important, and not intuitive, feature of this
technique is that the energy of emitted protons can be determined solely from the angle of its trajectory with respect to
the beam axis.

A different setup was used at GSI Darmstadt for the first observation of ®Ne and its 2p emission [193]. Here the
full FRS separator was used to produce the radioactive beam of "Ne of 500 MeV/nucleon from the primary beam of
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Fig. 18. Upper part: A schematic layout of the FRS fragment separator at GSI Darmstadt. Lower part: Sketch of the detector setup at the secondary-
target area measuring trajectories of the incoming secondary projectiles and the decay products of the 2p decaying nucleus created in the secondary
target. The specified primary and secondary beams, and 2p daughter nuclei, correspond to experiments on the 2p decays of Mg [37] and 3°Ar [190].
See text for more details.

20Ne. The fully identified in-flight secondary beam was transported to the R*B-LAND setup [194] on secondary carbon or
polyethylene reaction targets where '>Ne was created by the 2n knockout reaction. Its decay products were identified
from their trajectories in the magnetic field of a large-gap dipole magnet (ALADIN) placed behind the target. The protons
and heavy fragments were guided into two separate arms, where additional energy loss and TOF measurements were
performed.

A similar approach was taken at the NSCL/MSU laboratory for a series of measurements devoted to the 2p emission
from 8C [195], ®Be [169], ®Ne [196], 20 [144], and ''0 [145]. Here, the full A1900 separator was used to prepare the
corresponding radioactive beams. The most recent experiments [144,145] could apply additional electromagnetic time-of-
flight filter - the Radio Frequency Fragment Separator [197] - which purified the beam to about 80%. The final secondary
beam was impinging on a Be target and the charged reaction products were detected further downstream by the High
Resolution Array (HiRA) [ 198]. The same setup was used in the study of 2p-decay from the first excited state of '®Ne [199].

Decays from excited states populated in 8 decay and from long-lived isomeric states do not necessarily require fast
separation technique. In such a situation the alternative production method of exotic nuclei, based on Isotope Separation
On Line (ISOL) [1,200], can be applied. Indeed, a large body of information concerning the 82p decays was collected with
help of the ISOL method [2].

3.2, Detection of 2p decays

3.2.1. Silicon detectors

The most common detection technique in charged-particle spectroscopy is based on silicon detectors which are
characterized by a good energy resolution and sufficiently good time resolution. An important advance in this field was the
development of double-sided silicon-strip detectors (DSSSD) [201]. The granularity achieved by two sets of perpendicular
strip electrodes on the both sides of a DSSSD helps to establish position correlations between implantation of a heavy ion
and its subsequent decay with emission of charged particles. In this way the detection sensitivity is enhanced and high
counting rates can be accepted.

One method to study 2p decay at rest is to implant a candidate nucleus into a silicon detector. This approach was
applied in the first observation of 2p radioactivity of Fe [32,33], >*Zn [34], and " Kr [36]. lons emerging from the fragment
separator are slowed down by means of a dedicated degrader of variable thickness to be properly stopped in the detector
setup. The products of projectile fragmentation have significant energy straggling, therefore, to increase the stopping
efficiency, the setup usually consists of a stack (a telescope) of a few Si detectors typically between 300 pwm and 1 mm
thick. Signal generated by the implanted ion is recorded in coincidence with signals from detectors used for the in-flight
identification. Later, these signals are correlated with decay signals from the same Si detector and from the same pixel in
case of the DSSSD. The 2p decay energy, Qop, is of the order of 1 MeV (see Fig. 5) and the range of 1 MeV proton in silicon
is about 16 pwm. Since both protons are emitted simultaneously, they are recorded as a single signal with the efficiency of
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almost 100% and the Q,, energy can be measured with the resolution of about 20 keV. From the time difference between
implantation and decay signals the half-life can be determined. Nuclei beyond the proton drip-line undergo 8+ decay with
large probability of delayed proton emission. Hence, it is important to distinguish 2p decays from Bp events. The positron
from B* decay leaves a small part of its energy in the Si detector in which decay occurred and this energy adds to the
energy left by the proton which is emitted practically at the same time. This effect (8 summing) modifies the proton line
shape by producing a high energy tail which is absent in the lines originating from 2p decay. In addition, the positron has
a large probability to be detected in the neighboring detectors of the Si stack which can be used to veto the Sp events. An
modern example of such approach is the WAS3ABi DSSSD array [202] which was used in the 2p decay study of *’Kr [36].
WAS3ABI consisted of three 1 mm thick DSSSDs with 60 vertical and 40 horizontal (Y) strips with a pitch of 1 mm. A
different way to tag Bp events is to surround the Si telescope with a high efficiency y-ray detector sensitive to 511 keV
photons originating from the positron annihilation. This method was applied in Ref. [32], by mounting the implantation
telescope, consisting of 8 monolithic Si detectors, each 300 wm thick, inside a Nal(Tl) barrel composed of 6 crystals. The
detection efficiency of Bp events in the energy range 0.9-4.0 MeV of this setup was found to be 93% [32].

Decay study at rest, after implantation into a silicon detector, has important advantages of providing large efficiency,
close to 100% for protons of about 1 MeV, and good energy resolution, usually better than 30 keV. This method, however,
can be applied only to cases which live long enough to survive the flight from the production target to the decay station,
which is typically a few hundred nanoseconds. The 2p emitters of much shorted half-lives decay in-flight and thus require
a different detection technique.

For the identification of the in-flight 2p emission and for its kinematical reconstruction, it is necessary to record
trajectories and momenta of all the decay products: two protons and the 2p daughter nucleus. Here again silicon detectors
prove to be indispensable. In experiments where 2p emitter is created by a high-energy radioactive beam from a fragment
separator, as described in the previous section, the decay products emerge from the secondary target also with a high
energy due to the Lorentz boost. As a consequence, they can pass through several detector layers which facilitates good
track reconstruction and identification, and in addition, it allows to cover large center-of-mass solid angle with detectors
subtending a relatively small solid angle in the laboratory system. An example is shown in Fig. 18. Here the ions of
the radioactive beam were identified in the first half of the FRS with help of standard particle identification detectors
and the Bp-TOF-AE method. Their position on the secondary target was defined by a 6 x 6 cm? DSSSD with 32 x 32
strips [37]. The 2p daughter nucleus was characterized (its identity and the momentum) in the second half of the FRS with
the standard detectors and the Bp-TOF-AE method. The tracks of the two protons were measured by an array of DSSSD
silicon microstrip detectors [203]. It consisted of four large-area (7 x 4 cm?), 300 wm thick silicon detectors with a pitch
of 100 wm. They served for the measurement of the energy loss and positions of coincident hits of two protons and the
2p daughter nucleus. This allowed to reconstruct all fragment trajectories and derive the coordinates of the decay vertex
and angular correlations between decay products. The achieved transverse position accuracy by a microstrip detector for
protons was 40 um [37].

In experiments on the lightest 2p emitters, performed at the NSCL/MSU laboratory [144,145,169,195,196] the secondary
beam, delivered by the A1900 fragment separator, with the energy of about 70 MeV/u impinged on a 1 mm thick beryllium
target. The all 2p decay products were detected by the High Resolution Array (HiRA) [198] which is a modular and
expandable array of 14 charged-particle telescopes. Each of them, with an active area of 6.25 cm x 6.25 cm, consists
of a thin 65 wm single-sided silicon strip-detector with 32 strips, a 1.5 mm double-sided (32 x 32) strip-detector, and
four separate 4 cm long CsI(TI) crystals, each spanning a quadrant of the preceding Si detector. The strips on the frontal
detectors provide good definition of the particle position, while the particle identification is made from the AE vs. E
correlations. If the measured particle stops in the second Si detector, the first, very thin one delivers the AE information.
If the particle range is larger, then the AE signal is taken from the second, thicker Si detector and the residual energy E is
given by the CsI(TIl) crystal. This technique was used to identify, and measure energy of protons, « particles, and isotopes
of carbon and oxygen.

In-flight technique is based on recording coincidences between several detectors which usually have a limited coverage
of the solid angle. Therefore, the total efficiency and energy resolution are worse than in case of the decay-at-rest
spectroscopy. In addition, in contrast to the latter method which has a lower half-life limit of a few hundreds nanoseconds,
in-flight technique requires that the decay takes place before the decaying ion passes the first detection array. This imposes
an upper limit for the half-life which depends on geometry of the set-up and velocity of ions but typically is of the order
of a few nanoseconds. In case when the precise tracking of the decay products is made, the half-life in the range between
1 ps and 1 ns can be determined from the distribution of the decay vertex [37].

3.2.2. Time projection chambers

The method of 2p emission study from ions implanted inside a silicon detector is relatively simple and effective but
has an important drawback that only the total decay energy and the decay time can be determined. Although both these
observables are sufficient to classify the event as a 2p decay, the information on the angle between protons momenta
and on the energy sharing between them is lost. Since the latter parameters are key to understand the mechanism of
the 2p decay, a new experimental approach is necessary to study this phenomenon in detail. To address this problem,
gaseous detectors based on the principle of the time projection chamber (TPC) were proposed. Their main advantage is
that such detectors are capable to record individual tracks of charged particles ejected within the active volume. The
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principle of operation is illustrated in Fig. 19. An ion of interest, identified in-flight and slowed down by a degrader, stops
within the active volume of the chamber filled with a gas. The stopping ion, as well as charged particles emitted in the
subsequent decay, ionize the gas. The primary ionization electrons drift in a uniform electric field towards the anode
electrode through a charge amplification section where they are multiplied. Their pattern on the anode plane represents
the two-dimensional projection of the particles’ tracks on that plane. Since the electrons drift with a constant velocity,
the drift time contains the information on the position along the electric field direction, perpendicular to the anode plane.

In a TPC detector the decay at rest is observed, so this technique can be applied only to ions with half-lives longer
than the time-of-flight through the separator (a few hundred nanoseconds), like in case of implantation into a silicon
detector. The efficiency of observing 2p emission is almost 100% when the ion is stopped in the active gas volume. The
TPC detectors are operated with the gas at the atmospheric pressure or lower — down to 100 mbar. As a consequence
of fragmentation reaction mechanism, the range distribution of selected ions in the gas used in the TPC can be broader
than the thickness of the TPC detector which reduces the overall detection efficiency. In such case, the special effort is
needed to assure the optimal implantation of ions under study. In addition, because of low density of the TPC gas, the
tracks of particles are much longer than in a silicon detector. The full kinematical reconstruction of the decay is possible
only when tracks of all decay products are confined within the active gas volume. Even if this is the case, however, the
energy resolution is worse than provided by a Si detector, typically above 50 keV. Thus, the two methods of 2p decay
studies at rest are complementary and both should be used for the full characterization of the decay process.

One detector of the TPC type for the study of 2p radioactivity was developed at the CEN Bordeaux-Gradignan [205].
Effectively, it has the active volume of about 14 x 14 x 6 cm?, filled by the P10 gas (90% Ar, 10% CH,). The detector
is mounted inside a tight container which allows to regulate the gas pressure and thus its density. The typical working
pressure is between 500 mbar and 750 mbar. The charge amplification section is made by a set of four gas electron
multiplier (GEM) foils [206]. The signals are collected by a double-sided microgroove detector [207] equipped with an
application-specific-integrated-circuit (ASIC) read-out. The detector has two orthogonal sets of 768 strips with the pitch
of 200 m. ASIC electronic reads out every second strip which yields 384 channels for each side of the detector. Other
half of the strips is connected in 12 groups of 64 strips and read-out by standard preamplifiers and shapers. From each
of the channels the energy and the timing information is collected. With this detector the first direct observation of two
protons from the 2p decay of Fe was achieved [204]. An example of such an event is shown in Fig. 20. The same TPC
detector, with some slight modifications, was used to study the 2p decay of #Zn [208]. More advanced construction of
an ACtive TARget and Time Projection Chamber (ACTAR TPC), to be used also in future 2p decay studies, was recently
developed GANIL laboratory [209,210].

A different approach to the signal readout from a TPC detector was adopted at the University of Warsaw. While the
main principle of operation is the same as described above, the final signal is not recorded electronically but optically. The
key idea, first applied by Charpak et al. [211], is that the gas atoms and molecules emit light when excited by multiplied
ionization electrons. In the Warsaw Optical Time Projection Chamber (OTPC) this light is collected by a CCD camera and
by a photomultiplier (PMT) — the first prototype was described in Ref. [212], the later developments in Ref. [213]. In the
present version the active volume amounts to 33 x 20 x 21 cm?® and is filled by a gas mixture at atmospheric pressure.
The mixture is composed mainly by argon and helium with small admixtures of CO;, N, or CF4. The density of the gas is
regulated by changing the proportions of argon and helium. Four GEM foils are used for charge amplification. The light
is generated between the last GEM foil and the wire mesh anode. The chamber is closed by a glass plate transparent
to visual light. Below the chamber, in the light-tight box the CCD camera and the PMT are mounted — see Fig. 21. The
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bottom the emission of two protons is seen from the point where the ion was stopped.
Source: Reprinted with permission from Ref. [204].
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Fig. 21. The photograph of the Warsaw OTPC detector being mounted at the beamline, before installing the light-protecting closure. In the top part
the active gaseous chamber is located. A CCD camera and a PMT can be seen at the bottom of the lower part.
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Fig. 22. An example event registered by the Warsaw OTPC detector. Top: the CCD image shows the track of a “8Ni ion entering the chamber from
below, two short tracks representing the 2p decay, and a long track of the S-delayed proton emitted by the 2p daughter nucleus “6Fe. Bottom: the
PMT waveform shows the sequence of events: the triggering ion was implanted at time zero, two protons were emitted about 6.65 ms later, and
the Bp event occurred about 19 ms after the implantation. The inset shows a part of the PMT signal zoomed on the 2p emission moment, where
contributions from both protons are seen.

acquisition system is triggered by a signal from particle identification system indicating that an ion of interest is entering
the detector. The CCD camera is opened for a certain exposure time and the PMT signal is recorded by a digital oscilloscope.
The resulting CCD image shows projection on the anode plane of tracks of all charged particles traversing the active volume
during the exposure. The PMT waveform represents the total light intensity as a function of time. It allows to establish
the sequence of events in time during the exposure and, via the known electron drift velocity, contains information on
the position distribution along the electric field, perpendicular to the anode plane. Although the drift time information
is contained only in a single channel (total light intensity), the combination of the CCD image with the PMT waveform
allows to reconstruct tracks of particles in 3D unambiguously for decays when no more than two tracks appear at the
same time.

The OTPC was used in the measurement of the detailed proton-proton (p-p) correlations in the decay of °Fe [73] and
in the discovery of 2p radioactivity of “Ni [35]. This detector was also successfully used in studies of -delayed emission
of charged particles. In particular, all cases of §-delayed emission of three protons (83p) known to date were discovered
with help of the OTPC [214-217]. An example of a decay event of “Ni recorded by the OTPC is shown in Fig. 22.

4. 2p Emission from light unbound nuclei

In this section, we overview 2p decays of short-lived nuclear states, ground and excited ones, which are either faster
than classical radioactivity life-times (i.e., shorter than 10~'* s according to [1]) or radioactive but decay in-flight before
reaching experimental detectors (mostly shorter than 107° s). In both cases, the 2p-decay products are detected, which
allows for a reconstruction of the energy spectrum and/or half-life value of the 2p precursor.

As mentioned in the historical note (Section 1.2), early studies of 2p emission were performed on nuclear excited states
of bound nuclei populated either in 8 decays or inelastic nuclear reactions with stable beams. Most of such states decay
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Fig. 23. The p- and 2p-separation energies (S, and S,p, respectively) of oxygen, neon and argon isotopes (circles and diamonds taken from [135,145,
199]) of mass A. The hollow symbols for Ar in panel (c) joined by a dashed line show the mass predictions [135]. Isotopes with specific structure
and decay properties are highlighted by arrows and the corresponding text legends.

by a sequential 2p emission which can be described as a chain of independent 1p emissions via long-lived intermediate
states (i. e., via narrow resonances). Such a decay mechanism is well understood and has been described in a number
of approaches, see e.g. the review of R-matrix theory by Lane and Thomas [71]. Here, we concentrate on reviewing 2p
emission from light 2p-unbound nuclei. These exotic systems located just beyond the proton dripline provide a remarkable
playground for studies both of narrow resonance decays and of broad continuum states, where a rich and complex
evolution from simultaneous to sequential 2p decay is observed with increasing decay energy.

As already mentioned, different decay mechanisms (or forms of nuclear dynamics) depend strongly on the ratio of the
1p- and 2p-separation energies S, and S,,. For illustration, the systematics of S, and S,, for O, Ne and Ar isotopes near
the proton dripline is shown in Fig. 23. The chosen isotope chains represent nuclear structure around the closure of the
p- shell as well as the lower and the upper parts of the s-d shell configurations. One can see that the A dependence of
Sp and S, values is different, and the corresponding curves intersect near the proton dripline, which causes significant
changes of the dynamical properties of nuclides in this region. Bound nuclei that are closest to the dripline typically
exhibit a so-called Borromean structure (when removal of one out of the three bodies, either one of the protons or the
core, leads to disintegration of the whole three-body system) with the condition S, > S,,. Unbound nuclei located just
beyond the dripline often undergo simultaneous decays, i.e. either 2p decay by the true or by the democratic mechanism.
In addition, a transition situation is possible. Nuclei located further beyond the dripline pass the transition area and occur
either in a domain of democratic 2p decays (typically for the lightest nuclei) or in a domain of sequential 2p decays (rather
expected for the heavier, higher-Z systems). Thus, the transition dynamics is a quite likely situation in the area between
the dominating simultaneous (true or democratic) and sequential 2p-decay mechanisms.

Similar evolution of the 2p-decay mechanisms might occur in energy spectrum of an individual isotope whose levels
decay depending on excitation energy E*, as Er = E* — S,,. However, contrary to isotopic chains, the nuclear structure of
excited states is usually more complicated than the ground state which may alter the 2p decay pattern.

At the moment, experimental information has been obtained for a number of short-lived 2p-emitting nuclei, i.e..’Be,
110, 120, 5Ne, '®Ne, Mg, 2°Ar, and 3°Ar. Location of the studied nuclei on the nuclear chart is shown on Fig. 4, left panel.
Most of them have been populated in reactions with radioactive beams. In the following subsections we will describe
them in more detail with the focus on the 2p decay mechanism and its evolution, as well as on the nuclear-structure
information which can be gained in these studies. In this overview, we include also an interesting case of excited states
in 7Ne. The summary of the 2p-emitting states discussed in this Section is given in Table 3.

4.1. Decay of ®Be

The lightest 2p unbound system, ®Be, has been studied in the most detail, since it is relatively easy to be reached
experimentally by using reactions with stable beams. Thus, data with very high statistics can be accumulated. This case
may be analyzed by assuming a simple o + p + p configuration of ®Be, where two valent protons are in a p; /2 shell.

The most recent level scheme of ®Be reported in [169] is shown in Fig. 24. By comparing with the general energy
conditions of 2p decays in Fig. 3(b,c), one may expect a democratic decay mode for the ground state of ®Be and a sequential
proton emission for its excited states with an intermediate region between these alternative mechanisms.

The first investigations of the ®Be 2p decay started via studies of a charge-exchange reaction °Li(3He,t)®Be [21,22].
The measured p-p correlations from the ground state 0% of ®Be could not be explained by using simple decay scenarios
(phase volume, diproton decay, simultaneous emission of p-wave protons), thus three-body approach was applied in
order to understand the measured spectra. The first kinematically complete experiment on decay of ®Be (when two decay
products, proton and « particle were measured in coincidence) demonstrated that much more rich information including
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Table 3
Experimentally studied 2p-emitting states in light nuclei which are reviewed in this Chapter. The reactions of population, measured decay energies
Eyp, widths I, and derived decay mechanisms of the states with spin-parities J* are collected. The experimental details can be found in the

respective sections and references.

Nuclear Section Population Ezp, L, Derived mode References
state J© reactions MeV MeV of 2p-decay
5Be 0% 4.1 SLi(3He, t)°Be 1.37 0.09 3-body, democratic [21] [22] [218]
(19, 1°C*)5Be+a Democratic [60]
("Be, ®Be) Democratic or true [169]
6Be 2+ 4.1 TH(®Li, ®Be)n 3.05 1.16 0+, 2% interference [219]
6Be* continuum 4.1 TH(®Li, ®Be)n 5-15 Soft dipole mode [220]
110 (3/27) 42 (130, 110) 425 2.3 Sequential [146]
20 ot 4.2 (130, 20) 1.74 <0.07 Democratic [23,24,144,221]
>Ne (3/27) 43 (Ne, "Ne) 2.52 0.59 Transition [193]
16Ne 0* 4.3 (Ne, 6Ne) 1.46 <0.08 Democratic [191,196,222,223]
16Ne* 2+ 43 (YNe, '®Ne) 3.16 <0.05 Transition, [199]
i.e. “tethered” 2p
7Ne* 3/2~ 4.4 (YNe, Ne*) 1.288 ? True 2p [27]
TH('®Ne, '"Ne*)d [224]
7Ne* 5/2~ 4.4 (YNe, Ne*) 1.75 0.02 Sequential [225]
Mg 1/2- 45 (*Mg, °Mg) 0.75 1.1-10°1° True 2p [37,226-229]
29Ar 46 (3'Ar, 2°Ar) 5.5 ? Sequential [192]
30Ar 0F 46 (3'Ar, 3°Ar) 2.25 <4.10~1 Transition [190,228,229]
E; W 53 =2 .
sequential
2" 3.05 1.16
transition

S 3/272.082.11
N

. x
ST 0006 democratic
SN . true
true or democratic ? %, % democratic
_____________ A W R asa. «dl
6 5 ecay
Be Lisp Ly 5 mechanism

Fig. 24. Level and decay scheme for ®Be reported in [169] and illustrations of involved decay mechanisms. The continuum states are labeled with
J*,E., I'. Dotted arrows point to 1p- and 2p- decay transitions. Intermediate resonances °Li are in the middle. Evolution of decay mechanisms is in
the right panel.

three-body correlations of its fragments can be acquired [218]. Though the three-body correlations were measured in
a restricted phase volume and with small statistics, they demonstrated presence of specific p-p correlation structures
(e.g., dinucleon, cigar and helicopter), which could be described by using the concept of democratic decay [218].

The first complete-range three-body correlations from decay of the ®Be ground state were measured by detecting all
decay products, @ + p + p [60]. For the first time, a radioactive beam of '°C (produced in the reaction'°B(p, n)!°C) was
used to populate states in a 2p precursor. The secondary-reaction chain was °C—1°C* — «+%Be— 2a + 2p, and the
recorded coincidences 2« + 2p were used to derive the three-body o + p + p correlations. The obtained correlations
based on 1000 decay events of the ®Be ground state were found to be in a very good agreement with predictions of the
theoretical three-body cluster model [60]. Both experimental and theoretical distributions in the T and Y Jacobi coordinates
are presented in Fig. 25.

The measured correlations are sensitive to details of the structure of ®Be ground state. For example, the energy
distribution € has broader and narrower profiles in the T and Y systems, respectively, which is an indication of the
important contribution of the p?-configuration in the wave function of ®Be ground state according to the three-body
cluster model [230]. These data allowed for an analysis of fine details of correlation patterns, which showed the need for
data with higher statistics and with better energy and angular resolution.

Such a high-statistics experiment on ®Be was performed by using a 70 AMeV 7Be secondary beam populating levels in
6Be by neutron-knockout reactions on a Be target [169]. The three-body decay of the ground and first excited states into
the o + p + p exit channel were detected in coincidence. Precise three-body correlations extracted from the experimental
data allowed for insights into the mechanism of the three-body democratic decay and its evolution. This can be illustrated
on the example of the spectrum of relative energy between the o particle and one of the protons, Ey,. Several such
distributions gated by the decay energy of ®Be, Er, are shown in Fig. 26. The data are in good agreement with a three-body
cluster-model calculations, which validate this theoretical approach over a broad energy range. As seen in Fig. 26(a,b), at
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Fig. 25. Complete correlation pattern for ®Be g.s. decay, presented in the T and Y Jacobi systems (left and right columns, respectively). The upper
row is theoretical description with notations of kinematical variables, the lower shows the respective experimental data.
Source: Data and calculations are from [60,230], respectively.

low Er the shape of the energy distribution has a relatively broad bell-like profile typical for the true 2p decay. However, as
Er increases, the profile first becomes significantly narrower which happens when the >Li ground-state resonance enters
the decay window, see Fig. 26(c). For E;r < 2E;(°Li), the availability of the two-body «-p resonance for sequential decay
does not lead to a pattern typical for a sequential decay with two peaks. Evidence for such sequential correlations are
only observed when E; > 2E,(°Li) + I'(°Li), see Fig. 26(f). This evolution of decay mechanisms is indicated schematically
in the right panel of Fig. 24.

Further progress in studies of ®Be was achieved by using the 'H(®Li, ®Be)n charge-exchange reaction, where population
of continuum states in ®Be was observed up to Er = 16 MeV [220]. In kinematically complete measurements performed
by detecting @ + p + p coincidences, the Er spectrum of high statistics was obtained. It provided detailed correlation
information about the 07 ground state of ®Be at Er = 1.37 MeV and its 2* state at E; = 3.05 MeV, see Fig. 27. Moreover,
a broad structure extending from 4 to 16 MeV was measured. It contains negative parity states populated by L = 1 angular
momentum transfer without other significant contributions. This structure was interpreted as a novel phenomenon, i.e. the
isovector soft dipole mode (IVSDM) [220] associated with the Li ground state. Recently, the same reaction was used to
study in detail the ®Be excitation energy region below 3 MeV, where contributions from the ground 0% state overlap with
the broad first excited 2% state [219]. Both experiments provide good examples of the detail investigation of an exotic
system via the three-body o + p + p correlations.

4.2. Decays of 120 and 110

The two oxygen isotopes beyond the proton drip line, 20 and 'O, may provide information on nuclear structure with
a supposedly closed p-shell proton configuration and on decay properties of these 2p-unbound systems.

The first study of opening angle between protons emitted from 20 was motivated by the search for a true 2p
emission [24]. However, the measured spectrum was explained by the dominating sequential emission via an intermediate
1IN state. Later it was found that indeed the ground-state energy of !N is below that of 20 [221,231]. The presently-
known level and decay scheme of 120 illustrating possible 2p-decay mechanism is sketched in Fig. 28. The intermediate
ground state of !N is seen to be very broad, which points to a democratic 2p-decay mechanism of the 20 ground state
and to a sequential proton emission for the first excited state 2.
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Fig. 26. Distributions of relative energy between the « particle and one of the protons, E,, selected with the decay energy Er of ®Be system, as
reported in Ref. [169]. Evolution of the distribution shapes with Er reflects a change from the democratic decay mechanism (which dominates in the
panels (a,b)) to the sequential proton emission via intermediate °Li (dominating in the panels (e,f)). The red and black arrows indicate two possible
positions of the °Li ground-state resonance between o — p; and « — p,, respectively.

Source: Data are taken from [169].

The measured width of the 20 ground state I" < 72 keV [232] was found to be consistent with the theoretical
prediction assuming democratic 2p decay mechanism [47]. The calculations in the three-body cluster model yielded the
value of 60 keV for this width, but also pointed to a large difference between the structure of >0 and its isobaric mirror,
with a markedly stronger s> component in the ground state wave function of >0. The mirror asymmetry in nuclei when
valence nucleons occupy the s;/, orbital is known as the Thomas-Ehrman shift (TES) [233,234]. Its main effect is the
lowering of the s-dominated states in the proton-rich partner due to increased radial extent of the weakly-bound valence
proton. The finding in '?0 indicated that in addition, the composition of the wave function may differ between mirror
partners. This effect was called the “three-body mechanism” (or “dynamic”) TES [47].

Using one-neutron knock-out reaction with a 30 secondary beam at the energy of 70 AMeV, the ground-state
correlations of fragments in 2p decay of 20O were measured [144]. The results are shown in Fig. 29 where they are
compared with those from the isobaric analog state (IAS) of 20 in >N*. In addition, similar spectra are shown for the
6Be [169] where both valence protons are in the P32 shell configuration. The measured correlations have basically the
same shapes as those predicted by the three-body model [47], see Fig. 30. The difference is mainly due to Coulomb
repulsion in the core-p subsystem, see Fig. 29(b). Thus, the assumed dominance of a single 2p configuration in structure
of 2p precursor and a three-body decay mechanism are sufficient for description of the data shown.

Recently, similar data on 2p decay were reported for the more exotic isotope 'O [145,168] which is the mirror of
the well-known two-neutron halo nucleus ''Li. The measured decay pattern of 110 [145,168] is more complicated for
interpretation in comparison with '20. The obtained invariant mass spectrum shows a broad peak of width ~3.4 MeV,
which is difficult to explain by a single component in the 2p-configuration of 10 by using a °C + p + p cluster model.
Within the Gamow coupled-channel approach [147,168] developed for deformed nuclei, it was concluded that this peak
is a multiplet with contributions from the four lowest 'O resonant states with J* = 3/27, 5/27, 3/25, 5/2; Interestingly,
only a moderate isospin asymmetry between ground states of 110 and ''Li was observed.

4.3. Decays of '®Ne and >Ne

The systematics of the measured proton separation energies (see Fig. 23) indicates, that the ground states of two
unbound neon isotopes, '®Ne and '°Ne, decay by emission of two protons. The democratic or true 2p decay mechanism is
plausible for '®Ne, and the 2p emission of >Ne occurs in a transition region between direct and sequential mechanisms.
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Fig. 27. (a) Experimental energy spectrum of ®Be (diamonds) and MC simulations (shaded histogram). (b) Spectrum obtained by correcting the data
for detection efficiency used in MC simulation; the contributions of different J* components is indicated. (c) Contour plot of the spectrum in the
Er, Bge plane. The g is the ®Be emission angle in the c.m. system of reaction 'H(®Li, ®Be)n.

Source: Data and calculations are from [220].
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Fig. 28. Level and decay scheme for >0 reported in [232]. The 20 and ''N states are labeled by J*. The arrow indicates the 2p- decay transition
to 1°C.

The decay of '®Ne was investigated experimentally in Refs. [191,196,199,222,223]. It was produced by one-neutron
knock-out reactions from the secondary beam of '"Ne, which was produced first in the fragmentation reaction of the
stable 2°Ne.

The level scheme of ®Ne with the ground and first excited states as well as intermediate '°F states are shown in
Fig. 31. In the first approximation, structure of the ground 0% state has a dominating [s%]-wave proton configuration, and
the first excited 2% state is mainly a [d?]-wave of valence protons. Similar structure may be expected for the >Ne ground
3/27" and first-excited 5/2% states (Er of 2.52 and 4.42 MeV, respectively).
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Fig. 30. Relative-energy (E;) correlations for p-p and core-p subsystems in 2p decays of: (a) '20 and '®Ne (solid and dashed lines, respectively)
predicted by the three-body model [47]; (b) Illustration of Coulomb repulsion between decay products. Core-p correlations of 2p emitters from Be(Z
= 4) to Kr(Z = 36) calculated by the direct decay model [235]. E; is normalized to the total decay energy Er.

The measured widths and decay energies of the ®Ne states [196] are compared with theoretical predictions [236] in
Fig. 32(a,b). One may see, that decays of both ground 0" and excited 2% states cannot be reproduced by the diproton
emission or the three-body 2p decay of '®Ne consisting of a pure [s%] or [d?] configuration. However, calculations of the
three-body cluster model with a strong nuclear sd-configuration mixture can reproduce the observed width values. This
observation provides the second example, after '20 discussed above, of the “three-body mechanism” of the TES [47]. It
was found that in the '®Ne-16C mirror pair, the “dynamic” component of the TES is responsible for about half of the whole
TES effect. The strong sd-configuration mixing in the ground state of ®Ne is also supported by the correlations of its 2p
decay products. Fig. 33(a) shows the first-measured p-p angular correlations from the ®Ne ground state [191]. The solid
line represents the three-body cluster model assuming the 54% d-wave contribution.
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Fig. 33. (a) Angular p-p correlations from the 2p decay of the ground state of '*Ne (dots with statistical uncertainties) obtained from the measured
140 + p + p coincidences in Ref. [191]. The solid curve shows the three-body model calculations with the assumed 54% of d-wave configuration
in the ground state. The dashed curve is the diproton model prediction, and the dash-dotted curve is the phase-space simulation of the 2p decay
assuming an isotropic proton emission. (b) Relative-energy p-p correlations E,, from the 2p decay of the 6Ne ground state measured in Ref. [196]
(Epp is normalized to the decay energy Er). The theoretical description by three-body model with different parameter p., values reflecting ranges
of considered Coulomb interaction are compared to the experimental data (the detector response is included via the MC simulations).

35



M. Pfiitzner, I. Mukha and S.M. Wang Progress in Particle and Nuclear Physics 132 (2023) 104050

nyn

cos(8,)

O"':

theo MC "T" simp MC "T"
00 02 04 06 08 1000 02 04 06 08 10
& &

Fig. 34. Three-body correlations of the 2p-decay products of the first excited state 2* in 'Ne [199], presented in the T (top row) and Y (bottom
row) Jacobi systems. The € is either E,_1q (in system Y) or E,_, (in system T) relative-energy normalized to the decay energy Er. The experimental
results are shown in panels (a,d). The three-body model calculations are in panels (b,e), and those from a sequential decay simulation are in (c,f).
The theoretical distributions have been folded with the detector response via MC simulations. (g) Sketch illustrating the relative p-p vectors for the
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Source: Figure is taken from [199].

In another study, an evidence for the long-range Coulomb effect in three-body correlations of fragments was
found [196]. As illustrated in Fig. 33(b), a good description of the p-p relative energy in the 2p decay of the '®Ne
ground state requires tracing the three body Coulomb interaction to distances of 1000 fm and beyond. This observation
is important by pointing out that the analysis of the 2p decays in heavier systems, where the Coulomb interaction is
stronger, needs a special care.

An interesting interplay of the true and sequential 2p-decay mechanisms in the decay of the first excited 27 state in
16Ne was reported in Ref. [199]. The results are shown in Fig. 34(a,d). The E,_1q-related distribution in panel (a) shows the
presence of two peaks which are expected for the first- and second-emitted protons in the sequential decay mechanism,
however, only when the two protons have low relative energy, which is characteristic for the diproton-like correlation.
Thus, features of two distinct decay mechanisms seem to be observed. A careful investigation within the three-body model
indicated that, indeed, both the sequential and the simultaneous decay paths do occur here and they interfere resulting
in the observed, strange correlation pattern. It was qualitatively described as a “tethered” decay mechanism [199].

The only experimental work on '>Ne to date, was reported in Ref. [ 193]. The first observation of this exotic nucleus was
achieved in two-neutron knock-out reaction from a beam of '”Ne. The decay, proceeding directly to >0 with emission of
two protons, with the total 2p decay energy of 2.522(66) MeV, was observed. The energy correlations between the decay
products indicate a democratic decay mechanism. The structure of the >Ne ground state was considered as a coupling
of the 130 core to the valence protons in a mixture of [s% /2] and [dg /2] configurations. The contribution of the s-wave
component was determined to be 63(5)%.

4.4. Excited states in " Ne

In is interesting to mention in context of this review the case of ’Ne, as its first excited state was one of the early
candidates for observation of the true 2p decay. The ground state of "Ne is bound, but the first excited state (3/2~ at
1.288 MeV) is unbound by 355 keV relative to the 2p emission and bound by 181 keV with respect to the 1p-decay
threshold [225], see the level scheme in Fig. 35. Thus, this state fulfills the energy criterion for the true 2p emission.
Unfortunately, it was found to decay predominantly by y emission [27]. The interest in the 2p-decay branch of the 3/2~
state has an additional motivation from nuclear astrophysics. The 0 nucleus is known to be a “waiting point” in the
rp-process [237]. The radiative capture of two protons by 0 via '"Ne(3/27) could be a possible bypath for this waiting
point.

Recently, a dedicated search for the 2p decay branch of the 3/2~ state in '’Ne has been performed by applying the
original “combined mass” method to reconstruct the '”Ne excitation spectrum [224]. In this work a new upper limit for
1“2,,/1"},6 < 1.6(3) x 10~* was obtained. This value, however, is still far from the theoretical estimate which is in the order
of 107° [58].

Higher lying excited states of ”Ne are expected to decay by a sequential 2p emission through the levels of 16F, as
indicated in Fig. 35. Indeed, the second excited state, 5/27, was reported to decay sequentially already in Ref. [27]. The

36



M. Pfiitzner, I. Mukha and S.M. Wang Progress in Particle and Nuclear Physics 132 (2023) 104050

2
S
§ 1.5
=
%" 1
(==
4|

0.5
0 —I/Z'IT

Fig. 35. Level and decay scheme for '”Ne [225]. The "Ne and intermediate !F states are labeled by J”. The red arrows show the known sequential
proton emission of the second excited state 5/2~ to '°0 g.s. via '°F, and the dotted arrow indicates the undetected yet true 2p decay of the first
excited state 3/2~ in "Ne.

SRR T g 10
@ | F O s
\4—--’ e 8
. i | 3 c e
3l 4‘---’ ] e |
~ ky ol
| . 4
AN B Ehi T
I (I) (II)l (1) (!V) ) )
kpl _HI 0 20 40 60 80 100 120 140

6 pl Ne (mrad)

Fig. 36. Principles of the in-flight decay tracking method and the data for the decay of '?Mg. (a) Two types of transverse momentum correlations
kp1—nr — kyo—pr typical for a direct three-body (ks area) and sequential (k, areas) 2p-decay mechanisms. Arrows show directions of the peak tails.
(b) Kinematical enhancement of angular p-HI correlations at the maximum possible angle for a fixed k,_p;. (c) The corresponding angular p-HI
distribution. (d) Measured angular (p;—'"Ne)-(p,—'"Ne) correlations (color boxes with a scale on the right-hand side) [238]. The shadowed arc areas
(I-1V) indicate locations of simultaneous or sequential 2p decays of the mostly populated states in *Mg.

2p decay of this 5/2~ state was studied in much more detail by Charity et al. [225]. The width of the ground state of '°F
was determined to be about 21 keV. The analysis of this width in the Shell Model Embedded in Continuum (SMEC, see
Section 2.3.3) allowed to constrain the coupling interaction between the shell-model states and the scattering continuum.
A strong reduction of the continuum couplings between the unbound proton and the well-bound neutron in '°F was
found [225]. This is a nice illustration of how the 2p emission study may shed light on the effective nucleon-nucleon
interactions for the open-quantum system.

4.5. Decay of °Mg

The ground and excited states in the unbound Mg decay by 2p emission. They were studied experimentally by
measuring angular correlations of the in-flight decay products, "Ne + p + p [37,191,228,238]. In these experiments,
the in-flight tracking technique was applied, see Section 3.1 and Fig. 18. The main principle of the method is explained
schematically in Fig. 36. Panel (a) shows two types of p-p momenta correlations: a sequential emission (loci marked as k;),
and a simultaneous emission (region k3 ). Panels (b) and (c) explain how, and why, the opening angle of a proton trajectory
reflects the value of its momentum. Essentially, a clear peak in the angular distribution may be directly related to the
energy taken by the proton. Finally, the panel (d) shows the measured angular (p;—!”Ne)-(p,—!"Ne) correlations [238].
The shadowed arc areas (I-IV) indicate locations of either simultaneous or sequential 2p decays of the most intensively
populated states in '’Mg. The decay events with the smallest p-'”Ne angles, which are located within the arc area (I) in
Fig. 36(d), were assigned to the ground state of Mg, while the events in the arcs (II-IV) correspond to decays of the
excited states of 1°Mg [37,228,238].

The measured distribution of the decay vertex, along the beam direction is shown in Fig. 37. The vertex profile
corresponding to excited states (b) is consistent with the prompt decay when the limited detector resolution and the
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Fig. 37. Profiles of the decay vertices along the beam direction from the target to the closest microstrip detector in the Mg experiment [37]. (a)
Ideal profiles of prompt (gray curve) and delayed (black curve) decays expected in a thick target. (b) Vertex distribution of "Ne + p + p events
gated by large p-'"Ne angles (and thus large p-!"Ne relative energies), which corresponds to short-lived excited states in Mg (full circles with
statistical uncertainties). The dashed curve shows the MC simulations of the detector response for the 2p-decay *Mg—"Ne+p + p with Ty, ~ 0.1
ps. (c) The same as (b) but gated by small p-'"Ne angles corresponding to the ground-state group (I) in Fig. 36(c). The dashed curve is a simulation
of the 2p-decay component with Ty, ~ 0. The solid and dash-dotted curves are fits to the data assuming the radioactivity of Mg with Ty/2 values
of 4 and 8 ps, respectively. The inset in (c) shows the probability that the simulations match the data as a function of the assumed half-lives.

angular straggling is taken into account. In contrast, the profile representing the ground state decay (c) is broader and
shifted downstream, clearly indicating the delayed activity. The fitting of the Monte Carlo simulated profiles yielded
the ground-state half-life of '"Mg to be Ty, = 4.0(15) ps as illustrated in the inset in Fig. 37(c) [37]. An independent
measurement, using a different technique, yielded the lifetime of Mg in the range from 1.75%3% to 6.472% ps [226],
which is consistent with the result of Ref. [37].

The angular p-p correlations corresponding to the ground-state decay of Mg are shown in Fig. 38(a) [191]. The data
are well described by the three-body model which is sensitive to the structure of the decaying nucleus, as illustrated in
Fig. 38(b) [72]. The best fit of the model was found for the '°Mg ground-state wave function having the dominant 88%
d-shell configuration, which is also consistent with the half-life information [37].

The angular correlations '’Ne + p + p from the decay of Mg allowed also for the determination of the energies of the
most intensively-populated excited states in Mg [238]. For this purpose, angular p-'"Ne correlations were selected by
choosing the arc gates (I-1V) in Fig. 36(d). The results are shown in Fig. 39. It can be seen that the patterns corresponding to
the excited states are well described by sequential proton emission via intermediate states in '®Na. This analysis allowed
to propose the level scheme of Mg, shown in Fig. 40.

Since the three-body model was so successful in description of all ?’Mg decay features, an interesting exercise was
made to investigate how the predicted energy sharing between two protons would depend on the 2p decay energy
Er [238]. Results of this simulations are shown in Fig. 41, where on the left the decay through the narrow ®Ne ground
state is assumed, while on the right the decay through a single, broad 1, resonance in 18Ne is considered. In the former
case, at low energies, as expected, the protons share the decay energy Er in a broad peak centered around € = 0.5, which is
a characteristic feature of the direct, simultaneous 2p emission. Only when the decay energy reaches the value Er >~ 1.2-E,
a sudden change in the proton-energy distribution occurs. Two narrow peaks appear which represent the sequential 2p
emission via the narrow '®Na state. With the further increase of Er these peaks approach each other until the point when
Er = 2-E, i.e. energies of both protons are equal. In Fig. 41(b), a very similar pattern is visible, although the distribution
is smeared out due to the broad intermediate state. An important conclusion from this simulation is, that the sequential
decay pattern takes over the simultaneous one, only when the decay energy Er is larger that 1.2 - E, (compare Fig. 3).
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Fig. 38. (a) Angular p-p correlations from the 2p decay of the ground state of Mg (dots with statistical uncertainties) obtained from the measured
7Ne + p + p coincidences in Ref. [191]. The solid curve shows the three-body model calculations with the best fit by assuming an 88% of d-wave
configuration in structure of the '?Mg g.s. The dashed curve is the diproton model prediction, and the dash-dotted curve is the phase-space simulation
of the 2p decay assuming an isotropic proton emission. (b) Relative-energy p-p correlations E,_, from the *Mg g.s. calculated for different weights
W of its spd-shell configurations [72].
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Fig. 39. Angular p-'"Ne correlations (dots with statistical uncertainties) selected from the 7Ne + p + p data of the °Mg experiment [238] by
choosing the arc gates (I-IV) shown in Fig. 36(d). (a) The 2p decay of the '?Mg g.s. selected by the gate (I). The solid curve shows the best-fit
simulation of the three-body model using a 2p-decay energy of E; = 0.76(6) MeV. (b) The decay of the “first-excited” state '°Mg selected by the
gate (II). The solid curve displays the simulation of the sequential 2p decay of the state at 2.14 MeV via two intermediate states in 'Na, the g.s.
at 1.23 MeV (dash-dotted line), and the 2~ state at 1.55 MeV (dashed line). (c) The decay of the “second-excited” state in '*Mg selected by the
gate (IlI). The solid line is the best-fit simulation of the sequential 2p decay of the Mg state at 2.9 MeV via the 2~ and 3~ states in '®Na (the
dash-dotted and dashed curve, respectively). (d) The decay of the suggested high-lying state in °Mg at E; = 5.5 MeV selected by the gate (IV). The
solid curve represents the best-fit simulation of the decay of this state by sequential emission via '®Na*(2~).

4.6. Transition mechanism of 2p decay of 3°Ar and decay of *°Ar

Two unbound isotopes of argon, 3°Ar and 2°Ar were investigated experimentally in Refs. [190,192,228,229], respec-
tively. These isotopes were produced in either -1n or -2n neutron knock-out reactions of the secondary beam of 3'Ar
which was produced in fragmentation reaction of a primary beam of 3°Ar at high energy, see Fig. 18. The method of
angular correlations of decay-in-flight products was applied, and the respective level energies and decay mechanisms
were assigned in an analogous manner to the case of Mg described above.

The results for 3°Ar are shown in Fig. 42. In the right panel (c) the excitation spectrum of 3°Ar obtained as a function of

the generalized correlation angle py = /62(p; — 255) + 62(p, — 25) derived from the angular 28S 4 p; 4 p, correlations.
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Fig. 41. Intensity distributions of 2p decays from Mg continuum as a function of the 2p-decay energy Er and the parameter € ~ E,_17y./Er. The
distributions are calculated with a three-body model [238] assuming a single resonance in the intermediate nucleus '*Na with energy E, and width
I (a) Decays by taking into account the narrow g.s. of ®Na at E, = 1.23 MeV with I = 0.1 MeV. (b) Decays via the broad 1, state in ®Na at
E. = 2.03 MeV and I} = 0.9 MeV.
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Fig. 42. (a), (b) Profiles of the *°Ar—28S + p + p decay vertices measured along the beam direction (histograms with statistical uncertainties) [190].
(a) The data gated by large py angles shown in panel (c), which corresponds to short-lived excited states in 3°Ar. (b) The data gated by the (I) peak
in panel (c) where the g.s. of 3°Ar is established. Solid, dashed, and dotted curves show the MC simulations of the detector response for the °Ar
2p decays with half-life Ty, of 0, 5, and 10 ps, respectively. (c) Angular correlations py = /62(p1 — 255) + 62(p, — 25) of the measured S + p +
p coincidences (filled histogram), which reflect the excitation spectrum of 3°Ar. The pointed peaks suggest 3°Ar states whose 2p-decay energies are
shown in the upper axis. The peaks labeled (I) and (II) correspond to the assigned ground and first excited states in 3°Ar, respectively.

The decay vertex profiles are displayed in the left part of Fig. 42. The panels (a) and (b) correspond to the events assigned
to the decay of the first excited and the ground state of 3°Ar, contained in the peak marked as (1) and (I) in the panel (c),
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Fig. 44. (a) Transition from the direct 2p decay to the sequential 1p-emission mechanism: the proton spectra calculated by varying the 2p-decay
energy Er of °Ar. (b) The measured angular 28S-p correlations (histogram with statistical uncertainties) from the 3°Ar ground state selected by
choosing the gate (I) in Fig. 42(c) [190]. The data are compared with the respective MC simulations of the proton spectra in panel (a).

respectively. In both cases, only an upper limit of 5 ps for the half-life could be established. The low-lying states and their
decay scheme, derived from this work are presented in Fig. 43 [190]. Interestingly, the ground state of the intermediate
29Cl is located below the ground state of 3°Ar, what has a consequence for the 2p decay mechanism.

The proton energy distribution from 2p decays of the 3°Ar ground state, together with the results of model calculations,
is shown in Fig. 44. It appears broader than the one predicted by the simultaneous decay mechanism, but it does not
exhibit a clear double-peak feature expected from a sequential 2p emission. What is observed, represents an interplay, or
a transition, between the two distinct decay scenarios.

The first observation, and the only one to date, of 2°Ar was reported in Ref. [192]. The evidence was provided by the
detection of the /S + p + p correlations. Despite the limited statistics, the observed correlations were interpreted as
representing a sequential 2p decay of a state in 2°Ar through levels in 28Cl. The total 2p decay energy was measured as
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Fig. 45. The decay and level schemes of 3'Ar and 3°Cl isotopes derived in Ref. [192]. The assigned 1p transitions are shown by the light-gray solid
arrows. The dotted arrows show two undistinguished decay branches of the 2.62-MeV state in 3'Ar. The vertical axis shows the decay energies of
the 3°Cl and 3'Ar states. The four lowest excited states of isobaric mirror partner 3'Al are aligned with corresponding observed states of 3'Ar (the
correspondence of the levels is indicated by red dashed arrows) and the 3'Ar g.s. energy is inferred based on isobaric symmetry assumptions. The
legends for 3'Al levels show energies relative to the 2p-breakup threshold and the spin-parity J* of the state.

Source: The scheme is taken from [192].

5.50(18) MeV. It is not clear whether this energy corresponds to the ground state of 2°Ar or to an excited state. Further
studies are necessary to clarify this case.

4.6.1. Ground state of >'Ar deduced from 2p decays of its excited states

As a byproduct of experiments aimed at 2°-3°Ar [190,229], interesting information was obtained for the excited states of
31Ar [192]. The ground state of 3'Ar is known to be located very close the 2p-decay threshold, but all excited states should
decay by 2p emission. From the measured 2°S + p + p coincidences, the level scheme of *'Ar was derived, as shown in
Fig. 45. It can be seen, that the observed excitation spectrum of 3!Ar matches well the excitation spectrum of its isobaric
mirror 1Al Based on this symmetry, the position of the 3!Ar ground state was determined by calculating the weighted
mean of energy differences between four pairs of the respective levels in 3'Ar and 3'Al. The result of this procedure is
Sy = +0.006(34) MeV for the ground state of 31Ar. One should note that the claimed uncertainty of 34 keV does not
account for possible systematic errors which may arise from a number of assumptions on spin-parity of the considered
states in 3'Ar. In particular, it is nor clear what is the role of the Thomas-Ehrman shift in this case. The evaluated decay
energy is consistent with the previous S, value of —0.003(110) MeV obtained in B-decay studies of 31Ar [239].

The near-zero value of Sy, of 31Ar allows speculations about the possible near-threshold phenomena like a 2p halo,
which may be examined by further, more precise studies of this isotope.

4.7. Summary of 2p decays of light nuclei

Nearly half of the neutron-deficient p- and sd-shell nuclei located 1-2 neutrons beyond the proton dripline decay by 2p
emission. In the last decade, extensive information on 2p emitters in this light, A < 30, nuclear-mass region was obtained.

A general investigation of different mechanisms of 2p decay and of the governing physical conditions was attempted
in Ref. [240]. For this survey, an improved three-body model was constructed which was found to describe adequately all
qualitative features of 2p-decay distributions in the whole kinematical space. In particular, it provided a good description
of three-body correlations in 2p decays of low-lying states in *Ne [199]. The main factors driving the 2p decay mechanism
were identified as ratios of three parameters, the 2p-decay energy Er, the 1p-decay energy of an intermediate proton
resonance E,, and its width I7. A schematic map identifying the regions of dominance of various mechanisms, and the
regions of interplay between them, is shown in Fig. 46. One conclusion of this study is, that the change from one decay
mechanism to another, which is reflected by momentum distributions of the decay products, occurs within rather narrow
transition areas, i.e. within small changes of the relevant decay parameters. In this transition areas, interplay of two
decay mechanisms results in a significant change of three-body correlations, like for example in the “tethered” 2p-decays
of 1°Ne*(2+).

Studies of 2p emission from light nuclei demonstrated that this decay process is a source of information on the structure
of nuclei beyond the proton dripline, which would be very hard, if not impossible, to access otherwise. There is substantial
evidence that the width of the 2p unstable state, as well as correlation pattern between emitted protons, do depend on
the details of the wave function of the initial nucleus. This in turn can be used to probe the isospin symmetry between 2n-
bound and 2p-unbound isobaric mirrors. An example of such an approach is the study of >0-'2Be and ®Ne-"6C pairs [47].
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Fig. 46. Overall view of evolution of three types of 2p decay mechanisms in dependence on 2p- and 1p-decay energies (Er and E,, respectively) [240],
see also Fig. 3. Three main areas of dominating decay mechanisms are marked as “True” 2p-decay (also referred as 2p-radioactivity for long-lived
states), as “Sequential” decay via narrow intermediate states in the sub-system, and as “Democratic” decay either directly to the daughter nucleus
or via broad intermediate states. The dashed lines delineating the boarders between the areas correspond to the established ratios of the E, to Er
values. The transition regions where these regimes interplay are shown in gray.

Source: The figure is adopted from Ref. [240].

The wave function composition determined from the 2p decay width was found to differ from that of the mirror partner.
This effect was named the “dynamic”, or “three-body” mechanism of the Thomas-Ehrman shift. Another example is the
Be low-energy spectrum where negative-parity (0~, 1~, 27) continuum states dominate in charge-exchange reactions.
Such a domination is interpreted as a novel phenomenon of the low-energy mode of giant dipole resonance of isovector
type (or isovector soft dipole mode) in nuclei with loosely-bound nucleon pairs [220]. Further experiments on such
excitations may offer new opportunities in studies of the few-body nuclear structure.

5. Two-proton radioactivity

Here, we focus on cases of ground-state 2p radioactivity which live long enough to study their decays at rest. Another
characteristic feature of this category is the fact that 2p decay competes with 8% decay, so in addition to the half-life of
such an emitter also the branching ratio for 2p decay, b,, must be measured in order to determine the partial half-life

. Zp .
for this decay channel, T; /2 Below, we discuss each of the four cases known separately.

5.1. The decay of *°Fe

The most neutron-deficient isotope of iron to date, *°Fe, was observed for the first time at the FRS facility in GSI
Darmstadt [241]. Three ions of “°Fe were identified among products of projectile fragmentation of a *®Ni beam at 600
MeV/nucleon on a 4 g/cm? beryllium target. Although no decay information was collected at that time, this experiment
paved the way to more detailed further studies.

The first data on decay of “*Fe were obtained in two experiments performed at the LISE3 separator at GANIL [33] and
at the FRS in GSI [32]. In both cases the beam of *Ni was used, at 75 MeV/nucleon on a natural nickel target, and at
650 MeV/nucleon on a beryllium target, respectively. Selected ions were implanted into silicon detectors but two setup
differed in a method to detect 8 decay events. At GANIL a silicon detector mounted next to the implantation detector
could directly register positrons. At GSI a Nal barrel surrounding the silicon implantation telescope was used to detect
511 keV annihilation photons. In addition, at GSI a special effort was taken to detect decays as soon as a few microseconds
after the implantation of a heavy ion to achieve sensitivity for very fast decays [242]. These precautions turned to be not
necessary — the half-life happened to be in a range of milliseconds. At GSI out of six implanted ions of “°Fe, decays of
five were recorded, yielding the half-life of 3.21?8 ms. Four decays were consistent with the decay energy of 1.1(1) MeV.
At GANIL 22 ions of *Fe were implanted and 12 decays were found in a narrow peak of 1.14(5) MeV, indicating the
half-life of 4.73% ms. None of the events in the 1 MeV region seen in both experiments was coincident with emission
of a positron. In addition, the peak observed at GANIL did not show any distortion due to 8 summing. All these findings
could be explained only by the hypothesis of the 2p emission from the ground state of “°Fe and this was the first case of
the new radioactive decay mode. Energy spectra from the two experiments are shown in Fig. 47 and the decay data are
collected in Table 4.

Second experiment at GANIL [243], which used a similar setup as reported in [33], succeeded in implantation of 30
ions of *Fe into a DSSSD detector. The 17 decay events were observed in the peak representing the 2p radioactivity. This
measurement resulted in the most precise determination of the 2p decay energy for *°Fe to date, Qzp = 1.1541+0.016 MeV,
see Table 4. This value agrees very well with theoretical predictions, as shown in Fig. 5.

New chapter in the studies of >Fe was opened by application of TPC detectors. First, Giovinazzo et al. [204] published
the first direct observation of the two protons ejected from an implanted ion of “°Fe using the Bordeaux TPC detector, see
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Table 4
Number of 2p decay events observed (N,,) and decay energies (Qp), half-lives (T;,,), 2p branching ratios, and the 2p partial half-lives (T]Z/pz) determined
in experiments on decay of “°Fe.

Reference Ny Qzp (MeV) Ty/2 (ms) bap T7%, (ms)
Pfiitzner et al. [32] 4 11+ 01 3.2%%8 0.80 & 0.15 4.0733
Giovinazzo et al. [33] 12 1.140 £ 0.040 4734 0.55 + 0.12 8.5753
Dossat et al. [243] 17 1.154 £ 0.016 1.6793 057 £ 0.10 2.8%9
Miernik et al. [73] 87 - 26 £ 02 0.70 £ 04 37 £04
Audirac et al. [244] 7 121 £ 0.05 3648 0.78%073
2 i
4t J
GANIL data GSI data
3t ]
(7] 0
€ €
3 3
] o
o o
2 J
1 -

0
00 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Energy (keV) Energy (keV)

Fig. 47. Energy spectra correlated with implantation of “*Fe ions representing the first evidence for the 2p decay of this nucleus. Right: spectrum
from the FRS at GSI [32]. Left: spectrum from the LISE3 at GANIL [33]. Copyright IOP Publishing. Reproduced with permission from Ref. [3]. All
rights reserved.

Fig. 48. Example CCD images of decays of “°Fe recorded by the OTPC detector in the experiment described in Refs. [73,214]. Left: 2p decay event,
the track of a “>Fe ion entering the chamber from left is seen. Right: 82p decay event, the track of the entering ion is not seen because the exposure
of the camera was started just after implantation. Two long tracks represent delayed protons which escape the active detector volume.

Section 3.2.2 and Fig. 20. Detailed analysis of this experiment, published a few years later, presented the full reconstruction
of seven 2p events [244].

Miernik at al. [73,214] applied the Warsaw OTPC detector (see Section 3.2.2 and Fig. 21) to study the decay of °Fe
at A1900 separator at the NSCL/MSU laboratory. In total, 125 decays of “*Fe were observed, 87 of them showed a clear
2p decay pattern and 38 represented 8 decay followed by emission of protons. The latter channel is easy to identify
since B-delayed protons have much larger energies than protons from 2p decay. Examples of 2p and 82p decays of *Fe
observed with the OTPC are shown in Fig. 48. The relatively high statistics (the largest to date!) allowed the determination
the 2p branching ratio and the half-life of “°Fe with the highest accuracy, see Table 4. The resulting partial 2p half-life is
compared in Fig. 49 with predictions of the 3-body model [72]. The theoretical lines are labeled with the relative weights
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Fig. 49. The partial 2p half-life of “°Fe as a function of the 2p decay energy. The experimental result is shown together with predictions of the
3-body model [72]. The decay width is taken from Ref. [73] and the decay energy from Ref. [243]. The numerical labels indicate the relative weights
of the p? and f? configurations, respectively.

Source: Reprinted with permission from Ref. [73].
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Fig. 50. Left: The energy distribution of individual protons emitted in the 2p decay of “*Fe (histogram). The energy is given in units of the total
decay energy Q,, = 1.15 MeV. The solid line indicates the prediction of the 3-body model Ref. [72] while the dotted line shows this theoretical
prediction folded with a Gaussian function representing the detector energy resolution of 20%. Right: The measured distribution of the opening angle
between two protons emitted in the decay of “°Fe (histogram). Lines show the predictions of the 3-body model for the indicated contribution of p?
configuration.

Source: Reprinted with permission from Ref. [73].

© 2007 by the American Physical Society.

of the p? and f? initial proton configurations. Note that both the experimental decay energy and the decay width are best
described by the model with the p? contribution of 24%.

An interesting byproduct of this experiment was the first observation of 83p decay channel for “°Fe [214] and for
43Cr [215]. The most important result, however, reported in Ref. [73] was the reconstruction of 2p decay events in 3D
yielding the full p-p correlation pattern, see Fig. 50. As expected, the most probable emission occurs when each protons
takes half of the available decay energy. More interesting is the distribution of the opening angle between proton momenta
(Fig. 50Db). The visible two-bump structure corresponds well to the prediction of the 3-body model [72] and contradicts
models which assume two-body, diproton-type of decays or uncorrelated, isotropic emission. Moreover, the detailed shape
of the correlation depends on the initial configuration of protons and the experimental data are best described by the p?
contribution of 24%. Thus, the same assumption on the initial wave function consistently describes the 2p decay width
and the angular correlation between protons. This observation indicates that 2p radioactivity may become a unique and
sensitive tool for probing the nuclear structure of these very exotic nuclei.
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Fig. 51. An example of a 2p decay event of “®Ni recorded by the Warsaw OTPC detector. Top: the image recorded by the CCD camera. A track of
the *®Ni ion entering the chamber from below is seen. The two short tracks are protons emitted 1.576 ms after the implantation. Bottom: a part of
the time profile of the total light intensity measured by the PMT showing in detail the 2p emission.

5.2. The decay of “Ni

The “8Ni was observed for the first time at the LISE3 separator at GANIL [245]. Four events of this nucleus were found
among products of fragmentation of a *®Ni beam at 75 MeV/nucleon on a natural nickel target. No decay data were
recorded. With the isospin projection T, = —4 the supposedly doubly magic “®Ni is the most neutron-deficient nucleus
ever identified.

The first information on decay of “Ni was obtained at GANIL in the same experiment which provided the most accurate
measurement of the Q,, energy for “°Fe [243]. Again, only four ions of “Ni were identified and implanted into a DSSSD.
The four decay energies were found to be scattered between 1.3 MeV and 4.5 MeV. One of them, at 1.35(2) MeV, happened
in the region where 2p decay of “®Ni was expected and was not coincident with a 8 particle. This event could have come
from 2p decay but such a single energy value is not sufficient for a conclusive evidence. Three other events with larger
energies were interpreted as resulting from 8 delayed emission of protons. The half-live of “éNi determined from these
four events was Ty, = 2.1:2):; ms.

The first unambiguous observation of the 2p decay of “8Ni was made at A1900 separator at NSCL with help of the
OTPC detector [35,213]. The primary beam of ®Ni at 160 MeV/nucleon and a natural nickel target were used. Ten ions
of “8Ni were identified by the acquisition system and decays of six of them was recorded by the OTPC detector. Two of
them were consistent with an emission of a proton of large energy escaping the detector, thus representing Bp decay
channel. However, the other four events clearly showed the emission of two protons of low energy. One of these events
was shown in Fig. 22 the second one is presented in Fig. 51. The analysis of the six decay events yielded the half-life for
48Ni of Ty 2= 2.11“(}3 ms which agrees very well with the result reported in Ref. [243]. However, the branching for the
2p decay appeared to be by, = 0.7 & 0.2 which differs from what is suggested in Ref. [243]. With this branching the
partial 2p decay half-life of *Ni is T;¥, = 3.0773 ms. The full reconstruction of 2p events provided the decay energy

Qyp = 1.29 + 0.04 MeV [213] which is in good agreement with theoretical predictions, see Fig. 5. The momentum
correlations between protons obtained from the four events do not, unfortunately, allow for meaningful conclusions.
Future experiments are clearly needed to provide data with larger statistics.
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Fig. 52. Decay energy spectrum measured for >*Zn. The peak at 1.48(2) MeV represents 2p decay of this nucleus. The inset shows the decay energy
spectrum for *>Ni dominated by Bp decays.

Source: Reprinted with permission from Ref. [34].

© 2005 by the American Physical Society.

5.3. The decay of **Zn

The **Zn was identified for the first time at the LISE3 at GANIL in an experiment with >Ni beam at 75 MeV/nucleon
on a natural nickel target [34]. Eight ions of >*Zn were implanted into a DSSSD detector and their decays were recorded.
The extracted half-life amounted to 3.2:}:2 ms. The decay energy spectrum is shown in Fig. 52. Seven events can be
seen located in a narrow energy peak corresponding to the decay energy of 1.48 4 0.02 MeV. None of these events was
coincident with a positron signal in adjacent detectors, and in addition, the peak does not show a broadening due to
summing. For comparison, the inset in Fig. 52 shows the spectrum of -delayed protons from the decay of >’Ni where
such broadening is clearly visible. Therefore, the peak at 1.48(2) MeV was interpreted as originating from 2p decay of
>47Zn which proceeds with the branching ratio of 87f}3°o. The one event at about 4.2 MeV can be explained as a result of
Bp emission. Theoretical predictions for the 2p decay energy of °*Zn, shown in Fig. 5, have a larger spread than for other
2p emitters, but the experimental value of 1.48(2) MeV is close to the average of these predictions.

In the next experiment at GANIL, using the same reaction, decay of >*Zn was investigated by means of the Bordeaux
TPC detector and provided the first direct observation of 2p decay for this nucleus [208]. This time 18 events of **Zn were
identified and for 10 of them decay information could be extracted. The analysis yielded new values for the half-life,
Ti2 = 1597052 ms, and the 2p branching ratio, by, = 927%,%. For the 2p decay energy the value of 1.28 & 0.21 MeV
was found which is consistent with the energy reported in Ref. [34] but less precise. Seven 2p decay events could be fully
reconstructed in 3D. The distribution of the opening angle between emitted protons is shown in Fig. 53. Experimental
data do indicate a double-hump structure, as predicted by the three-body model and also observed for °Fe. However,
much larger statistics is clearly needed before meaningful conclusions could be drawn from this case.

We note that the reaction used in both GANIL experiments could not be the pure projectile fragmentation which leads
only to removal of nucleons from the projectile. The pick-up of two protons was necessary to make zinc from nickel. This
means that other reaction channels, like a multinucleon transfer, contributed to the reaction process. The cross section
for the production of #Zn in this reaction was estimated in Ref. [34] to be about 100 fb.

A different approach to the production of **Zn was undertaken at RIKEN where the fragmentation of 7®Kr beam
at 345 MeV/nucleon on a beryllium target was used. The production cross section for *Zn was determined to be
3.5 £ 0.7(star) & 1.2(syst) fb [246]. This value is smaller by a factor of about 30 from the cross section obtained at GANIL
with >8Ni beam at 75 MeV/nucleon on a natural nickel target. However, the available intensity of “8Kr beam at RIKEN is
larger than the intensity of *®Ni beam at GANIL and, in addition, the higher energy of 78Kr allows using a thicker target.
Both these factors lead to a much larger luminosity which overcompensates the smaller cross section. In consequence,
the final production yield of >*Zn ions at the end of the fragment separator at RIKEN may reach 70 ions per day, thus by
a factor of about 3 larger than the corresponding maximal yield at GANIL [246].

5.4. The decay of ¥ Kr

The heaviest 2p emitter known to date, 8’Kr, was discovered at the RIKEN Nishina Center in an experiment at the
BigRIPS fragment separator [36]. The primary beam of ®’Kr at energy of 345 MeV/nucleon was impinging on a beryllium
production target. The identification plot of ions coming to the final detection setup is shown in Fig. 17. These ions were
implanted into the WAS3ABi DSSSD array [202]. Out of 82 ions of ®’Kr identified at the end of BigRIPS, 36 were successfully
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Fig. 53. The opening angle between protons emitted in 2p decay of >*Zn. Top: experimental values for seven events analyzed. Each event is convoluted
with a Gaussian representing the angular resolution. Middle: Sum of seven events shown in the top represented as a histogram. The dashed and
full lines represent two possible angles for three not fully reconstructed events. Bottom: Theoretical predictions by the three-body model for three
values of the p? configuration in the initial wave function.

Source: Reprinted with permission from Ref. [208].
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Fig. 54. Left: decay energy spectrum of 8’Kr. The narrow peak at 1.69 MeV is due to 2p radioactivity. Events shown in red were in coincidence with
positrons detected in neighboring detectors. Right: Decay time distribution for ’Kr. In the inset the decay time for nine events in the 1.69 MeV
peak is shown.

Source: Reprinted with permission from Ref. [36].

© 2016 by the American Physical Society.

implanted. The measured energy spectrum is shown in Fig. 54 (left part). A narrow peak of nine events is seen at the
energy of 1.690 4 0.017 keV. None of these events was found in coincidence with 8 particles, thus they are interpreted
as an evidence for 2p radioactivity. The 2p decay energy of 1.690(17) MeV is in a very good agreement with theoretical
predictions, see Fig. 5. Other events in the spectrum are attributed to 8 delayed particle channels. The 2p branching ratio
was found to be 37(14)%. In the right part of Fig. 54 the time distribution for decay events of ®’Kr is shown with the best
fitted decay curve corresponding to the half-life Ty, = 7.4 & 3.0 ms. Taking into account the 2p branching ratio, the
partial 2p half-life of ¥’Kr is le ;’2 = 20 £ 11 ms. Further experiments with a TPC detector are planned to observe directly
two protons emitted in the decay of Kr and to study their correlation pattern.

The authors of Ref. [36] noted the surprisingly short partial 2p half-life of 8’Kr. Predictions of the three-body model
for this nucleus, published in Ref. [72], depend on the relative weight of p? and f? configurations of the initial state. The
fastest 2p decay, for the pure p? configuration, is predicted to proceed with the half-life of 0.28 s, thus by an order of
magnitude longer than determined in the experiment. It was concluded that this could be due to configuration mixing
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effects and/or nuclear deformation. The short half-life of ®’Kr motivated Grigorenko and others [97] to reexamine the
decay mechanism of this nucleus. They noted that it is plausible that the decay of 8’Kr is at the borderline between true
three-body 2p and the sequential two-body channels.

The possible influence of deformation on the decay of 8’Kr was addressed by Wang and Nazarewicz [98] who applied
their recently developed model of nuclear three-body decays — the Gamow coupled channel (GCC) method in Jacobi
coordinates [53]. They were able to show that the deformation effects strongly affect the 2p decay of ’Kr. For the oblate
deformation of the %Se core at f, &~ —0.3, the Nilsson orbital 1/2[321] with large | = 1 amplitude becomes available to
valence protons what significantly reduces the 2p decay half-life. The GCC model yielded for this case T]2 ;’2 = 24f;0 ms in
good agreement with experiment (see also discussion in Section 2.4.1 and Fig. 13).

It is expected that the planned proton-proton correlation studies will shed more light on the 2p decay of 8’Kr and
clarify what mechanism is responsible for the half-life reduction in this case.

6. Beyond 2p emission. Multi-particle nuclear decays

The most exotic nuclei located in the very remote outskirts of the nuclear landscape become unbound in respect of
new decay channels. Such exotic decay modes play increasingly important role with a precursor decay energy growing. In
particular, there are a few nuclei established as the ground-state 3p-emitters, ’B [195], ”Na [227], 3'K [247], and '3F [248].
The measured decay patterns in all cases include 2p emission as part of a sequential 3p-decay mechanism. Furthermore,
two ground-state 4p emitters, C [195] and ¥ Mg [110], decay by a sequential 2p-2p emission of two pp pairs. Besides,
there is a number of nuclear excited states decaying via 3p, 4p emissions and even more exotic exit channels.

In this section, the experimental information relevant to the mentioned exotic decays will be reviewed as well as
applications of the established 2p decay mechanisms to the measured cases. In addition, few examples of three-body
nuclear decays without pp or nn pairs in exit channel will be discussed.

6.1. Three proton emission

In most known nuclei, three-proton decay thresholds are located higher than the respective 1p, 2p decay thresholds.
Therefore, such 3p-decay channels can be explored more easily by populating excited nuclear states.

Beta decay offers one way to populate such states as the g-decay energies (Qg) for nuclei far from stability are large and
highly excited states in daughter nuclei may be fed. Indeed, beta-delayed one- (8p) and two-proton (82p) emissions are
quite common and studied since decades [1,2]. The first instance of 8-delayed three-proton emission (83p) was discovered
for *Fe [214] using the OTPC detector (see Section 3.2.2). In the same experiment, *Cr was also identified as the 83p
emitter [215]. Later, using the same detection technique, the delayed 3p emission was observed also for 3'Ar [216] and
for 23Si [217]. In all these measurements, however, the full decay kinematics could not be reconstructed, as at least some
protons escaped the detector volume. The case of 3!Ar was studied in more detail by Koldste et al. [249,250]. Using an
array of DSSSD detectors it was possible to measure energies of individual protons and to establish the Q3, decay energy.
It was found that about half of 83p decays stem from the Isobaric Analog State (IAS) in the B-daughter 3'Cl while the
rest follows the Gamow-Teller (GT) transitions to 3!Cl levels above the IAS. Furthermore, it was estimated that the latter
represent about 30% of the observed GT strength in the decay of 3'Ar [250]. Noting that the total branching for 83p
decay channel is only 7(2) x 10~# [216], this vividly illustrates the importance of delayed multi-particle emission for
B decay spectroscopy. The mechanism of such decays is not fully resolved. The two protons from 82p decay of 3!Ar are
emitted sequentially [251] and the same is assumed for the 83p channel. Future measurements of momentum correlations
between emitted protons will shed light on this question.

A number of excited states were reported to be 3p emitters in studies dedicated to 2p precursors. For example,
high-lying continuum states in '®Ne [222] decay by a cascade three-step proton emission ®Ne* — p + PF* — 2p +
140* - 3p + 3N via narrow intermediate states in F and 40 [222]. This observation was reported as a by-product of the
measurements of 2p decays of ®Ne [191]. Another example is the high-excited state in 2N observed in the experiment
dedicated to 20 [144,146]. The ~22 MeV state decays as '2N* — 3p+°Be, and the proton emission is sequential via
intermediate states in '°B.

Exotic isotopes located by several atomic-mass units beyond the proton drip line, may be unbound in respect to 3p
emission. The lightest ground-state 3p precursor ’B was produced in fragmentation reactions of a radioactive beam °C at
intermediate energy [195]. The ground state resonance was measured by applying invariant-mass method to the detected
« + 3p decay products. The derived 3p-decay energy of 3.58 MeV of the 7B ground state and p—GBeg‘S, correlations are
consistent with its sequential p-2p decay via intermediate g.s. of ®Be, see the level and decay scheme in Fig. 55(a).

Recently a very exotic 3p resonance, *F was observed following a charge-exchange reaction of an intermediate-energy
130 beam [248]. The resonance was found in the invariant-mass distribution of '°C + 3p events and has tentatively been
assigned as a 5/2" excited state. The ground state was also expected to be populated, but was not resolved from the
background. The observed level decays via initial proton emissions to both the ground and the first 2+ state of 120, which
subsequently undergo 2p decay.
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Fig. 55. (a) The 4p-decay scheme of 8C with intermediate resonances ’B, ®Be and °Li reported in [195]. The level spin- parities J*, decay energies Er,
and widths (in MeV) are indicated. Arrows illustrate sequential 2p-2p decay mechanism of C. (b) General energy conditions required for the true
four-nucleon, 4N, decay (black arrow) of isotope with mass A. Red arrows illustrate the separation energies Sy »n, 3n) of the respective intermediate
nuclei with masses (A — 1), (A —2), (A—3).

The ground-state 3p precursor '"Na was observed in a charge-exchange reaction of a radioactive beam '"Ne at
intermediate energy [227]. Its spectrum has been derived from the measured “0 + 3p coincidences by the invariant-
mass method. The ”Na decay-energy spectrum showed a broad bump at ~4.8 MeV with the ground and excited states
unresolved. Then an upper limit of the 3p-decay energy of 4.85(6) MeV was reported for the ground state of '"Na.

The most heavy isotope located beyond the proton dripline by 4 mass units, 3'K is also unbound with respect to
3p emission. It was produced in a charge-exchange reaction of the 3'Ar secondary beam at high energy, and its decays
were detected in flight by tracking the trajectories of all decay products using microstrip detectors [247]. The 3p emission
processes were studied by the means of angular correlations of the decay products %8S + 3p as well as the respective decay
vertices. The energies of the ground and excited states of >'K have been determined. This provided its 3p separation energy
S3p = 4.6(2) MeV. The upper half-life limit of 10 ps for the observed 31K states have been derived from the distributions
of the decay vertices. The reported states undergo a sequential p-(2p) decay 3'K—3CAr + p—28S + 3p via intermediate
2p-resonance °Ar [247].

For all cases of 3p emission mentioned above, a dominant sequential decay mechanism (e.g., 1p-2p) was concluded. In
the analysis of these cases, the application of the established 2p decay mechanisms is essential.

6.2. Four proton emission

The first-measured ground-state 4p emitter is 8C. Its decay mechanism was studied in the experiment where 8C was
produced in a neutron knockout reaction from a °C beam [195]. The 8C decay products, 4p + « were measured, and the
invariant-mass method was applied. The five-body decay of the C ground state was found to proceed in two steps by
a sequential 2p-2p emission of two successive pp pairs via the GBeg_s‘ intermediate state. The isobaric analog of the 2C
ground state in B was also found to undergo 2p decay to the isobaric analog of ®Beg in SLi. Such conclusions were
reached on the basis of the corresponding five-body correlations of the decay products, which were projected on the
respective three-body systems like ®Be. The derived 4p-decay scheme with the related intermediate states is shown in
Fig. 55.

Very recently, another 4p-emitter '®Mg was observed by the invariant-mass reconstruction of 0 + 4p events [110].
The derived ground state decay energy and the width are E; = 4.87(3) MeV and I" = 115(100) keV, respectively. The
observed momentum correlations between the five particles are reported to be consistent with two sequential steps of
prompt 2p decay passing through the intermediate ground state of '®Ne.

Four-proton decay channel was also observed in a more complicated 6-particle decay of a high-excitation energy state
in 20 into a 4p + 2« channel. In a neutron knock-out reaction from a 30 beam, a state at ~8 MeV was observed in
120 by detecting the 4p + 2« decay products using invariant-mass method [144]. It was shown that this 4p + 2« emitter
decays by a two-step sequential process via an intermediate ®Be 4 ®Be system where each ®Be subsystem is either in
ground or excited states whose 2p-decay patterns are well studied. Analogs to these T = 2 states in '?O were found in
12N in the 2p + 9B and 2p + « + SLi channels.

The available data on experiments with a 4p-decay channel revealed only a sequential (e.g., 2p-2p) decay mechanism.
The established 2p-decay mechanisms were applied to decays of subsystems like ®Be, which facilitates identification of
4p-decay modes. However, in analogy to true 2p decay, a direct simultaneous 4p emission, called the “true 4p” decay
mode could be also possible [252]. General separation energy conditions for the true four-nucleon emission are shown in
Fig. 55(b). They require that Syy< 0 and Sy, San, Ssy> 0, in analogy with the true two-nucleon decay.

For proton-unbound nuclei, it is unlikely that the energy conditions for the true 4p emission are fulfilled in reality.
This statement given in Ref. [252] was illustrated by the example of two isobaric mirror pairs, *He-°Be and ®He-8C. Their
energies were estimated in the independent particle model as

Esye = 2Esye + Enn(GHe)s

50



M. Pfiitzner, I. Mukha and S.M. Wang Progress in Particle and Nuclear Physics 132 (2023) 104050

Espe = 2E74. + Enn(gHe)~

The phenomenological pairing energy value E,,(°He) ~ 2.8 MeV in ®He was found to be very close to that one E,,(®He)
~ 3.1 MeV in 8He. Within the same approximation, the respective energies of the 8®He isobar mirrors in ®Be, 8C are

Esp. = 2Ese + Enn(GHe) + ZV;O,L'; + V;glg,

Esc = 27y, + Enn(*He) + 4V + 6V

The Coulomb energy contributions are growing much faster than the corresponding nuclear contributions with
increasing number of valence nucleons. These simple estimates demonstrate that the decay-energy conditions for true
4p emitters are rather unfavorable, and that the 4p decays should have the mechanism of sequential 2p-2p emission.
Indeed, the energy conditions for the true 2p decay are realized in ®Be but not in 8C (see Fig. 55), and the sequential 2p-
2p emission is the dominating decay mode [195]. However one may not exclude, that some special nuclear configuration
may be realized beyond the proton drip line, which can make the true 4p emission possible.

The unbound isotopes with large decay energy are open to channels with even larger number of protons. For example,
the unobserved yet isotope 2°Si is open into the 6p + '“0 exit channel with the expected sequential decay chain 2°Si— 2p
+ 8Mg— 4p + '®Ne— 6p + 0. Such isotopes can be populated in a 2n knock-out reaction (%2Si, 2°Si), which may be
feasible in large-scale RIB facilities like RIBF (Japan), FRIB (USA) or FAIR (Germany).

6.3. Three-body decays without pp pairs in exit channel

Three-body approaches developed for 2p decays can be applied also to other 3-particle decay channels. First such
attempt was dedicated to decays of the ground state of °B into o + « + p and its IAS in °Be* — « + o + n [253], where
a democratic decay channel was identified.

Emission of 3« from '2C excited states, and in particular from the astrophysically-important Hoyle state was studied
in a number of experiments, see the Ref. [254] and references therein. Special three-body treatment of three identical
a-particles in the exit channel is required there, and a sequential decay via intermediate Be is established.

An asymmetric fragment emission, 3Li*(4*)— « + t + n was reported in Ref. [255], and its inspection has revealed a
democratic decay mechanism. However, the decay mechanism of its mirror state 8Be* — o + t 4 p was interpreted as
a sequential emission via the intermediate state ’Li*(7/27) [195].

The unbound nuclei with large decay energy are open to a number of channels with multi-particle emission.
Investigations of four-, five- and even six-particle decay channels of high-lying levels in light nuclei were reported, where
the nuclei of interest were populated by using reactions with a °C beam at intermediate energy [195].

6.4. Towards limits of existence of nuclear structure of proton-rich isotopes

One of the fundamental goals of nuclear science is to establish the limits of existence of nuclear structure (i.e., individual
states) in nuclear systems. In particular, there is a number of yet unobserved discrete proton resonances which may be
distinguished from the continuum. Such resonances are usually identified as individual nuclei. A general trend of ground-
state properties along an isotope chain is that their widths become broader with increasing imbalance between proton
and neutron numbers, which makes the identification of such states (and thus isotope assignment) increasingly difficult.
One may expect a limit of existence of such states (i.e., nuclear structure) far beyond the proton drip line.

To shed light on this question, a simple quasi-classical approach was applied in Ref. [77]. A nuclear (ZA) configuration
was assumed to have an individual structure, with at least one distinctive state (typically the ground state), if the orbiting
valence protons of the system are reflected from the corresponding nuclear barrier at least one time. Then, the nuclear
half-life value (or width of the state) may be used as a criterion of such an existence. The very long-lived particle-emitting
states may be considered as quasistationary. For example, the known heavy 2p radioactivity precursors (i.e., *Fe, “Ni,
>47n, and %7Kr) have half-lives of few milliseconds. For the long-lived states, modifications of nuclear structure by the
coupling with continuum are negligible. In contrast, the continuum coupling becomes increasingly important for the very
short-lived unbound ground states, which can be regarded as a transition to continuum dynamics of the open nuclear
system. In Ref. [77], the evolution of the ground state widths was considered for the argon and chlorine isotope chains.
The isotopes °Ar and 2°Cl were predicted as the most remote nuclear configurations with identified ground states having
widths smaller than 3-5 MeV.

Similar estimates can be applied to other isotope chains. The width estimates for argon and chlorine isotope chains [77]
were recently complemented by a global prediction of decay energies for proton unbound nuclei [87]. Such estimates allow
to expect a number of previously unknown unbound isotopes located within a relatively broad (2-5 neutrons) area along
the proton drip line. For more exotic nuclear systems, beyond such a domain, no ground states, and thus no new isotope
identification, are expected. Then a new borderline indicating the limits of existence of isotopes on the nuclear chart, and
the transition to chaotic nucleon matter may be established.
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Fig. 56. Widths I" and respective half-lives T;,, for (a) one-nucleon, (b) true two-nucleon, (c) true 4n emission calculated for different orbital
configurations as functions of total decay energy Er [252]. The estimates use the integral formulas in a simplified semi-analytical approach [58]. In
the case of neutron emission, the low-energy behavior of the widths has an asymptotic dependence E¢, as is indicated next to the corresponding
curves. The hatched area shows the lifetime range accessible by decay-in-flight techniques. The results for 26S from Ref. [84] are represented in
panel (b) by the thick dots. The dash-dotted curve in panel (c) provides the estimate of the sequential (2n)-(2n) decay of 260 via %60 g.s., whose
decay energy is assumed to be 20 keV.

Source: The figure is adopted from [252].

The most-remote identified isotopes like '"Na or 'K (located 4 neutrons beyond the proton dripline) were observed
in charge exchange reactions with radioactive beams. In future, similar charge exchange reactions with the most exotic
beams like “Ni or ’Kr may be used in order to gain access to nuclear systems located up to 7 mass units beyond the
proton drip line. In such nuclear systems, the validity of the basic concepts, like the mean-field and the Pauli principle,
may be tested [247].

7. Related few-body phenomena
7.1. Two-neutron vs. two-proton emission

In analogy to true, democratic and sequential 2p decays, similar mechanisms may be considered for 2n emission by
using the same energy criteria shown in Fig. 3. The true 2n decay is the direct analog of true 2p decay across the isobar.
With the progress in reaching experimentally the neutron drip-line, there is possibility that neutron(s) emission may even
take the form of 2n radioactivity.

A simple theoretical model to estimate the widths of true multi-nucleon decays was formulated in Ref. [252] on basis
of the integral formulas developed for 2p radioactivity by using a simplified semi-analytical approach [58]. A number of
candidate nuclei emitting 1n, 2n, 4p and 4n in s-, p-, d-, f-waves were considered. The calculated widths and respective
half-lives are shown in Fig. 56 as functions of the total decay energy which was unknown for the most cases. In this
section, we discuss only true 2n decays. The prospects of a true four-nucleon decay will be discussed in Section 7.2.

For the reference case of 1p/1n emission, simple width estimates obtained by the standard R-matrix expression are
shown in Fig. 56(a). For example, the decay energy window for proton radioactivity (with half-life exceeding 1 ps) ranges
from 50 to 200 keV for %°P. Then its isobar mirror >0 may undergo neutron radioactivity if the decay energy E;r <1 keV
(for assumed d-wave). One may conclude, that the realistic chance to find 1n radioactivity may appear only for f wave
and higher L states in the heavier neutron drip-line nuclei which are un-observed yet.

Width and half-life calculations for the true two-nucleon decays are given in Fig. 56(b). The example of isobaric pair
265260 s presented for s-, p-, d-, f-waves. The possible 2n radioactivity has a few important differences in comparison
to the 1n radioactivity [252].

e Low-energy s-wave neutron emission could take place in the form of a virtual state, which cannot be interpreted
in terms of width, and thus the neutron s-wave curve is missing in Fig. 56(a). In contrast, the true 2n emission
has an additional effective centrifugal barrier, and a narrow resonance state is formed even for the decay of a [s?]
configuration.

o The decay-energy window for 2p radioactivity of 2°S ranges from 0.5 to 1.7 MeV, thus, is about 10 times broader than
for the proton radioactivity of °P. The energy window for the true 2n decay is much broader than for one-neutron
decay: for the [d?] and the [f?] configurations, the decays would be ascribed as radioactive for decay energies ranging
up to 200 and 600 keV, respectively. Such energy ranges make the existence of true 2n radioactivity much more
probable.

e At variance to the 1n situation, the 2n estimates in Fig. 56(b) should be interpreted as lifetime limits due to the
possibility of configuration mixing. The [s?] and [p?] curves are likely to provide lower lifetime limits for s-d and p-f
configurations, respectively. The [d?] and [f?] curves provide upper lifetime limits for them.
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Fig. 57. The decay and level schemes of '®Be and '°Be isotopes derived in Refs. [256,257]. The measured 2n decay of '®Be ground state (red line) is
shown by the dotted arrow. The vertical axis shows the decay energies with respect to the “Be + 2n threshold. The dashed black lines represent
shell model calculations within the s-p-sd-pf model space [256].

The prospects of experimental search for 1n/2n radioactivity concluded in [252] are: (i) The observation of neutron
radioactivity in s-d shell nuclei seems unrealistic, but sufficiently long lifetimes may occur in decays of heavier (p-f shell)
systems. (ii) The estimated lifetimes for true 2n emission are much longer compared to the lifetimes of 1n emitters with
the same energy. For that reason, the existence of 2n radioactivity is plausible, since the energy windows corresponding
to the radioactive timescale is reasonably broad.

The experiments on neutron unbound nuclei provided data in qualitative agreement with these general theoretical
predictions. Below, we present two examples of 2n decays from the ground states of '®Be and 260.

7.1.1. 2n Decay of ®Be

The 2n emission from the '®Be ground state was observed following the 1p removal reaction from a '’B beam at energy
of 53 AMeV. The neutrons were detected with the Modular Neutron Array MoNA in coincidence with charged fragments.
The three-body decay energy, as well as the “Be-n-n correlations were measured [256]. The ground state energies of '®Be
and "Be were determined to be 1.35(10) MeV and 1.8(1) MeV, respectively, see Fig. 57 [257].

The reported widths of the ground states of Be and !°Be are 0.58(20) and 0.8(2) MeV, respectively. These values
suggest that both true and democratic 2n-decay mechanisms are possible, and a transition mechanism cannot be excluded
as well. The measured '“Be-n-n events demonstrate strong n-n correlations of a di-neutron type, which called for further
studies with three-body approaches. The dominating di-neutron configuration and the computed width of the 0™ ground
state [148] are consistent with the data, as well as with the R-matrix calculations for the true three-body continuum [141].
Both three-body models predict the 0™ width of 0.17 MeV which underestimates the measured value of 0.8(2) MeV. If
the theoretical predictions are correct, the true 2n decay should occur, while the experimental data suggests rather a
democratic mechanism. Therefore, final conclusions on the 2n-decay mechanism require more precise measurements
and calculations.

7.1.2. 2n Decay of 2°0. Is 2n radioactivity observed?

Striking results were obtained is studies of 2n decay of 260. The definite proof that 260 is indeed unbound was
established in an invariant mass measurement at NSCL/MSU [258]. The setup was similar to the previously discussed '°Be
experiment. lons of 20 were produced by the 1p removal reaction from a secondary ’F beam. The three-body decay
energy spectrum obtained from the measured 240-n-n correlations showed a clear peak near the threshold. The extracted
decay energy was 1501“?20 keV [258]. The observed width was dominated by the experimental resolution so that the
expected very narrow width of the ground state could not be determined. This limit was confirmed by the GSI-LAND
group which reported the 260 ground state to be unbound by less than 120 keV [259]. The decay scheme of ?°0 is shown
in Fig. 58. The ground state of the intermediate, unbound 2°0 is located about 600 keV above the 20 ground state and
this speaks in favor of the true 2n decay mechanism.

In a following experiment at NSCL/MSU, an original technique developed to measure the lifetimes of neutron unbound
nuclei was applied to 260 [260]. The decay of 2°°0—2*0 + n + n was examined in the picosecond time range. The scheme
illustrating half-life measurements of the in-flight decay of 260 within the thick target is shown in Fig. 59(a). Due to energy
loss of 240 fragment in the thick target, an average value of relative 240-n velocities V;; should be either negative or zero
depending where the decay occurs. The experimental distribution of V, is shown in Fig. 59(b) where it is compared with
MC simulations of delayed decays. The half-life of 260 extracted by fitting the V,; distribution was 4.5f}:§(stat) =+ 3(syst)
ps. This corresponded to 260 having a finite lifetime at an 82% confidence level and, thus, suggested the possibility of 2n
radioactivity. To verify this conclusion, a detailed study of long lived (radioactive) true 2n emitters was performed [261].
Using a dedicated three-body 2#0-n-n model, it was found that the evidence for 2n radioactivity of 60 with the reported
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Fig. 59. (a) Scheme of the in-flight decay of 260 within the thick °Be target measured in [260], which is illustrated for two cases: (on top) very
short lifetime corresponding to an immediate decay and (on bottom) a lifetime >30 ps which allows the 260 to exit the target before decaying. (b)
Experimental distribution of relative 2*0-n velocity V¢ from the decay of 2°0 compared to the MC simulations where the 260 half-life value is set
as 0, 4, and 10 ps according to Ref. [260].

Source: The figures (a,b) are reprinted with permission from Ref. [260].

© 2013 by the American Physical Society.

lifetime should correspond to extremely low decay energy of <1 keV. Or, reversely, the reported decay energy should
result in much shorter lifetime. Such a contradiction between the measured decay energy and width calls for more
accurate studies of this phenomenon by using finer experimental techniques. Additionally, it has been demonstrated that
the three-body force is crucial in describing the ground states of dripline systems [262-264]. The interplay between the
three-body force and the low-lying continuum is essential in ensuring the proper binding of 260, as has been established
in several studies [106,262,265-271]. However, despite these findings, there has been little research into the impact of
the three-body force on the multi-nucleon decay mechanism. This is an area that warrants further investigation and could
lead to interesting discoveries.

The next measurement of three-body 2*0-n-n correlations [272] following decays of 260 was not sensitive to the decay
mechanism due to the experimental resolutions. However, the three-body correlations were found to be sensitive to the
resonance energy of 260. An upper limit of 53 keV was extracted for the decay energy of the 260 ground state. Finally,
the best up-to-date invariant mass spectroscopy of 260, following one-proton removal from 2’F, has been performed at
RIKEN [273]. The ground state was found to lie only 18 & 3(stat)+4(syst) keV above the 2n decay threshold. According to
Ref. [261], such an energy favors a half-life much shorter (~10~' s) than that reported in Ref. [260]. Thus, the intriguing
race for the discovery of 2n radioactivity is still going on.

7.2. Five-body decays: 4n vs. 4p emission

Similarly to 4p decays which are considered in Section 6.2, true 4n emission is also possible for the case when two
more neutrons added on top of a true 2n precursor constitute a system that has only a true 4n-decay branch, which is
illustrated in Fig. 55(b) where the necessary binding energies of all subsystems of a 4n precursor are present.

The important feature of the true few-body emission is the existence of effective few-body centrifugal barriers which
grow rapidly as the number of emitted particles increases. The predictions of half-lives of true 4n emitters, given by the
integral formula method [252], are presented in Fig. 56(c) by examples of [s>p?] and [s*d?] valence-neutron configurations.
One may see that the estimated half-lives for true 4n emission are much longer compared to the half-lives of 2n emitters
with the same energy (compare the panels (b) and (c) in Fig. 56). The given examples of “H (neutron [s?>p?] configuration)
and 280 ([s?d?] configuration) demonstrate a dramatic increase of the estimated half-life by the factor of 1000, which
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Fig. 60. The decay and level schemes of “H isotope and its subsystems “H, *H [281-283], and ®H [284,285]. The solid red arrow illustrates the
decay mechanism of the H ground state which is expected to be true 4n emission [279]. The dotted blue arrows illustrate the decay mechanism
of the higher excitations in 7H [280], which are expected to be sequential 2n + 2n and n 4+ n + 2n emissions via the *H and ®H excited states,
respectively. The gray line shows the H g.s. assigned in Ref. [276].

Source: The figure is adopted from [280].

allows for searches in the broader range of 4n-decay energies, up ~1 MeV. Then 4n radioactivity is plausible, since the
energy window corresponding to the radioactive timescale is estimated to be reasonably broad. Therefore, the prospects
to search for 4n radioactivity could be also promising like the searches for 2n radioactivity.

There were several experiments searching for a ”H resonance by using a reaction of proton removal from 8He secondary
beam. The 'H(®He, >He) reaction was studied in Ref. [274], and evidence for the population of the “H spectrum right above
the 3H + 4n threshold was demonstrated. Then the search for a long-living H produced in the ?H(®He, >He) reaction was
made in Ref. [275] resulting in the ascertainment of the lower decay-energy limit E; > 50-100 keV for the “H ground state.
The observation of a low-lying 7H resonant state populated in the >C(®He, 7H)'*N reaction was declared in Ref. [276].
Despite the difficulty of the reaction-channel identification in the active target MAYA, the ground state was claimed to
be at Er = 0.57739% MeV. A similar measurement by using reaction *F(*He, "H)?°Ne provided another estimate Ey =
0.737038 MeV [277]. The next attempt to discover “H was made using the 2H(®He, *He) reaction [278], and an indication
for a state at ~2 MeV was obtained. The recent most accurate data on the “H system were obtained in two subsequent
experiments using the reaction 2H(®He, He)’H at energy of 26 AMeV [279,280]. The “H missing mass energy spectrum,
the 3H energy, and the angular distributions in the “H decay frame were reconstructed, which allowed for ascribing low-
energy states of “H, and in particular its ground state at 2.2(5) MeV. The derived level and decay scheme of "H is shown
in Fig. 60 together with its subsystems 4~®H. Results of these experiments suggest the true 4n decay mechanism for the
ground state of “H, although unknown states of the least studied system, ®H, could affect this conclusion.

In order to clarify a 4n decay mechanism of 7H, its subsystem ®H was studied in the direct 2H(®He, “He)®H transfer
reaction with a secondary ®He beam at energy of 26 AMeV [285]. The measured missing mass spectrum showed a broad
bump at 4-8 MeV energy relative to the 3H + 3n decay threshold. This bump was interpreted as a broad resonant state
in ®H at 6.8(5) MeV. The obtained missing mass spectrum allowed also to derive the lower limit for the possible resonant
state energy in ®H at 4.5(3) MeV, and there were no events registered below 3 MeV which contradicts the results of
Ref. [284]. According to the pairing energy estimates in [285], such a 4.5(3) MeV resonance was mentioned as a candidate
for the ®H ground state, see Fig. 60. This would confirm that the decay mechanism of the "H g.s. (located at 2.2 MeV above
the 3H 4+ 4n threshold) is the true 4n emission.

One should note that the half-life of the true 4n-precursor ’H ground state at 2.2 MeV is estimated to be shorter than
1019 s according to the calculations shown in Fig. 56(c), which excludes 4n radioactivity here. However, if the ground
state of “H is at 0.57f8:‘21f MeV, as assigned in Ref. [276], then its decay would correspond to the radioactivity time range.

7.3. Tetraneutron

The study of multi-nucleon emission can shed light on the four-neutron system - the tetraneutron — which bridges the
finite systems with nuclear matter and provides valuable insights into the short-range nuclear interaction in the presence
of the low-lying continuum. Due to its extreme proton-neutron ratio, the tetraneutron is situated at the edge of nuclear
stability. The question of the tetraneutron is a complex one, and this manifests itself in the controversies concerning
experimental studies as well as theoretical predictions.

The experimental searches for a four-neutron system have been performed since 1963 [286], resulting in only a few
indications of its existence so far [287-290].

To figure out the true nature of an observed resonant state, one needs to distinguish the genuine resonance from a
final-state effect (scattering feature). A similar situation arises in the case of neutron-neutron or proton-proton dimers.
The former is unable to form neither as a bound state nor as a resonance. It gives rise to a virtual (antibound) state,
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which is characterized by the negative energy and zero decay width, but has a different asymptotic behavior than the
bound state [291]. In case of the diproton, the presence of the Coulomb barrier gives rise to a subthreshold resonance
that has negative energy but a large decay width. While such exotic resonant states cannot be directly observed, they can
be identified by enhanced scattering strength just above the threshold and strong final-state effects, making them more
akin to scattering features than true resonances.

Regarding the tetraneutron, it has been established that the attractive nuclear interaction alone is insufficient to pro-
duce a bound state [292,293]. However, the question of whether the system can exist as a resonance under the interplay
among pairing, many-body correlation, and continuum effects remains an open and ongoing area of research [294].

The status of the tetraneutron was investigated using the No-Core Shell Model (NCSM) based on a realistic JISP16
interaction [295,296]. As the continuum was absent, the single-state harmonic oscillator representation of scattering
equations (SS HORSE) technique was used to calculate the S-matrix resonant parameters. The results predicted a resonance
near the threshold, with an energy of 0.8 MeV and a width I" of about 1.4 MeV, which was found to be insensitive to the
choice of the nucleon-nucleon interaction [295,297]. The Green Function Monte Carlo (GFMC) method also supported the
existence of the tetraneutron resonance [293,298]. However, it has been debated that such extrapolation might not be
accurate due to the discontinuity at the threshold [299,300], also known as the Wigner cusp [301]. The No-Core Gamow
Shell Model (NCGSM) was developed to explicitly include the continuum [302,303], which is crucial for an open quantum
system such as the tetraneutron. By utilizing the Berggren basis, the bound, Gamow, and scattering states were described
on the same footing, and the pole obtained in Ref.[302] was found to represent a scattering feature rather than a genuine
nuclear state. A later study by Ref.[303], using a larger model space, indicated a resonance at 2.64 MeV, with a width of
2.38 MeV, which was short enough to influence the formation of a nucleus and make it close to a threshold resonance.

On the other side, the system was investigated in the few-body frameworks, such as the Gaussian expansion method
and the Faddeev-Yakubovsky formalisms [304,305]. These studies utilized a four-body Jacobi coordinate to give a proper
asymptotic behavior and the complex-scaling method to obtain the resonance with the outgoing boundary condition.
Consequently, it was found that the results are sensitive to the isospin T = 3/2 three-body force. Ref.[304], based on
the parameters constrained by the low-lying states of “H, “He, and “Li and the 3H + n scattering, did not obtain the
tetraneutron resonance and suggested that the tetraneutron signal could possibly come from some unknown dynamical
phenomena. A similar conclusion was drawn by Ref.[306], in which the problem was solved by Alt, Grassberger, and
Sandhas (AGS) equations. Within an adiabatic hyperspherical framework [307,308], it has been demonstrated that, due
to the long-range universal physics analogous to the Efimov effect, an enhancement of the density of states, or of the
Wigner-Smith time delay, would appear near the threshold of the tetraneutron even without forming a resonance. Most
recently, Ref.[309] showed through a reaction model that the sharp low-energy peak observed in the experiment [290]
could also be a consequence of dineutron-dineutron correlations and is expected in the decay of other systems containing
four-neutron halos.

As discussed above, distinguishing between a scattering feature and a resonance is challenging, and further experiments
with other observables [310] or crosschecks from different reactions may be necessary. Multi-nucleon emission also
provides a way to study the nucleon-nucleon/dinucleon-dinucleon correlations, as well as the in-medium effect for the
tetraneutron system.

8. Outlook and conclusions
8.1. Global predictions

Presently the landscape of 2p decay studies is limited to nuclei with atomic number up to Z = 36 (krypton). Natural
question arises whether this phenomenon does occur, and can be experimentally studied, in heavier regions of the nuclidic
chart. The first, global investigation of the ground-state 2p emission along the whole chart of nuclei was carried out by
Olsen et al. [85,86]. This work was based on large-scale mass table calculations which used the state-of-the-art nuclear
energy density functional (EDF) theory with six different effective Skyrme interaction models [311]. These calculations
were used to predict all relevant separation energies. The results were not as accurate as in the method using the Coulomb
displacement energies, but they allowed for a global, qualitative survey. To estimate half-lives, two simplified models of
2p emission were used: a direct-decay model and a diproton model [85] (see Section 2.2). In addition, a competition from
o decay was considered by employing a global phenomenological formula for the «-decay half-life from Ref. [312]. In
search for true 2p decay candidates the energy criterion Q,, > 0, Q, < 0.2Q, was applied. It follows the observation
(see Section 4.5 and Fig. 46) that if the decay energy for the single-proton emission is positive but small enough, the
simultaneous 2p emission dominates the decay. In order to assure that the decay can compete with % decay and
with « decay, but is slow enough for the projectile fragmentation technique, the additional time criteria were adopted:
100ns < T 12”2 < 100 ms, and lefz < 10Ty),, where T7), is the partial half-life for « decay. Nuclei fulfilling these criteria
were found for all elements between argon (Z = 18) and tellurium (Z = 52). The position of these candidates, averaged
over six mass models considered, is shown in Fig. 61 with dashed and dashed-dotted lines for the direct and diproton
model, respectively. No such candidates were found above tellurium [86]. For the region between tellurium and lead
(52 < Z < 82), however, the candidates were found which fulfilled, in addition to the time criteria mentioned above,
the energy condition Q,, > 0, Q, > 0.2Q,,, which corresponds to the sequential emission of two protons (pp) [86], see
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Source: Figure from Ref. [86].

Fig. 61. This is a consequence of the high Coulomb barrier in these nuclei. To meet the adopted half-life conditions, the
system has to be so far beyond the drip-line, that the single-proton emission can proceed unsuppressed. That also means
that beyond the proton drip-line there exist a large territory of 8-decaying nuclei. Finally, above Z = 82 the o decay was
found to dominate totally. Comparison of the predicted location of the most probable 2p decay candidates with known
experimental 2p emitters indicated that the uncertainty of the predictions presented in Refs. [85,86] is about one mass
unit for a given element. A very interesting finding was that for two candidates, '°3Te and '*>Hf, a possible competition
of o decay with 2p and pp emission, respectively, may be expected.

Recently, a new approach to the global prediction of the ground-state 2p emission was undertaken, based on the
Bayesian Model Averaging (BMA) analysis of nuclear masses [87]. In this method the quality of mass predictions is
improved by including the current experimental information through machine learning techniques. Patterns of system-
atical deviations between predicted and measured masses are quantified using statistical Bayesian Gaussian process
techniques [313] and then averaged over different mass models taken into account. In this way, the “collective” prediction
of maximized accuracy, rooted in available experimental knowledge, is obtained. This approach was presented in more
details and applied to the neutron drip-line predictions in Ref. [314]. In the proton drip-line analysis, density functional
theory with nine different EDFs, and a few different Bayesian averaging methods were considered. Using the condition
for the true 2p decay Q;, > 0, Q, < 0, the probability for the 2p decay was determined. The 2p-decay half-lives were
estimated with the diproton model described in Ref. [85] and the practical range of the half-lives: 100 ns < le/pz < 100 ms
was imposed in addition. The resulting prediction for 2p radioactivity is shown in Fig. 62. In general, they are consistent
with the current experimental status of the 2p decay and with the predictions of Refs. [85,86]. The promising candidates
for the 2p radioactivity are found in all even-Z elements under consideration until tellurium (Z = 52). For heavier elements
(Z > 52) the Coulomb barrier is too high for the true 2p decay, that is why the sequential pp emission is expected in this
region.

8.2. Summary

The program of 2p emission studies got a new impetus about 20 years ago when the ground-state 2p radioactivity
of ®Fe was discovered [32,33]. The progress in this field, especially on experimental side, has been continuous, albeit
slower than desired. The main impeding factor is the difficulty to produce the nuclei of interest which are beyond the
proton dripline. Short half-lives of 2p radioactive nuclei require high-energy in-flight production techniques. Only a few
fragmentation facilities worldwide have been providing sufficient conditions for this task, as shown in Table 2. And still
among the four cases of medium-mass 2p radioactivity, shown in the right panel of Fig. 4, the record of statistics - about
100 decays observed — was achieved for “°Fe in 2007 [73]. The further advances in this research field, especially in view of
predictions discussed above, are expected when new facilities will start operation. The FRIB laboratory, at the Michigan
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State University (USA) just started running, initially with lower beam intensities. In the next few years, when the full
power will be reached, the significant progress in study of known 2p emitters and discoveries on new 2p-emitting nuclei,
are expected. Similarly, the FAIR facility near Darmstadt (Germany), in spite of delays in construction, is hoped to provide
excellent conditions for investigations of proton emitting heavier nuclei in the next decade.

On the other hand, a more substantial progress was achieved in studies of short-lived 2p-emitting states in lighter
nuclei, shown in the left part of Fig. 4. These democratic decays from ground states and excited resonances are investigated
using techniques developed for reaction studies, and involve beams of light nuclei, which are easier attainable with
sufficient intensities. The state-of-the-art in this field may be represented by a detailed study of ®Be decay, where the
transition from the democratic 2p decay of the ground-state to the sequential emission of protons from excited resonances
was documented and analyzed [169]. Among new interesting phenomena observed is a complex interplay between
democratic and sequential 2p emission from the first excited 2% state of '®Ne, described as a “tethered” decay [199]. A
superposition of both 2p decay mechanisms was also established for the ground-state decay of 3°Ar shedding light on the
separation criterion between simultaneous and sequential emission of protons [190]. Understanding of the 2p-emission
mechanism is still far from complete, so this type of studies are going to be intensively continued in the future.

The interest in 2p emission naturally extends to processes where more protons are emitted, and to decays with
emission of other particles, like two neutrons. Experimental data on 3p- and 4p-emission are scarce but all of them
suggest that they proceed sequentially by 1p-2p and 2p-2p decay mechanism, respectively. Although it seems unlikely, it
is not yet excluded that there exist a nuclear system fulfilling the energy criterion for the simultaneous true 4p emission.
Studies of 2n emissions are very hard because of experimental difficulties to reach beyond the neutron dripline. A few
cases of ground-state emission of two neutrons were observed but for one of them, 20, the half-life of a few picoseconds
was reported, and thus classifying this decay as a radioactive one. Subsequently, different results were obtained for this
nucleus, rendering the search for the first case of 2n radioactivity still open.

The 2p-decay studies provide knowledge and tools useful for investigations of other nuclear processes where three-
body aspects play a not negligible role. An example is the study of isospin symmetry breaking in particle-unbound nuclei,
in particular the Thomas-Ehrman shift. Another such topic is the soft dipole mode, representing a collective motion of two
valence nucleons against the core. Such an excitation is predicted to occur in 2p-unbound systems. It can play a significant
role in the two-proton capture reaction which is of relevance in astrophysical context. The impact of this reaction, the
reverse of 2p emission, on nucleosynthesis modeling is still a matter of study.

Finally, the theoretical description of 2p emission also has seen a significant progress in the past two decades. The
initial simplified approaches, based on two-body approximations gave way to models taking explicitly into account the
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three-body nature of the process. The latter, in turn, evolve from schematic descriptions of the initial nuclear state, to
more advanced ones, including different nuclear degrees of freedom, nucleon-nucleon correlations, and decay dynamics.
Despite of impressive advances in this field, however, we are still far from the comprehensive description of the 2p decay,
which would integrate the main aspects of this phenomenon. The efforts to provide a unifying picture of the three-body
2p emission, with the realistic description of the initial nucleus, and taking properly into account Coulomb asymptotic
and continuum effects, will remain in focus of theoretical activities in the near future. One may hope that these efforts
will go hand-in-hand with accomplishments of experimentalists providing a stream of new data on two-proton emission
and related phenomena.
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