
PHYSICAL REVIEW C 108, 044307 (2023)

Structure and decay mechanism of the low-lying states in 9Be and 9B
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Background: As a Borromean system, 9Be is weakly bound, while its mirror partner 9B is an unbound system.
Such weakly bound and unbound nuclei are usually accompanied with exotic structures and decay modes which
attract a lot of experimental and theoretical attentions.
Purpose: Due to the mirror symmetry, 9B and 9Be share many similar properties, but experience different
continuum effect mainly caused by Coulomb interaction. In this work, we try to gain more insight into the
cluster structures of 9B and 9Be, and analyze the Thomas-Ehrman effect therein. Meanwhile, another purpose of
this work is to study the decay dynamics and mechanisms of 9Be and 9B, and explore the possible three-body
decay in their low-lying states.
Methods: The three-body Gamow coupled-channel method has been used to calculate the structures of 9Be and
9B mirror systems. The corresponding wave functions have been propagated to analyze the decay dynamics.
Results: According to the calculated spectra and density distributions of 9Be and 9B, the Thomas-Ehrman effect
is found in those states with small orbital-angular momenta. By comparing the wave functions in two- and
three-body frameworks, the nature of the 1/2+ state of 9Be has been discussed. Moreover, the low-lying states
with possibly different decay mechanisms have been discussed based on the results of the density evolution and
asymptotic correlations.
Conclusions: Consequently, it has been found that the behavior of the two-body virtual state can leave an imprint
in a many-body system, but its characteristics might be diluted by the configuration mixing especially for the
nuclei with two subsystems unbound. As to the decay properties, it has been demonstrated that 9Be(5/2+

1 ),
9Be(1/2+

1 ), and 9B(5/2−
1 ) are likely to correspond to the sequential, “democratic”, and three-body decay

mechanisms, respectively.

DOI: 10.1103/PhysRevC.108.044307

I. INTRODUCTION

9Be is a typical nucleus with cluster structure. Its com-
ponents α + α + n form a Borromean system [1], in which
none of the two-body subsystems (either 8Be or 5He) is bound
[2,3]. Therefore, it attracts extensive studies [4–8]. From the
theoretical side, various models have been used to focus
on different aspects of the system, including cluster mod-
els [9–15], antisymmetrized molecular dynamics [16–19],
microscopic multicluster model [20,21], projected Hartree-
Fock [22], shell model [23,24], quantum Monte Carlo [25],
ab initio no-core shell model [26] as well as an extended quan-
tum molecular dynamics model which enables to describe
α-cluster states [27–29]. However, there are still large uncer-
tainties in the structural and decay properties of the low-lying
excited states.
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In particular, the nature of the first excited state 1/2+
1 in 9Be

is still under debate. It is believed to be a virtual (antibound)
state within the two-body (8Be + n) framework [20,30,31],
while a normal resonance in the three-body (α + α + n)
model [32–34] or other many-body methods [16–19,25,26].
Experimentally, a near-threshold state has been measured with
a relatively large decay width [35]. However, it is difficult
to distinguish a scattering feature from a proper resonance
through spectrum or cross-section analysis [36]. To this end,
we aim to gain some insights into this state, and investigate
some general properties of a virtual state in the many-body
medium.

Another interesting aspect regarding to the excited states
of 9Be is the decay mechanism. Due to the unbound nature
of 8Be and 5He, the excited states of 9Be could shed light
on the features of its constituent clusters by two single αs
and n, or prompt 2α decays and n. The former corresponds
to a sequential mode, while the latter is a three-body process.
Figuring this out would help us better understand the inner
structure and corresponding nucleosynthesis process [6,37].
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FIG. 1. The schematic figure for three-body α + α + n system in
Jacobi-T (a) and Jacobi-Y (b) coordinates.

So far, such kind of three-particle decay has mainly been
directly observed in a handful of proton-rich nuclei [38–45],
and is known as the two-proton (2p) decay. Also, there are
some candidates in some neutron-rich systems [46–50]. In
this work, we are trying to figure out whether the three-body
decay exists in the system whose constituent components are
clusters.

To figure out the decay properties, particle correlation that
can be directly measured would be an important tool. It pro-
vides valuable information on the emitted particles, and has
been widely used to determine the decay mechanism of 2p
emission [38]. Meanwhile, the correlations of the emitted two
α particles have been measured in the 5/2− state of 9B [51],
although it is not clear yet about the corresponding decay
mechanism. Noticing that 9Be and 9B are mirror nuclei with
proton and neutron numbers exchanged, studying the prop-
erties of 9Be would be helpful to understand the structure
and decay of 9B. Due to the different Coulomb interaction
and continuum effects, it is also interesting to investigate
isospin symmetry breaking and Thomas-Ehrman shift [52–56]
between this mirror pair. Moreover, in this work, we utilize a
time-dependent approach to figure out the connection between
the asymptotic correlation and the inner structure.

This article is organized as follows. Section II describes the
model and parameters used in this work. In Sec. III, we show
the results of the energy spectra, density distributions, time-
dependent evolutions, and particle correlations of the 9Be - 9B
mirror pair. Finally, the summary and outlook are provided in
Sec. IV.

II. THE MODEL

A. Gamow coupled-channel approach

In this work, a Gamow coupled-channel (GCC) approach
[57] is used, which is a three-body model in which the nu-
cleus is described in terms of two α clusters and a valence
nucleon. The ith cluster (i = α1, α2, n) has a position vector �ri

and linear momentum �ki. To properly describe the three-body
asymptotic behavior, the wave function can be expressed in
Jacobi (relative) coordinates:

�x = √
μx(�ri1 − �ri2 ),

�y = √
μy

(
Ai1 �ri1 + Ai2 �ri2

Ai1 + Ai2

− �ri3

)
, (1)

where i1 = α1, i2 = α2, i3 = n for the T coordinate and i1 =
n, i2 = α1, i3 = α2 for the Y coordinate, see Fig. 1. In Eq. (1)

Ai is the ith cluster mass number, and μx = Ai1 Ai2
Ai1 +Ai2

and

μy = (Ai1 +Ai2 )Ai3
Ai1 +Ai2 +Ai3

are the reduced masses associated with �x
and �y, respectively. In practice, it is convenient to introduce
hyper-radius ρ =

√
x2 + y2, which is transformation-invariant

among different sets of Jacobi coordinates.
Since the experimental measurements are done in the mo-

mentum space, one defines the relative momenta

�kx = μx

( �ki1

Ai1

− �ki2

Ai2

)
,

�ky = μy

( �ki1 + �ki2

Ai1 + Ai2

− �ki3

Ai3

)
, (2)

where θk and θ ′
k are the opening angles of (�kx, �ky) in Jacobi-

T and Jacobi-Y coordinates, respectively. Eαα = h̄2k2
x

2μx
is the

kinetic energy of the relative motion of the emitted two α

particles and Eαn is that of the α-nucleon pair.
The total wave function of the parent nucleus is written as

�Jπ = ρ−5/2
∑∫

Cγ K (k)Bγ K (k, ρ)YJM
γ K (�) dk, (3)

where YJM
γ K (�) is the hyperspherical harmonics for the

hyperangle part, K is the hyperspherical quantum number, and
γ = {	x, 	y, L}, where 	 is the orbital-angular momentum in
the corresponding Jacobi-T coordinate. For example, in the
Jacobi-T coordinate, 	x is the orbital-angular momentum of
the α-α pair with respect to their center of mass, while 	y

is the pair’s orbital-angular momentum with respect to the

nucleon. k is the total momentum defined as
√

k2
x /μx + k2

y /μy.

Equation (3) takes the integral over continuous k (scattering
states) and the sum over γ , K , and discretized k (bound and
decaying resonant states). The hyper-radial part is expanded in
the Berggren ensemble that defines a complete basis Bγ K

n (ρ)
in the complex-momentum k plane including bound, decay-
ing, and scattering states [57–59]. Because of the inherent
symmetry within the Berggren basis [58], scattering states are
selected by the momentum k along a contour L+ in the fourth
quadrant of the complex plane. This indicates that the wave
function exclusively incorporates the outgoing k momentum
components, while disregarding the conjugate momenta. The
Berggren basis does not belong to the Hilbert space, so the
mathematical apparatus of quantum mechanics in Hilbert
space is inadequate [58,60]. Consequently, the mathemati-
cal structure of the rigged Hilbert space (RHS) [61,62] can
accommodate time-asymmetric processes, such as particle de-
cays, by extending the domain of quantum mechanics. This
yields a different inner product for these single-particle states
in the complex plane, and it is able to show that they are
orthogonal and normalizable to

〈B̃i|B j〉 =
∫ ∞

0
B(ki, ρ)B(k j, ρ) dρ = δ(ki − k j ). (4)

The tilde symbol above bra vector 〈B̃i| is the time-reversed
operator, which signifies the complex conjugation arising in
the dual space. By using the Berggren basis, the inner and
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asymptotic regions of the Schrödinger equation can be treated
on the same footing, and this provides the natural connection
between nuclear structure and decay aspects of the problem.

The Hamiltonian in the three-body GCC model can be
written as

Ĥ =
3∑

i=1

p̂2
i

2mi
+

2∑
i=1

Vαn(ξi ) + Vαα − T̂c.m., (5)

where p̂2
i /(2mi ) and T̂c.m. are kinetic operators for each par-

ticle and the center of mass of the system, respectively. In
Jacobi coordinates, the center of mass is automatically elim-
inated. Vαn and Vαα are pairwise interactions for α − n and
α − α particles, respectively.

In order to deal with the antisymmetrization between
α − α and α − n, we used the supersymmetric transforma-
tion method [63–65], which introduces an auxiliary repulsive
“Pauli core” in the original interaction to eliminate Pauli-
forbidden states. The Pauli principle between clusters is
satisfied by introducing a global principal quantum number
G, which can be estimated by the Wildermuth rule [66–68],

G = 2N + L =
Ac∑

i=1

gi, gi = 2ni + 	i, (6)

where gi represent the principal quantum number of the
cluster-nucleon orbit located above the Fermi level, and Ac

is the number of the nucleons inside the cluster. N and L
are the node number and orbital-angular momentum in the
radial wave function of the cluster motion, respectively, while
n and 	 correspond to those of the nucleons inside the cluster.
Consequently, G � 4 for the α + α [69] subsystem, while
G � 1 for α + n.

The Gamow state �Jπ is obtained by diagonalizing the
complex-symmetric Hamiltonian. This state exhibits purely
outgoing wave asymptotics and is associated with a complex
energy Ẽ = Er − i�/2, where � represents the decay width,
defining the half-life of the system. Similar to the single-
particle basis, �Jπ can be normalized as follows [59,70]:

〈�̃Jπ |�Jπ 〉 = 1, (7)

where �̃Jπ is the time-reversed many-body state. This nor-
malization can be achieved using the complex scaling method
[71,72] or by verifying that the expansion coefficients sat-
isfy

∑∫
C2

γ K (k) dk = 1. As a result, the observables in this
framework are also complex, with their imaginary parts rep-
resenting the uncertainty. For instance, one can define the
complex density distribution as follows:

ρc = 〈�̃Jπ |δ(rx − Rα−α ) δ(ry − R2α−n/p)|�Jπ 〉, (8)

where rx = x/
√

μx and ry = y/
√

μy. Here, Rα−α represents
the distance between two α particles, and R2α−n/p denotes the
distance between the α pair and the valence nucleon.

B. Time-dependent approach

To analyze the decay dynamics of the excited 9Be - 9B
mirror systems and investigate the correlations of the emitted
α particles, a time-dependent approach is necessary [46,73].

Starting with the resonance wave function obtained from
the complex GCC framework, we decompose it into real-
momentum scattering states using the Fourier-Bessel series
expansion in the real-energy Hilbert space [74]. The resulting
wave packet �Jπ

0 serves as the initial state. The wave function
�Jπ

t at time t can be obtained by propagating �Jπ
0 through

the time evolution operator exp(−iĤt/h̄) [73,75]. To maintain
the Hermitian property of the Hamiltonian matrix and ensure
conservation of the total density, we limit the time evolution
to the real momentum space, resulting in a real calculated
density distribution ρr . At time t , the density distribution can
be expressed as

ρr (t ) = 〈
�Jπ

t

∣∣δ(rx − Rα−α ) δ(ry − R2α−n/p)
∣∣�Jπ

t

〉
. (9)

The wave function encompasses all the configurations during
the time evolution, making it possible to investigate struc-
tural changes at different time points throughout the decay
process.

C. Hamiltonian and parameters

For the three-body (α + α + n) GCC Hamiltonian, we
used the same potentials for Vαn and Vαα as Ref. [76], and
excluded the state-dependent three-body force. In details,
the α − n interaction Vαn is given by the KKNN potential
[77]. In the case of 9B, an additional Coulomb potential
with a dilatation-analytic form (Rc = 2 fm ) is added for Vαp.
The α − α interaction Vαα (including Coulomb interaction) is
taken from Ref. [31] originating from a folding potential of
the effective NN interaction [78]. For comparison, 9Be is also
studied in the two-body framework, in which the effective
8Be + n Hamiltonian is described by a Woods-Saxon (WS)
potential with parameters as Ref. [30]. The resulting energy
for the 1/2+ virtual state is −0.119 MeV.

The three-body calculations have been carried out in the
model space of max(	x, 	y) � 8 with the maximal hyper-
spherical quantum number Kmax = 16. For the hyper-radial
part, we used the Berggren basis for the K � 4 channels
and the harmonic oscillator (HO) basis for the higher-angular
momentum channels. The complex-momentum contour of the
Berggren basis is defined as k = 0 → 0.3 − 0.12i → 0.4 −
0.06i → 0.5 → 0.8 → 1.2 → 2 → 4 (all in fm−1) with each
segment discretized with 35 points. For the HO basis we took
the oscillator length b = 1.75 fm and Nmax = 50. To obtain
the virtual state in the two-body framework, we used same
model space but with a deformed contour for the Berggren
basis, which is k = 0 → −0.1 → 0 − 0.2i → 0.3 − 0.1i →
0.4 − 0.05i → 0.5 → 0.8 → 1.2 → 2 → 4 (all in fm−1).

For time-dependent evolution, the inner part (<15 fm)
of the initial state is expanded and propagated with a
real-momentum contour, which is k = 0 → 0.225 → 0.3 →
0.375 → 0.45 → 1.2 → 6 (all in fm−1), and each segment is
discretized with 90 scattering states. For the hyper-radial part,
we used the Berggren basis for the K � 6 channels for a better
description of the farther radius. In practice, the interactions
inside the sphere of radius 400 fm are considered. The other
model space parameters are the same as above.
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FIG. 2. Calculated spectra and decay widths (shaded areas) of
the 9Be - 9B pair. Also shown are the experimental data taken from
Refs. [79,80].

III. RESULTS AND DISCUSSIONS

A. Structure information of 9Be and 9B

In our framework, the difference of this mirror pair is
the existing Coulomb interaction between the α particle and
the valence nucleon. To better understand the interplay be-
tween the Coulomb and nuclear interactions, the structural
and decay properties of the 9Be - 9B mirror pair have been
compared. Due to the isospin symmetry between the proton
and neutron, the mirror nuclei pairs have similar proper-
ties in most aspects [81–84]. However, the presence of the
Coulomb interaction makes 9Be and 9B have different thresh-
olds. The former is particle bound with the neutron separation
energy Sn = 1.665 MeV, while the latter is unbound with
Sp = −0.186 MeV [85]. Consequently, this results in different
continuum effects, which would manifest themselves in the
spectra, density distributions, and decay mechanism.

As shown in Fig. 2 and Table I, the calculated spectra
of 9Be and 9B are in agreement with experimental values
qualitatively. Due to the lack of data, the spin-parities of
some states have not been determined yet [86], which can
be estimated based on the mirror symmetry and the calcu-
lated energy spectra (see the spin assignments in Fig. 2). The
first excited state of 9B has been studied by Refs. [87–90]

attempting to predict its value using the Thomas-Ehrman shift
[52,53]. In detail, Ref. [88] expanded the study of Ref. [89]
by investigating how different nuclear numbers A affect the
magnitude of the Thomas-Ehrman shift in light nuclei. The
prediction suggested that the energy difference between 1/2+

1
and 5/2+

1 in 9B would be slightly smaller than that in 9Be,
which aligns with experimental results and our calculations.
Also, the Jπ = 1/2+

1 and 5/2+
1 states in both 9Be and 9B have

relatively low excitation energies, which indicates that a clus-
ter dipole mode (L = 1 related to the 3/2−

1 g.s.) would be
possible near the threshold [91]. Moreover, a Thomas-Ehrman
shift occurs between the analog states, particularly in those
(Jπ = 1/2+

1 and 1/2−
1 ) with relatively low-	 orbitals. It is

because these orbitals (s or p wave) have smaller centrifugal
barriers, and could experience more continuum.

This can be also seen in the density distributions. In Fig. 3,
we present the predicted density distributions in Jacobi coor-
dinates for the low-lying states of 9Be and 9B. Based on the
definitions of Eqs. (8), (9), the densities, denoted by ρc and
ρr , represent the initial states (t = 0) in rigged Hilbert and
Hilbert spaces, respectively, and are calculated using the com-
plex GCC framework and time-dependent approach. Inside
the nucleus, both ρr and Re(ρc) exhibit striking similarities,
indicating that the structural information of the atomic nu-
cleus primarily manifests itself in the real part of ρc, while
the imaginary part mainly resides outside the nucleus, rep-
resenting the decay process and uncertainty. For bound or
quasibound states, Im(ρc) can be neglected. However, as the
decay width increases, the contribution of Im(ρc) becomes
more pronounced. Since our focus is on studying the decay
dynamics and structural evolution using the time-dependent
approach, the density distributions are limited to the Hilbert
space in subsequent discussions and figures.

Comparing the densities of 9Be and 9B mirror systems, we
find that the Jπ = 3/2−

g.s. and 5/2−
1 states are quasilocalized

due to their low energies or high-	 orbitals. This observa-
tion is further supported by the negligible proportion of the
imaginary part in the density distribution. These mirror nuclei
exhibit similar structures, where three components form a
triangular configuration, as depicted in Fig. 3. Meanwhile,
other states with densities widely distributed are more easily
impacted by the nonlocalized scattering continuum, which
results in different structures between the proton- and neutron-
rich sides. Taking the 1/2−

1 state as an example, according to

TABLE I. Calculated spectra and decay widths (all in MeV) of the 9Be - 9B mirror pair. The energies are with respect to the ground state
(g.s.) of 8Be. Also shown are the experimental data taken from Refs. [79,80]

Jπ 9Be 9B

EExp.(�Exp.) EGCC(�GCC) EExp.(�Exp.) EGCC(�GCC)

3/2−
g.s. −1.66 −1.51 0.19(5.4 × 10−4) 0.32(5.2 × 10−6)

1/2+
1 0.02(0.21) 0.94(0.11) 1.69(1.20) 2.06(0.63)

5/2−
1 0.76(7.8 × 10−4) 0.51(1.9 × 10−6) 2.53(0.08) 2.31(4.4 × 10−3)

1/2−
1 1.12(1.10) 1.79(0.09) 2.97(3.13) 2.59(0.21)

5/2+
1 1.38(0.28) 2.16(0.08) 2.94(0.61) 3.12(0.78)

3/2+
1 3.04(0.74) 2.71(0.76)

3/2−
2 3.93(1.33) 2.89(0.28)
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FIG. 3. Predicted density distributions (in fm−2) in Jacobi coordinates for low-lying states 9Be (left) and 9B (right). ρr and ρc are density
distributions of the initial states (t = 0) in Hilbert and rigged Hilbert spaces, respectively. See Eqs. (8), (9) and the corresponding discussions
for the details.

the calculation of GCC, 9Be is dominated by the triangular
configuration, while 9B has another primary component that
represents the 8Be + p configuration. In this component, the
two α particles are spatially close, and the α-α pair is rel-
atively distant from the valence proton. A similar situation
occurs in the 1/2+

1 state. As shown in Fig. 3, although the
1/2+

1 state is close to the threshold, the particle density is
pretty low inside the nucleus, and the primary component
clearly forms 8Be + n configuration. This is in accord with the
behavior of the virtual state that the relative motion between
the valence neutron and the core (8Be) is governed by an s
wave. As to 9B, there is also a similar 8Be + p configuration,
but the presence of the repulsive Coulomb interaction makes
the components of the system more favorable to be apart from
each other.

To gain more insight into the nature of this 1/2+
1 state

of 9Be, the overlap functions between 9Be and 8Be (g.s.)
have been calculated in both three- and two-body frameworks
(see Fig. 4), which represent the relative motion between the
valence neutron and 8Be. Similar to the density distribution,
normally, the overlap function between bound or quasibound

states is mainly located inside the nucleus, which is the case
for the g.s. of 9Be and 8Be. When dealing with a resonance,
the overlap function in the asymptotic region is proportional
to the Hankel or Coulomb wave function. This manifests itself
as the divergently asymptotic behavior in Hilbert space and
relatively large imaginary components in the RHS as shown
in Figs. 4(a) and 4(b), respectively. In particular, for a virtual
state, there is only a little amount of overlap function trapped
within the space of the nuclear radius as shown in the overlap
function for the 1/2+

1 state by the two-body framework (see
Fig. 4). Thus, it is also known as the antibound state.

When going beyond two-body degrees of freedom, the sit-
uation is a little bit more complicated. As shown in Fig. 4(a),
due to the different treatments of the Pauli principle, the
short-range (< 5 fm) overlap function for the 1/2+

1 state in
the three-body framework is slightly different from that in the
two-body framework. In the mid-range, both overlap func-
tions are in good agreement, which manifests themselves as
the behavior of a virtual state. However, the discrepancy be-
comes larger and larger when the distance increases. This is
due to the fact that the g.s. of 8Be is not stable, and will be
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FIG. 4. (a) The squared norm overlap function between 9Be (α +
α + n) and 8Be (α + α) g.s. predicted by GCC in Hilbert space. The
wave function of 8Be and 9Be is described as α + α and α + α + n,
respectively. The dotted and solid lines correspond to the 3/2− g.s.
and 1/2+

1 excited state of 9Be, respectively, while the dashed line
shows the result for the 1/2+

1 state within the two-body framework
(8Be + n). (b) The real (solid and dashed lines) and imaginary (dotted
and dash-dotted lines) parts of the squared overlap function (rigged
Hilbert space) for the 1/2+

1 excited state of 9Be.

split into two α particles without the interaction of the extra
neutron. Consequently, when the valence neutron of 9Be is
far from the 8Be, the two-body (8Be + n) system begins to
fall apart, and the behavior of virtual state cannot be held any
more. This indicates that, in the many-body cases, a certain
configuration (channel) would manifest itself as the behavior
of the virtual state, but due to the configuration mixing, part of
its characteristics might be diluted. Although it is impossible
for a virtual state to emerge in proton-rich nuclei due to the
Coulomb interaction [54], the analog state in 9B has a widely
distributed density and relatively large decay width, which
is located around the region of threshold and subthreshold
resonance. Hence, these states would be interesting for further
experimental and theoretical investigations.

B. Decay properties of 9Be and 9B

As discussed above, the low-lying states of 9Be and 9B
contain different components and densities. Although such
structural information is hard to measure directly, it leaves a
strong imprint on the decay properties. To this end, in this
section, we try to analyze the decay dynamics and possible
three-body mechanism of the low-lying states of 9Be and 9B,
in which we have selected typical cases for discussion. As
discussed earlier, the time-dependent framework is restricted
to the real-energy Hilbert space, leading to real-valued density
distributions and other observables. In this context, all the
quantities obtained from our calculations, including density
distributions, are inherently real due to the limitations of the
approach.

FIG. 5. Time evolution of the 1/2+
1 (a) and 5/2+

1 (b) states of 9Be.
The density distributions are shown in Jacobi-T and -Y coordinates
for four different time slices. To show the asymptotic wave function
clearly, all the particle densities (in fm−1) are multiplied by the polar
Jacobi coordinate ρ.

The time evolution of the 1/2+
1 and 5/2+

1 states of 9Be have
been shown in Fig. 5. For the 5/2+

1 state, the wave function is
fairly localized inside the nucleus at the beginning (t = 0).
When time evolves, the density distribution clearly shows
two maxima for 9Be associated with the triangular/8Be + n
configuration characterized by small/large relative distance
between the valence neutron and 8Be [see in Fig. 5(b)]. While
tunneling, the density flux indicates that the emitted neutron
is more likely to belong to the 8Be + n branch than to the tri-
angular component. This indicates that the valence neutron is
emitted prior to the splitting of 8Be into two α particles, which
corresponds to a sequential decay process. Similar situation
happens in the 3/2+

1 state of 9Be.
This decay mechanism can also be recognized by the

asymptotic correlations of the emitted α particles. The
ones from the 5/2+

1 state of 9Be is shown in Fig. 6.
Since the energy and angular correlations can be directly
measured by the experiment, it would be useful to analyze
the connection between these asymptotic observables and the
decay mechanism. For a sequential decay, since the system
would decay through an intermediate state of the neighboring
nucleus, one may expect a pronounced peak in the energy
correlations of Jacobi-T or -Y coordinates. This is in accord
with the situation of the 5/2+

1 state of 9Be, in which the
energy correlation in the Jacobi-T coordinate is dominated
by the peak at the region with small Eα−α values. Meanwhile,
due to the fact that the g.s. of 8Be has relatively small decay
energy/width, and its mass is much larger than a neutron, the
neutron is preferred to carry most of the decay energy during
the two-body mechanism of sequential decay. Consequently,
this decay process can be roughly viewed as two independent
steps, and the valence neutron has no favorable emitting
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FIG. 6. Asymptotic energy (a),(b) and angular (c),(d) correla-
tions of emitted α particles from the 1/2+

1 (solid lines), 3/2+
1 (dotted

lines), 5/2+
1 (dashed lines), and 1/2−

1 (dash-dot lines) states of 9Be.
Q is the total decay energy.

direction, which manifests itself as a uniform distribution
of the angular correlation in the Jacobi-T coordinate
approximately. Meanwhile, due to the comparable decay
dynamics, the nucleon-nucleon correlation of 9Be(3/2+

1 ,
1/2−

1 ) looks similar to that of 9Be(5/2+
1 ) and 9B(5/2+

1 ) (see
Figs. 6 and 7).

As to the 1/2+
1 state of 9Be, although the wave function of

the system is dominated by 8Be + n at the initial stage, most of
the tunneling process occurs from this branch. The resulting
asymptotic correlations of the emitted α particles are different.

FIG. 7. Similar to Fig. 6 but for the 1/2+
1 (solid lines), 5/2−

1

(dotted lines), and 5/2+
1 (dashed lines) states of 9B.

FIG. 8. Similar to Fig. 5 but for the 1/2+
1 (a) and 5/2−

1 (b) states
of 9B.

The energy correlations of the 1/2+
1 state in both Jacobi-T

and -Y coordinates are more uniformly distributed, and there
is no clearly preferred energy. This is probably due to the
1/2+

1 state being close to the threshold of α + α + n, which
has a relatively small decay energy/width that is comparable
with the g.s. of 8Be. Therefore, the decay process is relatively
slow compared to that of the 5/2+

1 state. Consequently, the
emission of the valence neutron is along with the breakup
of 8Be, which results in a competition between sequential
and three-body decay. A similar situation could be possibly
referred to as the “democratic” decay mode of 6Be [41].

Moreover, to gain more insight into the interplay between
Coulomb and nuclear interactions, the decay properties of the
1/2+

1 states from the 9Be and 9B mirror pair have been com-
pared. For most aspects, such as density evolution and energy
correlation, these two analog states look similar. The main
discrepancy lies in the angular correlation. Although both
angular correlations are widely distributed, the small and large
emitted opening angles are more favorable for the 1/2+

1 state
of 9Be [see Figs. 6(c) and 6(d)]. It indicates that a chain-like
decay might occur, which corresponds the valence neutron
being emitted from the elongation axis of the deformed 8Be.
However, this decay behavior is largely suppressed in the case
of 9B due to the presence of the Coulomb interaction and the
difference of the decay energies [see Figs. 7(c) and 7(d)].
This is in agreement with the conclusion of Ref. [73] that
the long-range Coulomb interaction could strongly impact the
angular correlation.

A possible three-body decay happens in the 5/2−
1 state of

9B and 9Be [the calculated results of them are almost the same,
so only 9B(5/2−

1 ) is listed], whose initial state forms a trian-
gular configuration. Due to the relatively large orbital-angular
momentum, the structures of the two-body subsystems are
largely destroyed, which results in a three-body decay process.
This can be shown by the density evolution in Fig. 8, in which

044307-7



YANG, MA, WANG, ZHOU, AND FANG PHYSICAL REVIEW C 108, 044307 (2023)

most 2α particles are emitted along the 45◦ lines of the den-
sity distributions in Jacobi-T and -Y coordinates. Moreover,
the calculated energy correlation is in accordance with the
experimental result of Ref. [51], in which three constituent
clusters of the system share similar energies and the particles
are most likely to emit with the opening angle around 90◦. The
relatively large orbital-angular momentum and negative parity
may prevent the formation of 8Be, which inhibit the decay of
n and result in the three-body decay with small width.

IV. SUMMARY

In this work, we studied the structure and decay infor-
mation of 9Be and 9B with the three-body GCC model. The
symmetry and symmetry-breaking of these mirror systems
have been compared. It has been found that, due to the dif-
ferent thresholds and continuum effects, the inner structures
of these mirror systems can be slightly different, especially
for the states with small orbital-angular momenta.

We also investigated the 1/2+
1 state of 9Be whose nature

is still under debate. By comparing the wave functions in the
two- and three-body frameworks, we found that the behav-
ior of the two-body virtual state can leave an imprint in a

many-body system, but its characteristics might be diluted by
the configuration mixing especially for the nuclei with two
subsystems unbound. To pin down the very nature of the 1/2+
structure, further experimental and theoretical studies, such as
cross section and decay properties [92], might be required.

Moreover, the decay properties of the low-lying states of
9Be and 9B have been studied. The calculated energy and
angular correlations of the 5/2−

1 state of 9B are in good
agreement with the experimental data. Further, based on the
density evolution and asymptotic correlations of the emitted
particles, the possible decay mechanisms have been discussed
and divided into different categories.
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