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v Motivation 
Ø The rich structure of atomic nuclei:

ü Clustering, halo, skin …
ü Deformations



The shape of the nucleus in nuclear physics is often modeled 
through a nucleon density profile of the Woods-Saxon 𝜌 𝑟, 𝜃, 𝜙 .

𝑅 𝜃, 𝜙 = 𝑅! 1 + 𝛽"𝑌",!(𝜃, 𝜙) + 𝛽$𝑌$,!(𝜃, 𝜙) + 𝛽%𝑌%,!(𝜃, 𝜙)

Ø𝑌&,! are spherical harmonics 

Ø𝛽&are deformation parameters
ü n=2 -> Quadrupole 
ü n=3 -> Octupole
ü n=4 -> Hexadecapole
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I. INTRODUCTION

Most of the atomic nuclei in their ground state are deformed from a well defined spherical shape. The deformation
has non-trivial dependence on the proton and neutron number, especially in the vicinity of full shell or subshell,
reflecting collective motion induced by interaction between valence nucleons and shell structure [1]. The collective
motion leads to characteristic rotational spectra of nuclear excited state, where the electric multi-pole transition
probability B(En) between low-lying rotational states with n�h di↵erence in angular momentum can be used to infer
the shape parameters. Past e↵orts have led to the discovery of a rich variety of phenomena, such as quadrupole
deformation, shape evolution, triaxiality/shape coexistence, octupole deformation, hexadecapole deformation and
other exotic shapes [2–6].

No-one has directly observed the deformed nucleus, however. This is because the nucleus is deformed in the so-
called intrinsic (body-fixed) frame, and its wave function in the laboratory frame actually does not pick a particular
direction. The typical scattering experiments probe the nuclear form factors averaged over all orientations, and the
static deformation appears mostly as an increased surface thickness [7]. On the other hand, high-energy heavy ion
collisions at RHIC and the LHC, as illustrated in Fig. 1, can image the shape of the nucleus by colliding them together
and looking at the collective expansion of the produced system responding to the geometry of the overlap. In these
collisions, two Lorentz-contracted nuclei, by a factor of 100 at RHIC and more than a factor of 1000 at the LHC, cross
each other over a time scale ⌧ < 0.1fm/c ≈ 3 × 10−24s, forming a hot and dense quark-gluon plasma (QGP) [8] in the
overlap region, whose initial shape is correlated with the deformed shape of the nuclei. Driven by the large pressure
gradient forces, the QGP expands hydrodynamically, converting the spatial anisotropies into azimuthal anisotropies
of final-state particles in the momentum space [9]. Nuclear shape imaging is possible because each collision probes
simultaneously the entire mass distribution of the nuclei, and one can use particle correlations among thousands of
produced particles to infer the two-point and multi-point correlations of this mass distribution and hence its spatial
shape. Since the time scales involved in these collisions are much shorter (< 10−24s) than the typical timescale of the
rotational bands (10−21s [10]), this raises an important question of whether the manifestation of nuclear deformation
– a collective feature of the nuclear many-body system – is the same across energy scales [11].
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FIG. 1: The cartoon of collision of nuclei with quadrupole (left), octupole (middle) and hexadecapole (right) deformations
including either the Yn,0 mode (top row) or the Yn,n mode (middle row) and with �n = 0.25. The Lorentz contraction in the
z-direction, by factor of 100 at RHIC and more than a factor of 1000 at the LHC, are not shown. The bottom row shows how
the initial condition of the QGP formed after the collision looks like in the transverse plane. The hallow arrows indicate the
direction of maximum pressure gradients along which the medium expand with largest velocity, leading to final state harmonic
flow vn with n-fold symmetry.
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Can EIC provide additional constraints on 
nuclear deformation?



Ø What can we learn about the nuclear shape and structure (α clustering) 
v Motivation 

ü Can α particles be the building block of some nuclei?
ü No direct experimental evidence has ever been provided.

The atomic nucleus comprises Z protons and N neutrons,
which are collectively called nucleons. In the α clustering
picture as illustrated in Fig. 1, the α particle (Z=N= 2)

forms a building block, and some nuclei can be composed of α
particles. In such cases, Z=N= 2i holds with i being an integer,
and the mass number A= Z+N becomes equal to 4, 8, 12, ... A
given nucleus is labeled as AX where X denotes the element, e.g.,
8Be for beryllium-8. Fig. 1b–c sketch intuitive pictures for pos-
sible α clustering in 8Be and 12C, respectively, where α particles
are shown by mid-sized circles forming nuclei represented by
green areas. Such natural pictures, collectively called the α cluster
model, have been conceived since the 1930s1–7. It is, however, still
difficult to observe the α clustering experimentally. This is basi-
cally because the nucleus is not at rest (quantum mechanically)
but we need its snapshot (see Fig. 1).

An alternative possibility is theoretical studies: quite a few
studies, for example8–16, were performed based on models or
assumptions including limiting cases like linear chains3,15, equi-
lateral triangles13, and a Bose-Einstein condensate14. More
recently ab initio calculations were reported17–20, where two α
clusters in the ground state of 8Be were suggested17 (see Fig. 1b).
The α clustering is more crucial but less clarified for the 12C
nucleus: this nucleus can be formed by three α particles in con-
figurations, triangular, linear, or other (see Fig. 1c). Its lowest
spin/parity Jπ= 0+ excited state, the infamous Hoyle state21–23, is
a critical gateway in the nucleosynthesis to the present carbon-
abundant world filled with living organisms24,25, but its structure
remains to be clarified.

We show in this work, by state-of-the-art computational
simulations without assuming α clustering a priori, that α clus-
tering indeed occurs for the ground and excited states of 8,10Be
and 12C isotopes, including the Hoyle state, in varying formation
patterns. The simulations are performed by full Configuration-
Interaction (CI) calculations from first principles on a sound
basis, and their validity is further examined for some observables
by comparing with experimental data. The revealed features are
supported by a statistical learning technique26, and present an
unexpected crossover27 between clustering and normal nuclear
matter.

Results
Multi-nucleon structure by CI simulation. The present CI cal-
culation is called the shell-model (SM) calculation in nuclear
physics. Among various types of SM calculations, the one taken in
this work belongs to Monte Carlo Shell Model (MCSM)28–31. The
MCSM has already been applied to various studies on atomic
nuclei (see examples, 32,33). The present MCSM calculation dif-
fers in that all nucleons are activated (i.e., no inert core)34,35,
implying no core-polarization (or in-medium) correction is
needed. The nucleon-nucleon (NN) interaction is fixed on a
fundamental basis prior to this work as described below, so as to
accurately describe free NN scattering36–38. The whole scheme
can then be referred to as the ab initio No-Core MCSM, which is

a state-of-the-art CI calculation for nuclei running on super-
computers such as K39 and Fugaku40.

The NN interaction we use is the JISP16 interaction36 for Be
isotopes and the Daejeon16 interaction37 for C isotopes. The
inter-nucleon potential of the JISP16 interaction was determined
so as to reproduce NN scattering data and deuteron properties. In
addition, the binding energies of light nuclei are used for fine-
tuning. No explicit three-nucleon interactions are included, but
momentum-dependent NN interaction terms produce similar
effects36. The Daejeon16 interaction is a successor of JISP16. It
has been derived from chiral effective field theory up to N3LO
terms38, and also uses a few properties of light nuclei for the fine-
tuning instead of three-nucleon forces37. Both interactions have
been fixed prior to the present simulation and retain their
excellent descriptions of the NN scattering data. For the Be
isotopes, the results of JISP16 interaction are used in this paper,
because of no notable change by Daejeon16.

In the present CI calculations, protons and neutrons are
moving in certain single-particle states, taking various configura-
tions. Their many-body structure is obtained as solutions of the
Schrödinger equation with the aforementioned NN interaction.
These single-particle states are given by eigenstates of the
harmonic-oscillator (HO) potential. We take a sufficiently large
number of such eigenstates so that a good accuracy is achieved:
the HO shells up to the 6th (5ℏω) or 7th shell (6ℏω) for Be and C
isotopes, respectively, with ℏω being the HO quantum. We note
that the present simulation employs cutting-edge supercomput-
ing: if we were to attempt the same calculation with direct matrix
diagonalization, the dimension of the vector space is as large as
1.2 × 1012 for 8Be and 1.9 × 1019 for 12C. The MCSM enables us
to solve the Schrödinger equation to a good approximation34,
without resorting to such formidable calculations. Some of the
ground-state properties obtained by the present calculation are
reported elsewhere35, and we shall here focus on the clustering.

Manifestation of α-clustering and beryllium isotopes. The
aforementioned eigensolutions provide energy eigenvalues and
wave functions. Figure 2 indicates, for 8,10,12Be, the excitation
energies, Ex(Jπ), of the states of Jπ= 2+ or 4+ on top of the
Jπ= 0+ ground state, while other excited states are omitted for
clarity. One sees a good agreement between the present CI
simulation and experiment. Because this simulation is a first-
principles calculation with no adjustable parameters, this agree-
ment deserves particular attention. Similar results were obtained
for 8Be by the Green’s Function Monte Carlo (GFMC)
calculation17,18, and for Be isotopes by the no-core CI calculation
with the JISP16 interaction41. The three isotopes in Fig. 2 com-
monly exhibit a pattern Ex(4+)/Ex(2+) ~ 3, as reproduced rather
well by the present work. This is a typical pattern of the rotational
motion of a non-spherical quantum object. A schematic image of
the rotational motion of a di-cluster formation is displayed in
Fig. 1b.
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Fig. 1 Schematic illustrations of α clustering in atomic nuclei. a 4He=α particle, b 8Be, and c 12C (three possible cases, i, ii, and iii). The green areas
represent atomic nuclei allowing some movements of α clusters.
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Can EIC answer this long-standing question? 
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Ø In this current study, we are using: ZDC and B0 detectors
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and looking at the collective expansion of the produced system responding to the geometry of the overlap. In these
collisions, two Lorentz-contracted nuclei, by a factor of 100 at RHIC and more than a factor of 1000 at the LHC, cross
each other over a time scale ⌧ < 0.1fm/c ≈ 3 × 10−24s, forming a hot and dense quark-gluon plasma (QGP) [8] in the
overlap region, whose initial shape is correlated with the deformed shape of the nuclei. Driven by the large pressure
gradient forces, the QGP expands hydrodynamically, converting the spatial anisotropies into azimuthal anisotropies
of final-state particles in the momentum space [9]. Nuclear shape imaging is possible because each collision probes
simultaneously the entire mass distribution of the nuclei, and one can use particle correlations among thousands of
produced particles to infer the two-point and multi-point correlations of this mass distribution and hence its spatial
shape. Since the time scales involved in these collisions are much shorter (< 10−24s) than the typical timescale of the
rotational bands (10−21s [10]), this raises an important question of whether the manifestation of nuclear deformation
– a collective feature of the nuclear many-body system – is the same across energy scales [11].
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FIG. 1: The cartoon of collision of nuclei with quadrupole (left), octupole (middle) and hexadecapole (right) deformations
including either the Yn,0 mode (top row) or the Yn,n mode (middle row) and with �n = 0.25. The Lorentz contraction in the
z-direction, by factor of 100 at RHIC and more than a factor of 1000 at the LHC, are not shown. The bottom row shows how
the initial condition of the QGP formed after the collision looks like in the transverse plane. The hallow arrows indicate the
direction of maximum pressure gradients along which the medium expand with largest velocity, leading to final state harmonic
flow vn with n-fold symmetry.
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ØEIC can be a unique tool for understanding the nuclear structure?

The atomic nucleus comprises Z protons and N neutrons,
which are collectively called nucleons. In the α clustering
picture as illustrated in Fig. 1, the α particle (Z=N= 2)

forms a building block, and some nuclei can be composed of α
particles. In such cases, Z=N= 2i holds with i being an integer,
and the mass number A= Z+N becomes equal to 4, 8, 12, ... A
given nucleus is labeled as AX where X denotes the element, e.g.,
8Be for beryllium-8. Fig. 1b–c sketch intuitive pictures for pos-
sible α clustering in 8Be and 12C, respectively, where α particles
are shown by mid-sized circles forming nuclei represented by
green areas. Such natural pictures, collectively called the α cluster
model, have been conceived since the 1930s1–7. It is, however, still
difficult to observe the α clustering experimentally. This is basi-
cally because the nucleus is not at rest (quantum mechanically)
but we need its snapshot (see Fig. 1).

An alternative possibility is theoretical studies: quite a few
studies, for example8–16, were performed based on models or
assumptions including limiting cases like linear chains3,15, equi-
lateral triangles13, and a Bose-Einstein condensate14. More
recently ab initio calculations were reported17–20, where two α
clusters in the ground state of 8Be were suggested17 (see Fig. 1b).
The α clustering is more crucial but less clarified for the 12C
nucleus: this nucleus can be formed by three α particles in con-
figurations, triangular, linear, or other (see Fig. 1c). Its lowest
spin/parity Jπ= 0+ excited state, the infamous Hoyle state21–23, is
a critical gateway in the nucleosynthesis to the present carbon-
abundant world filled with living organisms24,25, but its structure
remains to be clarified.

We show in this work, by state-of-the-art computational
simulations without assuming α clustering a priori, that α clus-
tering indeed occurs for the ground and excited states of 8,10Be
and 12C isotopes, including the Hoyle state, in varying formation
patterns. The simulations are performed by full Configuration-
Interaction (CI) calculations from first principles on a sound
basis, and their validity is further examined for some observables
by comparing with experimental data. The revealed features are
supported by a statistical learning technique26, and present an
unexpected crossover27 between clustering and normal nuclear
matter.

Results
Multi-nucleon structure by CI simulation. The present CI cal-
culation is called the shell-model (SM) calculation in nuclear
physics. Among various types of SM calculations, the one taken in
this work belongs to Monte Carlo Shell Model (MCSM)28–31. The
MCSM has already been applied to various studies on atomic
nuclei (see examples, 32,33). The present MCSM calculation dif-
fers in that all nucleons are activated (i.e., no inert core)34,35,
implying no core-polarization (or in-medium) correction is
needed. The nucleon-nucleon (NN) interaction is fixed on a
fundamental basis prior to this work as described below, so as to
accurately describe free NN scattering36–38. The whole scheme
can then be referred to as the ab initio No-Core MCSM, which is

a state-of-the-art CI calculation for nuclei running on super-
computers such as K39 and Fugaku40.

The NN interaction we use is the JISP16 interaction36 for Be
isotopes and the Daejeon16 interaction37 for C isotopes. The
inter-nucleon potential of the JISP16 interaction was determined
so as to reproduce NN scattering data and deuteron properties. In
addition, the binding energies of light nuclei are used for fine-
tuning. No explicit three-nucleon interactions are included, but
momentum-dependent NN interaction terms produce similar
effects36. The Daejeon16 interaction is a successor of JISP16. It
has been derived from chiral effective field theory up to N3LO
terms38, and also uses a few properties of light nuclei for the fine-
tuning instead of three-nucleon forces37. Both interactions have
been fixed prior to the present simulation and retain their
excellent descriptions of the NN scattering data. For the Be
isotopes, the results of JISP16 interaction are used in this paper,
because of no notable change by Daejeon16.

In the present CI calculations, protons and neutrons are
moving in certain single-particle states, taking various configura-
tions. Their many-body structure is obtained as solutions of the
Schrödinger equation with the aforementioned NN interaction.
These single-particle states are given by eigenstates of the
harmonic-oscillator (HO) potential. We take a sufficiently large
number of such eigenstates so that a good accuracy is achieved:
the HO shells up to the 6th (5ℏω) or 7th shell (6ℏω) for Be and C
isotopes, respectively, with ℏω being the HO quantum. We note
that the present simulation employs cutting-edge supercomput-
ing: if we were to attempt the same calculation with direct matrix
diagonalization, the dimension of the vector space is as large as
1.2 × 1012 for 8Be and 1.9 × 1019 for 12C. The MCSM enables us
to solve the Schrödinger equation to a good approximation34,
without resorting to such formidable calculations. Some of the
ground-state properties obtained by the present calculation are
reported elsewhere35, and we shall here focus on the clustering.

Manifestation of α-clustering and beryllium isotopes. The
aforementioned eigensolutions provide energy eigenvalues and
wave functions. Figure 2 indicates, for 8,10,12Be, the excitation
energies, Ex(Jπ), of the states of Jπ= 2+ or 4+ on top of the
Jπ= 0+ ground state, while other excited states are omitted for
clarity. One sees a good agreement between the present CI
simulation and experiment. Because this simulation is a first-
principles calculation with no adjustable parameters, this agree-
ment deserves particular attention. Similar results were obtained
for 8Be by the Green’s Function Monte Carlo (GFMC)
calculation17,18, and for Be isotopes by the no-core CI calculation
with the JISP16 interaction41. The three isotopes in Fig. 2 com-
monly exhibit a pattern Ex(4+)/Ex(2+) ~ 3, as reproduced rather
well by the present work. This is a typical pattern of the rotational
motion of a non-spherical quantum object. A schematic image of
the rotational motion of a di-cluster formation is displayed in
Fig. 1b.
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Fig. 1 Schematic illustrations of α clustering in atomic nuclei. a 4He=α particle, b 8Be, and c 12C (three possible cases, i, ii, and iii). The green areas
represent atomic nuclei allowing some movements of α clusters.
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The atomic nucleus comprises Z protons and N neutrons,
which are collectively called nucleons. In the α clustering
picture as illustrated in Fig. 1, the α particle (Z=N= 2)

forms a building block, and some nuclei can be composed of α
particles. In such cases, Z=N= 2i holds with i being an integer,
and the mass number A= Z+N becomes equal to 4, 8, 12, ... A
given nucleus is labeled as AX where X denotes the element, e.g.,
8Be for beryllium-8. Fig. 1b–c sketch intuitive pictures for pos-
sible α clustering in 8Be and 12C, respectively, where α particles
are shown by mid-sized circles forming nuclei represented by
green areas. Such natural pictures, collectively called the α cluster
model, have been conceived since the 1930s1–7. It is, however, still
difficult to observe the α clustering experimentally. This is basi-
cally because the nucleus is not at rest (quantum mechanically)
but we need its snapshot (see Fig. 1).

An alternative possibility is theoretical studies: quite a few
studies, for example8–16, were performed based on models or
assumptions including limiting cases like linear chains3,15, equi-
lateral triangles13, and a Bose-Einstein condensate14. More
recently ab initio calculations were reported17–20, where two α
clusters in the ground state of 8Be were suggested17 (see Fig. 1b).
The α clustering is more crucial but less clarified for the 12C
nucleus: this nucleus can be formed by three α particles in con-
figurations, triangular, linear, or other (see Fig. 1c). Its lowest
spin/parity Jπ= 0+ excited state, the infamous Hoyle state21–23, is
a critical gateway in the nucleosynthesis to the present carbon-
abundant world filled with living organisms24,25, but its structure
remains to be clarified.

We show in this work, by state-of-the-art computational
simulations without assuming α clustering a priori, that α clus-
tering indeed occurs for the ground and excited states of 8,10Be
and 12C isotopes, including the Hoyle state, in varying formation
patterns. The simulations are performed by full Configuration-
Interaction (CI) calculations from first principles on a sound
basis, and their validity is further examined for some observables
by comparing with experimental data. The revealed features are
supported by a statistical learning technique26, and present an
unexpected crossover27 between clustering and normal nuclear
matter.

Results
Multi-nucleon structure by CI simulation. The present CI cal-
culation is called the shell-model (SM) calculation in nuclear
physics. Among various types of SM calculations, the one taken in
this work belongs to Monte Carlo Shell Model (MCSM)28–31. The
MCSM has already been applied to various studies on atomic
nuclei (see examples, 32,33). The present MCSM calculation dif-
fers in that all nucleons are activated (i.e., no inert core)34,35,
implying no core-polarization (or in-medium) correction is
needed. The nucleon-nucleon (NN) interaction is fixed on a
fundamental basis prior to this work as described below, so as to
accurately describe free NN scattering36–38. The whole scheme
can then be referred to as the ab initio No-Core MCSM, which is

a state-of-the-art CI calculation for nuclei running on super-
computers such as K39 and Fugaku40.

The NN interaction we use is the JISP16 interaction36 for Be
isotopes and the Daejeon16 interaction37 for C isotopes. The
inter-nucleon potential of the JISP16 interaction was determined
so as to reproduce NN scattering data and deuteron properties. In
addition, the binding energies of light nuclei are used for fine-
tuning. No explicit three-nucleon interactions are included, but
momentum-dependent NN interaction terms produce similar
effects36. The Daejeon16 interaction is a successor of JISP16. It
has been derived from chiral effective field theory up to N3LO
terms38, and also uses a few properties of light nuclei for the fine-
tuning instead of three-nucleon forces37. Both interactions have
been fixed prior to the present simulation and retain their
excellent descriptions of the NN scattering data. For the Be
isotopes, the results of JISP16 interaction are used in this paper,
because of no notable change by Daejeon16.

In the present CI calculations, protons and neutrons are
moving in certain single-particle states, taking various configura-
tions. Their many-body structure is obtained as solutions of the
Schrödinger equation with the aforementioned NN interaction.
These single-particle states are given by eigenstates of the
harmonic-oscillator (HO) potential. We take a sufficiently large
number of such eigenstates so that a good accuracy is achieved:
the HO shells up to the 6th (5ℏω) or 7th shell (6ℏω) for Be and C
isotopes, respectively, with ℏω being the HO quantum. We note
that the present simulation employs cutting-edge supercomput-
ing: if we were to attempt the same calculation with direct matrix
diagonalization, the dimension of the vector space is as large as
1.2 × 1012 for 8Be and 1.9 × 1019 for 12C. The MCSM enables us
to solve the Schrödinger equation to a good approximation34,
without resorting to such formidable calculations. Some of the
ground-state properties obtained by the present calculation are
reported elsewhere35, and we shall here focus on the clustering.

Manifestation of α-clustering and beryllium isotopes. The
aforementioned eigensolutions provide energy eigenvalues and
wave functions. Figure 2 indicates, for 8,10,12Be, the excitation
energies, Ex(Jπ), of the states of Jπ= 2+ or 4+ on top of the
Jπ= 0+ ground state, while other excited states are omitted for
clarity. One sees a good agreement between the present CI
simulation and experiment. Because this simulation is a first-
principles calculation with no adjustable parameters, this agree-
ment deserves particular attention. Similar results were obtained
for 8Be by the Green’s Function Monte Carlo (GFMC)
calculation17,18, and for Be isotopes by the no-core CI calculation
with the JISP16 interaction41. The three isotopes in Fig. 2 com-
monly exhibit a pattern Ex(4+)/Ex(2+) ~ 3, as reproduced rather
well by the present work. This is a typical pattern of the rotational
motion of a non-spherical quantum object. A schematic image of
the rotational motion of a di-cluster formation is displayed in
Fig. 1b.
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Fig. 1 Schematic illustrations of α clustering in atomic nuclei. a 4He=α particle, b 8Be, and c 12C (three possible cases, i, ii, and iii). The green areas
represent atomic nuclei allowing some movements of α clusters.
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The atomic nucleus comprises Z protons and N neutrons,
which are collectively called nucleons. In the α clustering
picture as illustrated in Fig. 1, the α particle (Z=N= 2)

forms a building block, and some nuclei can be composed of α
particles. In such cases, Z=N= 2i holds with i being an integer,
and the mass number A= Z+N becomes equal to 4, 8, 12, ... A
given nucleus is labeled as AX where X denotes the element, e.g.,
8Be for beryllium-8. Fig. 1b–c sketch intuitive pictures for pos-
sible α clustering in 8Be and 12C, respectively, where α particles
are shown by mid-sized circles forming nuclei represented by
green areas. Such natural pictures, collectively called the α cluster
model, have been conceived since the 1930s1–7. It is, however, still
difficult to observe the α clustering experimentally. This is basi-
cally because the nucleus is not at rest (quantum mechanically)
but we need its snapshot (see Fig. 1).

An alternative possibility is theoretical studies: quite a few
studies, for example8–16, were performed based on models or
assumptions including limiting cases like linear chains3,15, equi-
lateral triangles13, and a Bose-Einstein condensate14. More
recently ab initio calculations were reported17–20, where two α
clusters in the ground state of 8Be were suggested17 (see Fig. 1b).
The α clustering is more crucial but less clarified for the 12C
nucleus: this nucleus can be formed by three α particles in con-
figurations, triangular, linear, or other (see Fig. 1c). Its lowest
spin/parity Jπ= 0+ excited state, the infamous Hoyle state21–23, is
a critical gateway in the nucleosynthesis to the present carbon-
abundant world filled with living organisms24,25, but its structure
remains to be clarified.

We show in this work, by state-of-the-art computational
simulations without assuming α clustering a priori, that α clus-
tering indeed occurs for the ground and excited states of 8,10Be
and 12C isotopes, including the Hoyle state, in varying formation
patterns. The simulations are performed by full Configuration-
Interaction (CI) calculations from first principles on a sound
basis, and their validity is further examined for some observables
by comparing with experimental data. The revealed features are
supported by a statistical learning technique26, and present an
unexpected crossover27 between clustering and normal nuclear
matter.

Results
Multi-nucleon structure by CI simulation. The present CI cal-
culation is called the shell-model (SM) calculation in nuclear
physics. Among various types of SM calculations, the one taken in
this work belongs to Monte Carlo Shell Model (MCSM)28–31. The
MCSM has already been applied to various studies on atomic
nuclei (see examples, 32,33). The present MCSM calculation dif-
fers in that all nucleons are activated (i.e., no inert core)34,35,
implying no core-polarization (or in-medium) correction is
needed. The nucleon-nucleon (NN) interaction is fixed on a
fundamental basis prior to this work as described below, so as to
accurately describe free NN scattering36–38. The whole scheme
can then be referred to as the ab initio No-Core MCSM, which is

a state-of-the-art CI calculation for nuclei running on super-
computers such as K39 and Fugaku40.

The NN interaction we use is the JISP16 interaction36 for Be
isotopes and the Daejeon16 interaction37 for C isotopes. The
inter-nucleon potential of the JISP16 interaction was determined
so as to reproduce NN scattering data and deuteron properties. In
addition, the binding energies of light nuclei are used for fine-
tuning. No explicit three-nucleon interactions are included, but
momentum-dependent NN interaction terms produce similar
effects36. The Daejeon16 interaction is a successor of JISP16. It
has been derived from chiral effective field theory up to N3LO
terms38, and also uses a few properties of light nuclei for the fine-
tuning instead of three-nucleon forces37. Both interactions have
been fixed prior to the present simulation and retain their
excellent descriptions of the NN scattering data. For the Be
isotopes, the results of JISP16 interaction are used in this paper,
because of no notable change by Daejeon16.

In the present CI calculations, protons and neutrons are
moving in certain single-particle states, taking various configura-
tions. Their many-body structure is obtained as solutions of the
Schrödinger equation with the aforementioned NN interaction.
These single-particle states are given by eigenstates of the
harmonic-oscillator (HO) potential. We take a sufficiently large
number of such eigenstates so that a good accuracy is achieved:
the HO shells up to the 6th (5ℏω) or 7th shell (6ℏω) for Be and C
isotopes, respectively, with ℏω being the HO quantum. We note
that the present simulation employs cutting-edge supercomput-
ing: if we were to attempt the same calculation with direct matrix
diagonalization, the dimension of the vector space is as large as
1.2 × 1012 for 8Be and 1.9 × 1019 for 12C. The MCSM enables us
to solve the Schrödinger equation to a good approximation34,
without resorting to such formidable calculations. Some of the
ground-state properties obtained by the present calculation are
reported elsewhere35, and we shall here focus on the clustering.

Manifestation of α-clustering and beryllium isotopes. The
aforementioned eigensolutions provide energy eigenvalues and
wave functions. Figure 2 indicates, for 8,10,12Be, the excitation
energies, Ex(Jπ), of the states of Jπ= 2+ or 4+ on top of the
Jπ= 0+ ground state, while other excited states are omitted for
clarity. One sees a good agreement between the present CI
simulation and experiment. Because this simulation is a first-
principles calculation with no adjustable parameters, this agree-
ment deserves particular attention. Similar results were obtained
for 8Be by the Green’s Function Monte Carlo (GFMC)
calculation17,18, and for Be isotopes by the no-core CI calculation
with the JISP16 interaction41. The three isotopes in Fig. 2 com-
monly exhibit a pattern Ex(4+)/Ex(2+) ~ 3, as reproduced rather
well by the present work. This is a typical pattern of the rotational
motion of a non-spherical quantum object. A schematic image of
the rotational motion of a di-cluster formation is displayed in
Fig. 1b.
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Fig. 1 Schematic illustrations of α clustering in atomic nuclei. a 4He=α particle, b 8Be, and c 12C (three possible cases, i, ii, and iii). The green areas
represent atomic nuclei allowing some movements of α clusters.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29582-0

2 NATURE COMMUNICATIONS | ����� ���(2022)�13:2234� | https://doi.org/10.1038/s41467-022-29582-0 | www.nature.com/naturecommunications

𝐻𝑒 ! = 𝛼 particle 𝐵𝑒 " = 2 𝛼 particles 𝐶 #$ = 3 𝛼 particles

ü Understanding the nuclear deformation ü Understanding the α clustering

We are putting additional efforts into the simulation in these avenues:
Ø Using the BeAGLE model

ü Modifying the nucleus information in the model
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Ø The α clustering in !"𝐵𝑒, "
#$𝐶, and #

#%𝑂

Ø Fixed and random orientation

Ø The BeAGLE model is updated to consider the α clustering 
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Ø Neutrons at forward rapidity
v The α clustering

Ø Fixed orientation

The 𝐸 in 𝐵! is sensitive to α clustering in 𝐵𝑒", 𝐶#$, and 𝑂#%

Ø Shadowing is On
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Ø Neutrons at forward rapidity
v The α clustering

Ø Random orientation

The 𝐸 in 𝐵! is sensitive to α clustering in 𝐵𝑒", 𝐶#$, and 𝑂#%
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We investigated the ability to use the forwarded rapidity detectors to 
investigate the α clustering in !"𝐵𝑒, "

#$𝐶, and #
#%𝑂:

Ø For fixed and random orientations;
ü Characteristic patterns are observed because of α-clustering
ü The 𝐸 in 𝐵! is sensitive to α clustering, and its configuration 
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