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25IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
26School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University,

Beijing 100871, China
27Department of Physics, Kyoto University, Kitashirakawa-Oiwake,

Sakyo, Kyoto 606-8502, Japan
28Department of Physics, Osaka University, Toyonaka, Osaka 540-0043, Japan

29Department of Physics, Tohoku University, Sendai 980-8578, Japan
30Key Laboratory of Beam Technology and Material Modification of Ministry of Education,

College of Nuclear Science and Technology, Beijing Normal University,
Beijing 100875, China

(Received 3 February 2023; revised 27 July 2023; accepted 2 October 2023; published 21 November 2023)

The cluster structure of the neutron-rich isotope 10Be has been probed via the ðp; pαÞ reaction at
150 MeV=nucleon in inverse kinematics and in quasifree conditions. The populated states of 6He residues
were investigated through missing mass spectroscopy. The triple differential cross section for the ground-
state transition was extracted for quasifree angle pairs ðθp; θαÞ and compared to distorted-wave impulse
approximation reaction calculations performed in a microscopic framework using successively the
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Tohsaki-Horiuchi-Schuck-Röpke product wave function and the wave function deduced from antisymme-
trized molecular dynamics calculations. The remarkable agreement between calculated and measured cross
sections in both shape and magnitude validates the molecular structure description of the 10Be ground-state,
configured as an α-α core with two valence neutrons occupying π-type molecular orbitals.

DOI: 10.1103/PhysRevLett.131.212501

Introduction.—The formation of structures inside a
nucleus is an intriguing phenomenon driven in part by
correlations coming from the details of the nucleon-nucleon
interaction. Among the different partitioning possibilities
within a given nucleus, α clustering has always been
considered the most favorable due to the large binding
energy of the α particle and its inert character. Consequently,
nuclei composed of an integer number of α particles (the so-
called self-conjugate nuclei) have initially focused cluster-
ing studies. The Ikeda diagram [1], which was proposed at
the end of the 1960s, conveys the idea that the cluster
degrees of freedom appear in the vicinity of the alpha
emission threshold. The famous Hoyle state [2], the second
0þ state of 12C that plays a key role in the nucleosynthesis of
elements heavier than helium is a typical example of such a
cluster state [3]. It is located at an energy just above the 3α
threshold in 12C. Its basic structure in three α particles is
established, but its detailed nature is still an object of study.
For example, this state can be described as a condensate of α
particles occupying a large volume using a wave function
of Tohsaki-Horiuchi-Schuck-Roepke (THSR) type [4].
Calculations in the antisymmetrized molecular dynamics
(AMD) approach confirm the significant spatial extension
of this state and suggest a structure dominated by a “loose”
configuration of 3α [5]. In contrast, the ground state of 12C is
described in the above models as rather compact, with
mean-field-like structure, in accordance with the idea of the
Ikeda diagram.
As compared to self-conjugate nuclei, the situation is

different in neutron-rich light nuclei. For example, strong
indications exist that in low-lying states of Be and B
isotopes, including the ground state, adding neutrons to an
N ¼ Z core leads to spatially extended molecularlike
structures in which valence neutrons orbit around the core
composed of α particles [6,7]. A typical case is represented
by the neutron-rich (N > 4) Be isotopes that were initially
described as systems of 2αþ Xn, the two alphas forming a
dumbbell-shaped core in the intrinsic frame andX being the
number of excess neutrons occupying molecular orbitals
around this core [7]. The ground state of 9Be, the only
stable beryllium isotope, may be described as a 3-body
α-n-α molecular structure. The observed rotational band
built on the 9Be ground-state is well-understood in terms of
a π molecular orbital, while the band built on the first (1=2þ)
excited state at 1.68 MeV can be connected to a σ-type
molecular structure [8–10]. This description of the cluster
structure initially elaborated in molecular orbital models

was later confirmed by mean-field-type approaches, namely
AMD, from which the cluster structures emerge without
the existence of clusters being presupposed. The next
neutron-rich Be isotope is 10Be, an unstable nucleus whose
structure is also expected to exhibit a marked molecular
character. Experimental studies of this nucleus have
revealed four rotational bands, corresponding to various
cluster structures for excited states [8–14]. However, little is
known about the cluster structure of its ground-state, apart
from its associated rotational band. Breakup and neutron-
removal reactions [15] provided evidence for the existence
of xHeþ A−xHe dicluster structures in 10;12;14Be. The charge
radius, which can be measured precisely, is directly related
to the density distribution of protons, though not probing
directly the cluster structure of ground-states. Among the
beryllium isotopes, 10Be exhibits the smallest charge radius
(2.36 fm) [16], which is consistent with AMD calculations
that predict a minimum for N ¼ 6 [17]. In these calcu-
lations, the ground-state of 10Be is described as a 2αþ 2n
configuration, in which valence neutrons occupy the
molecular attractive π orbital that produces a more compact
2α core, at variance with σ orbitals [6]. It should be noted
that this configuration is also predicted in density functional
theory calculations [18], a more general framework within
which a large number of properties of nuclei can be
reproduced. Namely, the dumbbell-shape structure of the
alphas as well as the ring-shape π-type orbit of the neutrons
emerge from the mean field.
In order to directly probe the spatial extension of α

clusters in the ground state of 10Be and thus establish its
overall α cluster molecular structure, we implemented a
method based on cluster knockout reactions of the ðp; pαÞ
type. These reactions have been studied extensively with
proton beams on stable targets from the 1970s until today,
and were used essentially to extract the α cluster spectro-
scopic factors. These spectroscopic factors do not provide
direct information on the spatial distribution of α particles
in the ground-states of nuclei. On the other hand, the recent
theoretical work [19] has demonstrated the high sensiti-
vity of the triple differential cross section (TDX) of the
10Beðp; pαÞ reaction to the α-particle wave function hence
to the geometric configuration of the α clusters in the
ground-state of 10Be. In the present work we have per-
formed for the first time the measurement of the TDX of the
ðp; pαÞ reaction in inverse kinematics using a beam of
unstable nuclei of 10Be and in kinematical conditions
covering the recoilless condition (zero momentum
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transfer). The measured TDX was further compared to
reaction calculations carried out in a microscopic frame-
work, including in particular the microscopic cluster wave
function so as to infer the α-cluster molecular structure of
the 10Be ground-state.
Experiment.—The experiment was performed at the

Radioactive Isotope Beam Factory at RIKEN. A secondary
beam of 10Be was produced at an energy of approximately
150 MeV=nucleon through projectile fragmentation of a
230 MeV=nucleon 18O beam impinging on a 15-mm-thick
Be target and purified using the BigRIPS fragment sepa-
rator [20]. The average 18O beam intensity was 500 pnA
and the produced 10Be beam intensity was of 5 × 105

particles/second with a purity higher than 90%. 10Be beam
particles were identified on an event-by-event basis.
Figure 1 schematically shows the main components of
the experimental setup around the secondary target. Beam
ions were tracked by a set of two multiwire drift chambers
(MWDC), BDC1 and BDC2 placed upstream of the target
chamber. To minimize multiple scattering of recoil protons
from the 10Beðp; pαÞ reaction in inverse kinematics, a
2-mm-thick pure solid hydrogen target (SHT) [21] was
used as the reaction target. Recoil protons were detected
using the recoil proton spectrometer (RPS) described in
[22,23] in a two-arm configuration set at 60° with respect to
the beam axis. Each arm was composed of three stages
(MWDC, plastic scintillator, and NaI(Tl) rods) providing
position and energy measurements that were used to
reconstruct the scattering angle and total energy of the
recoil protons. Given the energy range of the recoil protons
for the reaction of interest in the present measurement
(25–100 MeV), data from the elastic and inelastic channels
that produce protons in the relevant energy range were used
to perform the energy calibration of RPS. Knocked-out α
clusters were measured by two telescopes composed of
double-sided strip silicon detector of 62 × 62 mm2 active
surface backed by CsI(Tl) modules from the FARCOS
array [24] placed in the horizontal plane to cover the

angular range 4°–12°. The scattering angle of helium
residues emitted along the beam direction was determined
using the MWDC (referred as FDC0 in Fig. 1) placed
downstream the SHT, and their identification was per-
formed using the SAMURAI spectrometer and its standard
plastic hodoscopes [25].
Results.—Figure 2(a) displays the excitation energy

spectra in 6He for the 10Beðp; pαÞ reaction obtained from
the measured energy and angle of both the recoil proton and
α cluster. For the purpose of the energy calibration of the
telescopes used for the detection of knocked-out clusters,
secondary beams of α particles were produced using
BigRIPS in a dedicated run for obtaining the energy
calibration while checking the homogeneity of the CsI
crystals’ response. The present triple coincidence meas-
urement produces spectra with a rather low background.
The ground state (g.s.) being the only bound state in 6He, the
g:s: → g:s: transition is easily separated by setting a gate on
the 6He residues in SAMURAI. The corresponding peak
(red histogram) is well fitted by a Gaussian function
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FIG. 1. Schematic view of 10Beðp; pαÞ6He reaction setup.
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FIG. 2. Excitation energy spectra for 10Beðp; pαÞ6He� reaction.
(a) Integrated over the full solid angle covered by proton and
cluster detectors. The vertical dashed line indicates the 2-neutron
separation energy (0.975 MeV). The red and blue solid lines
show spectra corresponding to events gated by 6He and 4He
residues, respectively. (b) Same for events corresponding to the
quasifree angle pair (θp=θα ¼ 65°= − 7.7°) with an angular bin
size of �1°. See text for details.
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centered at ð−0.02� 0.03Þ MeV with a missing mass
resolution σ ¼ 1.06 MeV, which validates the calibrations
of the proton and α-cluster detectors. The spectrum gated
by 4He residues in SAMURAI (blue histogram) corresponds
to excited states populated in the 10Beðp;pαÞ6He� →
4Heþ2n reaction channel. The resolution does not allow
a clear identification of the populated states. The well-
known 2þ state can be seen at 1.797 MeV [26], but not
well separated from other low-lying resonant states in the
2–6 MeV region reported in Refs. [26–31]. A less pro-
nounced resonance at around 3.5 MeV is inferred to be
the 2þ2 state, observed in Ref. [30], and predicted by
theoretical calculations [32,33]. Figure 2(b) will be intro-
duced in a later section.
The experimental TDXs for the ðp; pαÞ reaction were

extracted for the coplanar angle pairs ðθp; θαÞ chosen to
include the zero recoil momentum condition of the residual
nucleus. The experimental TDX is given in the unit of
μb=ðsr2 · MeVÞ in the laboratory system. For a given angle
pair ðθp; θαÞ, the TDX for a given transition can be
written as

d3σexp

dTpdΩpdΩα
¼ ΔNðTpÞ

εpαðθpÞNtNbΔTp · PVðTpÞ
; ð1Þ

where index p and α stand for the outgoing proton and α
particle, respectively; Tp is the proton kinetic energy;ΔN is
the number of counts in an energy bin ΔTp; εpαðθpÞ is the
overall efficiency of detecting a p-α pair at θp and θα
obtained from the NPTool simulation [34]; Nt is the
number of protons per unit area of the SHT; Nb is the
number of incident beam particles; the phase volume term
PVðTpÞ corresponding to the portion of the ΔΩp × ΔΩα

volume kinematically allowed can be defined in discrete
form by

PVðTpÞ ¼
X

θp

X

φp

X

θα

X

φα

sin θpΔθpΔφp sin θαΔθαΔφα;

ð2Þ

where the summation ranges over θp, θα, φp, and φα are
restricted to satisfy the energy-momentum conservation.
Figure 3(a) shows the extracted experimental TDXs

as a function of the recoil proton kinetic energy Tp

for the 10Beðp; pαÞ6Heðg:s:Þ reaction at the angle pair
(θp=θα ¼ 65°= − 7.7°) compared with the reaction calcu-
lations discussed below. The arrow in the plot indicates the
value of TRL

p corresponding to the recoilless condition. The
error bars correspond to the square root of the quadratic
sum of statistical uncertainties and those on the PV induced
by the error on the scattering angles. We note that the shape
of the TDX distribution in inverse kinematics is heavily
influenced by the PV term shown in Fig. 3(b), which
appears in the denominator of Eq. (1). Unlike the TDX

distribution in forward kinematics for an orbital angular
momentum transfer L ¼ 0, it is no longer a peak distribu-
tion centered at the value of TRL

p [35].
In Fig. 3(a) the experimental TDX is compared to the

result of the distorted-wave impulse approximation
(DWIA) calculations using microscopic reduced width
amplitude (RWA) of the ground state of 10Be obtained
through the THSR and AMD models. Explicit formulae of
ðp; pαÞ TDX calculated within the DWIA framework can
be found in Eqs. (4)–(7) of Ref. [37]. See Refs. [38–40] for
detailed DWIA description. TDX calculations have been
performed for an incident energy of 150 MeV=nucleon
used in the experiment. The proton optical potentials were
deduced from the democratic parametrization of Dirac
phenomenology [41]. The global optical potential of
Ref. [42] is applied to the emitted α. As for the p-α
elementary process, p-α differential cross section obtained
by the folding model potential [43] using the Melbourne
G-matrix interaction [44] is adopted. For the structure

(a)

(c)

(d)

(b)

FIG. 3. (a) TDX distribution of 10Beðp; pαÞ6Heðg:s:Þ reaction
extracted at the coplanar angle pair θp=θα ¼ 65°= − 7.7°, which
is chosen to include recoilless condition of the residual nucleus.
The arrow indicates the proton kinetic energy Tp at the recoilless
condition. The red and blue solid lines are the DWIA predictions
using the THSR and AMD structural models, respectively. The
blue dashed line (dot-dashed line) is the TDX for an artificial state
describing the compact shell-model-like (loosely bound gaslike)
structure of 10Be nucleus [19]. (b) The corresponding phase
volume distribution. The horizontal dashed line indicates the
product of solid angles ΔΩp · ΔΩα. (c) and (d) are the density
distribution of the protons and valence neutrons in the ground
state of 10Be predicted by the THSR model, adapted from
Refs. [19,36].
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calculation of the 10Be ground-state, the RWA used in the
TDX calculation has been obtained from the approximation
method described in [45] for both THSR and AMD cases.
The 10Be ground-state calculated within the THSR model
was presented in Ref. [19]. It corresponds to a molecular
configuration of the 2α core with two valence neutrons
occupying ring-shape π orbitals. The intrinsic proton
and valence density distribution are shown in Figs. 3(c)
and 3(d), respectively. The 10Be ground-state from AMD
model [46] exhibits very similar features.
The shape of the experimental TDX distribution of

10Beðp; pαÞ6Heðg:s:Þ is very well reproduced by both
calculations, as can be seen in Fig. 3. Furthermore, the
normalization of the calculated distributions to the exper-
imental one by a fitting procedure leads to normalization
factors of 1.04(7) and 0.90(6) for the THSR and AMD,
respectively, very close to unity. Given the strong depend-
ence of the TDX on the α-cluster wave function reported in
Ref. [19], one can conclude that the present microscopic
descriptions of the 10Beðp; pαÞ6Heðg:s:Þ reaction allow an
accurate reproduction of the data.
The population of excited states in the 6He residues

through the ðp; pαÞ reaction measures the contribution of
6He core-excited states in the ground state of 10Be.
Extracting the corresponding cross sections in addition
to the one for the ground-state transition provides a
stringent test to the structure models of 10Be. Table I gives
the extracted double-differential cross sections (DDX) for
the ground-state and 2þ1 excited-state transitions at the
quasifree condition obtained by integrating the TDX over
the proton kinetic energy Tp. Because of the slight variation
of the residue mass, there is a corresponding change in the
quasifree angle pairs, while θp ¼ 65° remains unchanged
for both cases. The number of counts for the g.s. transition
is extracted straightforwardly as only the g.s. of 6He is
bound, while that for the 2þ1 excited state transition is
obtained through a decomposition of the excitation energy
spectrum, as shown in Fig. 2(b). The spectrum was fitted by
two resonances modeled as the convolution of a Breit-
Wigner distribution with a Gaussian function, taking into
account the experimental resolution. The amplitudes and
energies (E) of the two resonances are treated as free

parameters, while keeping the width of the 2þ1 state
(0.113 keV) fixed. Two approaches for handling the width
of the additional resonance were explored: energy-
dependent ΓðEÞ from the R-matrix method [47,48] and
the approach described in Ref. [49] [shown in Fig. 2(b)],
yielding consistent results. The present spectrum is well
reproduced by a fit with a resonance identified to the well-
known 2þ1 state and an additional resonance at 5.0(2) MeV,
Γ ¼ 2.3ð5Þ MeV, consistent with Refs. [27,31].
The experimental and calculated DDXs are compared in

Table I. A very good agreement is obtained for the ground-
state transition as expected from the TDX comparison in
Fig. 3(a). The DDXs of the transition to the 2þ1 state are
smaller than for the ground-state transition, in particular for
the theoretical predictions. The discrepancy between the
experimental and theoretical values may arise from
the inadequate treatment of time-dependent resonances in
the structure models and the reaction models. The present
THSR andAMDcalculations described the 2þ1 resonant state
with boundary conditions as those of the bound states,
resulting in lower predictions for cross sections due to the
different matrix elements between initial and final states.
Discussion.—The α-cluster molecular structure of the

10Be ground-state within the THSR-based framework
shown above (2α cores with the two valence neutrons
occupying ring-shape π orbitals) allows the reproduction of
our experimental cross sections very well. This configu-
ration is spatially extended, although to a lower extent than
for other beryllium isotopes because of the attractive effect
of the π neutrons compared to, e.g., neutrons in σ orbits.
Consistently, the corresponding root-mean-square charge
radius of 10Be is 2.31 fm, very close to the experimental
value. To estimate the uncertainty from potential choices on
cross sections, we performed further TDX calculations
using the Koning-Delaroche potential for p − 10Be and
p − 6He [50] and the α − 6He optical potential was
obtained by the nucleon-nucleus folding calculation using
the Koning-Delaroche potential and the phenomenological
alpha density [51]. Both sets of potentials reasonably
reproduced the experimental TDX, with the later calcu-
lation showing scaling factors of approximately 80%
compared to the original calculation.
The sensitivity of the TDX of the 10Beðp; pαÞ6Heðg:s:Þ

reaction to the spatial extension of the α-cluster wave
function, quantified by the intercluster distance has been
clearly demonstrated in [19], and the present results thus
provide a direct evidence of the above molecular structure.
To confirm that these conclusions are valid in our present
experimental conditions (incident energy, finite angular
acceptances), we performed the TDX calculation using the
two “extreme” cases of a compact shell-model-like and a
loosely bound gaslike configuration of 10Be nucleus
described in Ref. [19]. Although unphysical, these states
test the impact of α clusters with different spatial distri-
bution on the TDX magnitude. As can be seen in Fig. 3(a),

TABLE I. Comparison of the experimental and theoretical
double-differential cross sections for the ground state and 2þ1
excited-state transitions at quasifree conditions. Both σexp and σth
are integrated over the angle bin size of �1° for the quasifree
angle pairs at θp ¼ 65°.

Final
state

½θp=θα�
(deg)

DDXexp

(mb=sr2)
DDXTHSR

(mb=sr2)
DDXAMD

(mb=sr2)

6Heðg:s:Þ 65°=7.7° 23.6(28) 22.7 25.9
6Heð2þ1 Þ 65°=7.5° 17.6(30) 5.2 7.9
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very large normalization factors are needed to match the
magnitude of the data, far beyond the cross-section
calculation uncertainty. It can be also noted that the
TDX calculation corresponding to the gaslike configuration
has a different shape compared to the experimental data.
Altogether, our measurement validates the microscopic
physical THSR α-cluster wave function mentioned above.
The AMD approach has been successfully used to

describe and establish low-lying molecular structures in
light nuclei. This framework provides amicroscopic descrip-
tion of both single-nucleon properties as well as cluster
structure, without assuming the cluster a priori. Within this
framework, the 10Be ground-state is found to have a structure
similar to the one extracted from the THSR model wave
function in the region of interest. Namely, the RWA has
similar behavior at the surface region that contributes to the
cross section. Consistently, we find that the calculated TDX
usingAMDRWAshows an agreement of similar qualitywith
the data as when using the THSR approach.
Conclusion.—The α-cluster structure of an unstable neu-

tron-rich nucleus, 10Be, has been investigated by measuring
for the first time the TDX of the ðp; pαÞ reaction in inverse
kinematics with a setup allowing inclusion of the recoilless
condition. Double-differential cross sections to the ground
and 2þ1 states of the 6He residue have been extracted
independently. Obtained data have been compared with
cross-section calculations performed within a microscopic
DWIA framework involving up-to-date α-cluster wave
functions, describing the ground-state in terms of a dumb-
bell-shape 2α core (with moderate extension) surrounded
by the two valence neutrons occupying the π orbit. There
is a remarkable agreement in both shape and magnitude
between the experimental and calculated TDX for the
10Beðp; pαÞ6Heðg:s:Þ. Because of the previously established
sensitivity of the TDX to the extension of theαwave function
in the ground-state of 10Be, our results provide direct
experimental evidence of the above molecular structure of
10Be implemented in the THSR approach, and validated
by the general AMD framework. Concerning the double-
differential cross sections to the g.s. and 2þ1 states of the
residue, a good agreement between calculations and exper-
imental results is found.A consistent picture is then obtained.
In the near future, based on the present work, further studies
will lead to the understanding of the evolution of theα-cluster
structure in the ground-state of neutron-rich nuclei with
increasing number of valence neutrons. Besides, it is also
planned to apply knockout reactions in inverse kinematics to
investigate the formation of other types of clusters in the
ground-state of nuclei away from the stability valley.
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