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Abstract. The 9Be and 9B nuclei are investigated in a microscopic three-cluster model involving α+α+n
(or α + α + p) configurations. The 8Be(0+, 2+) + n and 5He(3/2−, 1/2−) + α (or mirror) channels are
included by taking account of the unstable nature of 8Be and 5He. Spectroscopic properties of 9Be and
9B are analyzed. We show that the 5 He + α configurations cannot be neglected to derive accurate results.
The 9Be(γ, αα)n photodisintegration cross-section is shown to be mainly determined by 8Be + n channels
at low energies, but 5 He + α channels become important beyond Eγ ≈ 4 MeV.

PACS. 25.40.Lw Radiative capture – 24.50.+g Direct reactions – 25.60.Bx Elastic scattering

1 Introduction

Nucleosynthesis of heavy elements in exploding environ-
ments is expected to occur through the α(αn, γ)9Be three-
body reaction, followed by the 9Be(α, n)12C reaction [1].
This sequence provides a bridge between A = 5 and A = 8
elements and proceeds more rapidly than the triple-α pro-
cess. The cross-section for the former reaction is deduced
from the 9Be + γ photodisintegration cross-section, which
has been measured by several groups [2–7] and by different
techniques. At low energies, the cross-section is believed
to be essentially given by the properties of the 1/2+ reso-
nance, located close to the α + α + n threshold in 9Be. In
this energy regime, the 8Be + n breakup channel provides
the main contribution, but the 5 He + α channel could be
non-negligible at higher energies. In the theoretical point
of view, an R-matrix analysis of the data has been per-
formed by Barker [8], who determines the properties of
the 1/2+ resonance through the cross-section data. On
the other side, the theoretical investigation by Efros et al.
[9] aims at fitting the data with a potential model in a
limited energy range (Q ≤ Eγ ≤ 2.2 MeV), where Q is
the particle threshold (1.66 MeV).

The spectroscopy of the 9Be and 9B mirror nuclei also
presents many interesting aspects. The 9Be nucleus is a
so-called “Borromean” nucleus since it does not possess
any bound two-body subsystem. As mentioned above, the
existence of an s-wave neutron resonance near the thresh-
old is responsible for peculiar properties [8]. On the other
hand, it has been recently suggested [10] that Be isotopes,
such as 9Be, should present molecular states in their en-
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ergy spectrum. Alpha clustering is well known in 7Be and
8Be, but is also expected to appear in excited states of
other Be isotopes. Finally, the spectrum of the unbound
9B nucleus still raises several interesting questions regard-
ing the properties of its first excited states [11–13]. In ad-
dition, a recent experiment investigating the 9C β-decay
suggests the existence of narrow excited states in 9B [14]
which still needs a theoretical interpretation.

Many theoretical works have been devoted to the
9Be and 9B nuclei. We refer the reader to refs. [13,15]
for recent references. Microscopic calculations involving
α + α + n configurations were first performed by Furu-
tani et al. [16], and subsequently extended by improving
the conditions of the calculations [17,15]. In ref. [15], Arai
et al. use the stochastic variational method to optimize
the α + α + n basis. Although those authors could de-
rive approximate widths of resonances through the Com-
plex Rotation Method, their study is limited to spectro-
scopic properties. In the present work, we aim at analyzing
the 9Be + γ photodisintegration cross-section in a micro-
scopic model. To define the wave functions, we use the
three-cluster model of ref. [17] improved in different ways:
i) the 8Be wave function is described more realistically,
and ii) 5 He + α channels, missing in ref. [17], are taken
into account here. As in ref. [17], the 8Be(2+) + n config-
uration is included in the basis.

This microscopic multicluster model has been used
in the past to investigate several light elements, espe-
cially exotic nuclei [18]. Starting from a nucleon-nucleon
interaction and from some assumptions on the cluster
structure, a microscopic model does not contain any fur-
ther parameter and consequently presents a significant
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predictive power. Our approach combines bound and scat-
tering states of the nucleus. Using the microscopic R-
matrix formalism [19] provides an exact account of bound-
ary conditions. We are therefore able to study the 9Be
spectroscopy and the 9Be(γ, αα)n cross-section within the
same conditions of calculation.

In sect. 2, we briefly present the model by emphasiz-
ing the properties of 9-nucleon systems. Section 3 is de-
voted to the spectroscopy of 9Be and 9B, and sect. 4 to
the 9Be(γ, αα)n photodisintegration cross-section. Con-
cluding remarks are presented in sect. 5.

2 The model

We use a microscopic model where the Hamiltonian in-
volves space, spin and isospin coordinates of the nine nu-
cleons. The effective nucleon-nucleon interaction is the
Volkov V 2 force [20] complemented by a zero-range spin-
orbit term [21]. The parameters of the interaction (ex-
change parameter M for the central V 2 force, and ampli-
tude S0 for the spin-orbit force) will be specified in the
following.

To solve approximately the Schrödinger equation as-
sociated with the microscopic Hamiltonian, we apply the
Generator Coordinate Method (GCM) to define the ba-
sis functions. A general presentation of the GCM can be
found in ref. [18]; here we limit ourselves to the peculiari-
ties of the 9Be nucleus. In a three-cluster model involving
two α-particles and a neutron, two coupling modes are
possible: 8Be + n and 5 He + α; these configurations will
be hereafter denoted as 8-1 and 5-4, respectively. In a par-
tial wave with total spin J and parity π, the wave function
reads

ΨJMπ = ΨJMπ
8-1 + ΨJMπ

5-4 , (1)

where each term is defined, in the cluster approximation,
as

ΨJMπ
8-1 =

∑
I1�I

A
[
[φI1

8 ⊗ φ
1/2
1 ]I ⊗ Y�(ρ̂8-1)

]JM

×gJπ
4-8,I1�I(ρ8-1) (2)

and

ΨJMπ
5-4 =

∑
I1�

Aφ0
4

[
φI1

5 ⊗ Y�(ρ̂5-4)
]JM

×gJπ
5-4,I1�(ρ5-4), (3)

where ρ represent the relative coordinates. Notice that
wave functions (2) and (3) are not orthogonal to each
other. In these definitions φI1

8 , φ
1/2
1 , φI1

5 and φ0
4 stand for

the 8Be, neutron, 5He and α wave functions, respectively,
A is the 9-body antisymmetrization operator, and gJπ are
the relative functions. In the three-cluster model, 8Be and
5He wave functions are themselves defined in the GCM as

φI1K1
8 = Aφ0

4 φ0
4 Y K1

I1
(ρ̂4-4) gI1

4-4(ρ4-4) ,

φI1K1
5 = Aφ0

4

[
φ

1/2
1 ⊗ Y�(ρ̂4-1)

]I1K1

gI1
4-1,�(ρ4-1). (4)

Wave functions (2) and (3) are defined here with exact
boundary conditions. This property is not necessary for
spectroscopic properties [15] but it is required for scatter-
ing studies.

In the GCM, all radial wave functions g are expanded
over a set of generator coordinates (R1 for the 8Be + n
and 5 He + α motion, and R2 for the α+α and α+n sub-
systems). We take 9 values for R1 (from 1.2 fm to 10.8 fm
with a step of 1.2 fm) and 4 values for R2 (0.5 fm to 5.0
fm for 8Be and 1 fm to 5.5 fm for 5He). Using several
R2-values enables us to account for core deformation dur-
ing the collision, and to simulate the unstable nature of
8Be and 5He. The present conditions of calculation rep-
resent an improvement with respect to ref. [17] since the
8Be wave functions are described here with a larger set of
generator coordinates, yielding a more realistic structure;
on the other hand, the 5 He + α channel, open at fairly low
energies, was not considered in ref. [17].

In eqs. (2)-(4), I1 denotes the spin of 8Be and of 5He;
the 0+ and 2+ states of 8Be are included, as well as the
3/2− and 1/2− partial waves of 5He. The use of the GCM
enables us to write down the total wave functions appear-
ing in eq. (1) as

ΨJMπ
i =

∑
I1�I

∑
R1,R2

fJπ
i,I1�I(R1, R2)ΦJMπ

i,I1�I(R1, R2), (5)

where i represents the 8-1 or 5-4 configurations, ΦJMπ
i

are projected Slater determinants and fJπ the genera-
tor functions. Definitions (2)-(3) and (5) are known to
be quite equivalent, but the use of Slater determinants is
well adapted to numerical calculations.

The first step is to compute matrix elements of
the Hamiltonian between projected Slater determinants
ΦJMπ. Then, we use the microscopic R-matrix formalism
to derive the generator functions, and the asymptotic be-
havior of the wave functions. Capture cross-sections also
require the calculation of matrix elements of the elec-
tromagnetic multipole operators. We refer the reader to
refs. [22,18] for detail concerning the technical procedure.

3 Spectroscopic properties of 9Be and 9B

3.1 Conditions of the calculation

The oscillator parameter is taken as b = 1.36 fm, which
minimizes the α binding energy. The spin-orbit amplitude
is chosen as S0 = 30 MeV fm5, a typical value for p-
shell nuclei. For the Majorana parameter we have adopted
M = 0.593 which reproduces the 1/2+ resonance energy
in the 9Be(γ, αα)n experimental cross-section. This choice
is fairly close to the standard value M = 0.6.

With these conditions, we have computed the energy
curves given in fig. 1. The energy curves [18] represent
the expectation energy of the system for a fixed value of
the generator coordinate R1 (diagonalization is performed
over partial waves I1	I and generator coordinate R2).
They provide a useful information regarding the physics of
the system. A first conclusion is that, except for the 1/2+
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Fig. 1. 8Be + n and 5 He + α energy curves. The zero energy
is defined at the 8Be + n threshold.

partial wave, the 8Be + n and 5 He + α energy curves are
rather similar to each other. This is not surprising in a
microscopic model where, at short distances, the antisym-
metrization makes all nucleons equivalent and reduces the
cluster structure of the nucleus. As expected, the lowest
minimum is found in the 3/2− partial wave which corre-
sponds to the 9Be ground state. In positive parity, minima
are obtained up to J = 9/2. In negative parity, high par-
tial waves (7/2− and 9/2−) present lower energies in the
5 He + α channel. This configuration should therefore play
a major role in high-spin states.

3.2 The 9Be nucleus

The 9Be spectrum is presented in fig. 2 with 3 differ-
ent conditions of calculation: single channel 8Be + n or
5 He + α, and the multichannel approach. Energies are
given with respect to the 8Be + n threshold. Let us re-
call that the nucleon-nucleon interaction has been ad-
justed on the experimental energy of the 1/2+ state. This
choice yields also a fairly good binding energy for the 3/2−
ground state. The simultaneous description of positive-
parity and negative-parity states represents an improve-
ment with respect to the previous calculation [17] where
a significant parity effect had to be introduced in the
nucleon-nucleon force.

The 3/2− ground-state energy is nearly independent
of the configuration; this result supports low clustering ef-
fects. On the contrary, the 1/2+ state, located very close
to the neutron threshold, is better reproduced (by about
2 MeV) with the 8Be + n configuration. This conclusion is
consistent with the energy curves of fig. 1 which show that
the 8Be + n channel dominates in the 1/2+ partial wave.
The multichannel calculation reproduces fairly well the ex-
perimental states up to Ec.m. ≈ 5 MeV, but the 1/2− and
3/2−2 resonances are slightly overbound by the GCM. This
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Fig. 2. 9Be spectrum with different configurations. The data
are taken from refs. [23,24].
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overbinding was also present in the microscopic calcula-
tion of Arai et al. [15] for the 3/2−2 state. For high-spin
states (J ≥ 7/2), the 5 He + α configuration gives lower
excitation energies, in agreement with the energy curves
of fig. 1.

The band structure is presented in fig. 3. In positive
parity, the spin-orbit force makes states with J = 	 − 1/2
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Table 1. Energies (in MeV, and with respect to the 8Be + n
threshold), total widths (in MeV), and dimensionless reduced
widths (in %, calculated at 10.8 fm).

State Ec.m. Γ θ2
0 θ2

2 θ2
α

1/2+ 0.10 0.36 43.3 0.049 0.2

3/2+ 2.77 0.47 12.9 7.7 4.1

5/2+ 1.56 0.25 11.3 0.9 1.6

7/2+ 5.12 1.20 0.1 16.0 35.0

9/2+ 4.09 0.52 0.1 8.9 31.1

3/2− −1.45 0.9 0.041 0.020

5/2− 0.88 1.57 × 10−5 0.0046 0.9 0.2

7/2− 4.26 1.07 1.6 24.7 21.0

9/2− 6.67 2.32 0.0032 0.8 87.5

1/2− 0.21 0.09 13.9 0.2 0.019

3/2− 1.96 0.26 7.5 1.9 0.2

5/2− 4.57 1.63 0.5 7.5 69.4

Table 2. E1 and E2 transition probabilities in 9Be (in Wu).

Transition GCM Experiment [23]

1/2+ → 3/2−
1 0.40 0.22 ± 0.09, 0.38 ± 0.03 [7]

5/2+ → 3/2−
1 0.15 0.14 ± 0.01 [7]

3/2+ → 3/2−
1 0.05

5/2−
1 → 3/2−

1 29.1 24.4 ± 1.8

7/2−
1 → 5/2−

1 16.4

7/2−
1 → 3/2−

1 13.3 6.3 ± 2.7

9/2−
1 → 7/2−

1 54.7

9/2−
1 → 5/2−

1 16.1

3/2−
2 → 1/2−

1 17.8

5/2−
2 → 1/2−

1 5.3

5/2−
2 → 3/2−

2 0.26

higher than states with J = 	 + 1/2. A similar band
structure is obtained in the molecular-orbit model of von
Oertzen [10]. We predict a 7/2+ state which should be lo-
cated near Ex = 6.5 MeV with a width of 1.2 MeV. In neg-
ative parity, we confirm the 3/2− band built on the ground
state. A 1/2− band is predicted with the 1/2−1 state as
band head. The GCM overestimates the binding energies
but the existence of a 5/2−2 state near Ex = 8 MeV should
be reliable. The experimental 1/2−2 state near Ec.m. = 6
MeV cannot be reproduced by an α+α+n cluster model
[15], which suggests that this state should have an isospin
T = 3/2.

Table 1 presents spectroscopic properties of the
9Be states. Dimensionless reduced widths, calculated at
10.8 fm, are given for the 8Be(0+) + n, 8Be(2+) + n and
5He(3/2−) + α channels. The fit of the low-energy photo-

disintegration cross-section (see sect. 5) provides Ec.m. =
0.10 MeV. This value is much lower than the width, which
makes the energy partly model dependent. This problem
has been already addressed by Barker [25]. In the 1/2+

band, we find an evolution of the structure, from an al-
most pure 8Be(0+) + n configuration for J = 1/2+, to a
pronounced 5He(3/2−) + α structure for J ≥ 7/2+. This
shows that the 1/2+ band cannot be rigorously consid-
ered as a 8Be(0+) + n rotational band. For J ≥ 7/2+, the
8Be(2+) + n channel also plays a significant role. The situ-
ation is similar in the 3/2− band; low-lying states present a
compact structure, characterized by small reduced widths.
Clustering effects increase for higher J-values.

In table 2, we give E1 and E2 electromagnetic transi-
tion probabilities, compared with available experimental
data [7]. No effective charge is used. The B(E1) value for
the 1/2+ → 3/2−1 transition is in nice agreement with
the recent value of Utsunomiya et al. [7]. Barker [8] has
shown that the unbound nature of the 1/2+ state must be
taken into account for a reliable calculation of the B(E1)-
value. We obtain here a significant reduction compared
with the previous microscopic calculation [17] (0.68 Wu);
again this property emphasizes the importance of differ-
ent clustering modes in 9Be. The same conclusion holds for
the 5/2+ → 3/2−1 transition, for which the GCM nicely re-
produces the experimental value. Calculation without the
5 He + α channel [17] yields B(E1) = 0.32 Wu which over-
estimates experiment by a factor of two. For E2 transition
probabilities, little experimental information is available.
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spond to 8Be + n channels, and the dotted curves to 5 He + α
channels.
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The quadrupole moment Q = 5.7 e fm2 is consistent with
experiment Q = 5.3 ± 0.3 e fm2 [23]. We also get a slight
overestimation of the 5/2−1 → 3/2−1 transition probability.
For the 7/2−1 → 3/2−1 transition, the difference reaches a
factor of 2.

In fig. 4, we display some components of the 3/2− and
1/2+ radial wave functions. Orthogonalization to the for-
bidden states has been performed according to the method
presented in ref. [26]. For the ground state, the 8Be + n
component (	 = 1) extends much further than the other
components since the binding energy is the lowest in this
channel. The 5 He + α components are negligible at large
distances but present a rather pronounced peak in the in-
ner region, near 4 fm. The 1/2+ state is unbound and
therefore its wave function presents an oscillating asymp-
totic behaviour. The 8Be(0+)+n and 5He(3/2−)+α com-
ponents present a node near 3 fm. As for the ground state,
the 8Be(0+)+n configuration is dominant, but other chan-
nels are not negligible.

3.3 The 9B nucleus

The 9B nucleus is studied with the mirror configurations
of 9Be, i.e. with 8Be(0+, 2+) + p and 5Li(3/2−, 1/2−) + α
cluster structures. Figure 5 presents the 9B spectrum ob-
tained with the same nucleon-nucleon force; nothing has
been fitted on the 9B nucleus. For this reason, slight in-
accuracies on the energies may affect the widths. Several
recent studies have been devoted to the 9B nucleus [27,
13], especially to the 1/2+ first excited state. Barker [13]
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Fig. 5. 9B spectrum. Energies are given with respect to the
8Be + p threshold. The widths (in MeV) are given at the right
side of the energy levels.

Table 3. Energies (in MeV, and with respect to the 8Be + p
threshold), total widths (in MeV), and dimensionless reduced
widths (in %, calculated at 10.8 fm).

State Ec.m. Γ θ2
0 θ2

2 θ2
α

1/2+ 1.41 1.24 48.2 0.050 0.2

3/2+ 3.94 0.90 11.2 22.9 2.6

5/2+ 2.98 0.48 14.6 0.10 2.0

7/2+ 6.4 1.5 0.2 20.6 35.0

9/2+ 5.4 0.8 0.2 12.9 32.0

3/2− 0.14 2.2 × 10−4 3.1 0.064 0.030

5/2− 2.25 1.2 × 10−4 0.0082 0.23 0.20

7/2− 5.5 1.4 1.8 27.8 18.7

9/2− 7.9 2.4 ∼ 0 0.7 87.3

1/2− 1.57 0.52 21.8 0.3 0.020

3/2− 3.31 0.26 6.0 7.9 0.2

5/2− 5.9 1.8 0.5 7.2 69.2

showed recently that the large width of this level prevents
from an accurate determination of its energy. Properties
of such a broad resonance are always, at least partially,
model dependent. In 9Be, the 1/2+ band is very well de-
scribed by the GCM. This suggests to assign the exper-
imental level at Ex = 2.79 MeV, whose spin is 3/2+ or
5/2+ to J = 5/2+. The energy and width of the 5/2+

GCM state are in nice agreement with experimental prop-
erties of this state. The broad level at Ex = 4.8 MeV might
be assigned to J = 3/2+.

Table 3 gives energies, total widths and dimensionless
reduced widths of 9B states. As for 9Be, a band classifi-
cation can be done, and a similar evolution of the struc-
ture is obtained. In general, charge symmetry is well re-
produced; mirror states present similar reduced widths.
For low-spin states, we find a dominant 8Be(0+) + p con-
figuration whereas the 5Li(3/2−) + α structure is more
important for higher J-values. Clustering effects increase
with J .

This work was partly motivated by the recent exper-
iment of Gete et al. [14] who investigated the β-delayed
particle decay of 9C, and observed new 9B states beyond
Ex = 10 MeV. One of them (Ex = 12.16 MeV) is a 3/2−
state with a significant branching ratio to the 5Li + α
channel, indicating a 5Li + α dominant cluster structure.
The present GCM study does not give rise to such narrow
excited states. The basis is fairly extended with several
α + α + p coupling modes, each of them being described
with several generator coordinates. It seems reasonable to
assume that this basis should reproduce all T = 1/2 nar-
row states. It is therefore likely that the highly excited
states observed by Gete et al. correspond to T = 3/2 lev-
els.

4 Photodisintegration of 9Be

The dissociation of 9Be may proceed in two ways: 8Be + n,
followed by the 8Be breakup into α + α, and 5 He + α,
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followed by the 5He breakup into α + n. Although the
second process is generally believed to be negligible, its
influence has not been analyzed yet theoretically.

For a multipole of order λ, the photodisintegration
cross-section to partial wave Jπ of a channel i (8Be + n
or 5 He + α) reads

σJ
i (Eγ)=

8π(λ + 1)
�λ(2λ + 1)!!2

k2k2λ−1
γ

×
∑
�I

4
(2	+1)(2I+1)

|〈Ψ(9Be)||Mλ||ΨJπ
i�I (E)〉|2, (6)

where E is the c.m. energy, Eγ the photon energy and
Mλ the electromagnetic multipole operator (we take here
the E1 term only). In eq. (6), ΨJπ

ilI (E) is a partial wave
of a unit-flux scattering function [22]. The total photo-
disintegration cross-section is obtained by summing over
channels and spins

σ(Eγ) =
∑
i,J

σJ
i (Eγ). (7)

The GCM cross-section is presented in fig. 6 and compared
with available experimental data. These data have been
obtained by using different techniques: bremsstrahlung [3,
6], radioactive isotopes [2,4,5] and polarized or unpolar-
ized photon beams [7]. They are not inconsistent with each
other, but some differences are not negligible.

Near the threshold, the cross-section is essentially de-
termined by the properties of the 1/2+ resonance. The
Majorana parameter, involved in the Volkov nucleon-
nucleon interaction, was chosen in order to reproduce as
well as possible the data just above the threshold. Since
the M1 multipolarity is not included in the multipole ex-
pansion, the 5/2− resonance at Eγ = 2.49 MeV does not
show up in the GCM curve. Around Eγ = 3 MeV, the
broad peak corresponds to the 5/2+ resonance, whose en-
ergy is well predicted by the model (see fig. 2). As shown

in table 2, the GCM γ width agrees fairly well with ex-
periment, but the theoretical neutron width is slightly too
small. The GCM curve shows a 3/2+ resonance (see fig. 2)
near Eγ = 4 MeV; this is consistent with the maximum
observed in the data of Jakobson [3], although the the-
oretical energy is slightly lower. The recent data of Ut-
sunomiya et al. [7], however, do not support the existence
of a 3/2+ resonance.

Below Eγ = 3 MeV, fig. 6 indicates that the 8Be + n
breakup channel is the main contribution to the photodis-
integration cross-section. The 5 He + α channel becomes
more and more important as the energy increases, but
the partial cross-section is essentially non-resonant. This
is consistent with the reduced widths given in table 1; re-
duced α widths of the 3/2+ and 5/2+ resonances are lower
than the reduced neutron widths, and the higher threshold
of the 5 He + α channel still reduces its contribution.

5 Conclusion

In this paper, we have analyzed the 9Be and 9B mirror
nuclei, and the 9Be + γ → n + α + α photodisintegration
cross-section simultaneously. The nucleon-nucleon interac-
tion is kept identical for each calculation. The basis wave
functions are built in a three-cluster microscopic model,
with exact boundary conditions. This is necessary to inves-
tigate scattering states. For 9Be, two arrangements of the
α+α+n clusters have been considered: 8Be(= α+α)+n
and 5He(= α + n) + α; the mirror channels are taken into
account for 9B. In each case, excited states have been in-
cluded, and special attention has been paid to distortion
effects. The spectroscopy of 9Be indicates that, when the
spin increases, the 5 He + α component is more and more
important. The necessity of including this channel also ap-
pears in the B(E1)-values between low-lying states, which
are significantly overestimated if it is missing. The inclu-
sion of 5 He + α channels yields rather precise energies for
the 3/2− and 1/2+ states simultaneously; neglecting these
channels requires to use different nucleon-nucleon forces
for negative- and positive-parity states [17]. We confirm
the band structure suggested by von Oertzen [10], but the
states evolve from a 8Be + n to 5 He + α cluster configura-
tion.

The analysis of 9B has been done without parameter
adjustment. The ground-state energy is well reproduced.
The 1/2+ excited state is very broad and a detailed com-
parison between theory and experiment is difficult [13].
The narrow states observed by Gete et al. [14] beyond
Ex = 13 MeV could not be reproduced by the model,
suggesting a T = 3/2 assignment for these states.

The GCM study of the 9Be photodissociation cross-
section is supported by the experimental data, but the
precision of the model, which does not contain parame-
ters when the interaction is fixed, is not high enough to
disentangle the slight difference between the many data.
However, the importance of the 5 He + α breakup, followed
by the 5He decay to α + n, is clearly apparent beyond
Eγ = 4 MeV.
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