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Outline

 𝐍𝐍𝜶𝜶 nuclei: From the Holy state to Condensate State

 𝐍𝐍𝜶𝜶+X nuclei:  Novel clustering structure in nuclei 

 Summary

 Introduction



https://physics.aps.org/articles/v3/8
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Nuclear Cluster Physics

Ikeda diagram of light nuclei Clustering in heavy nuclei ?
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Cluster states of 12C

V.Somà,P.Navrátil, et al. PRC,101,014318 (2020)
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Phys. Rev. Lett. 110, 152502 (2013)

12C spectrum

Hoyle state & Bose-Einstein Condensate.
Rev. Mod. Phys. 89, 011002 (2017)

Two broad resonance states with large decay width 
Phys. Rev. C 84, 054308 (2011)

Long puzzle and it now has been confirmed for its existence.
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Hoyle State

12C (𝟎𝟎𝟏𝟏+)

Recent No-Core-Shell-Model calculations well-developed clustering states



Rich clustering structure in nuclear systems.

DOI:10.1088/1742-6596/863/1/012002
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Search for the Nα novel cluster states
𝑁𝑁𝛼𝛼 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

no-geometry shape
gas-like cluster state

excited states

ATLAS   arXiv:2509.05171
ALICE arXiv:2509.06428
CMS PAS：https://cds.cern.ch/record/2942004

OO and NeNe collisions



Shape/Structure of the 12C

E.Epelbaum,et al,,PRL 109,252501 (2012)

obtuse triangular configuration 

S.Shen, et al., Nat Commun 14, 2777 (2023)

nuclear lattice EFT

D J Marín-Lámbarri,et al., PRL 113, 012502 (2014)

Otsuka, et al., Nat Commun 13, 2234 (2022)

M.Kimura, Eur. Phys. J. A 60, 77 (2024)

L.Fortunato, Few-Body Syst 65, 1 (2024).

M. Chernykh, et al., PRL 98, 032501 (2007)

B. Zhou, et al., Phys. Rev. C 99, 051303(R) (2019).



How to classify the rotational bands in light nuclei ?

Two-body overlap function (Two-body RWA)

Full Solution
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Visualization of rotational bands of 12C (to be submitted)



K.Yoshida et al., PRC100(2019):  Quantitative description of the 20𝑁𝑁𝑁𝑁 𝑝𝑝 𝑝𝑝𝑝𝑝 16O reaction as a means of probing the surface 𝛼𝛼 amplitude

T. A. Carey et al., Phys. Rev. C 29, 1273 (1984).

The clustering structure from experiments



The clustering structure of 16O

Fukui et al., NPA983 (2019): Investigation of spatial manifestation of α clusters in 16O via α-transfer reactions

01+

02+

12C 𝛼𝛼



Science Bulletin, 68(11), 1119-1126(2023)

The clustering structure of 16O



12C(0+)+𝛼𝛼(S)

12C(2+)+𝛼𝛼(D)

12C(2+)+𝛼𝛼(S)

12C(1-)+𝛼𝛼(P)

4𝛼𝛼 cond.

S.Y Zhou et al.  (in preparation)

still very difficult in this resgion



The decay scheme and connections

Exotic clustering structure ?

B. Zhou, et al., Nat. Commun. 14, 8206 (2023).



KAWABATA Takahiro 

The 6𝜶𝜶 clustering structure probed by Inelastic Scattering 

PLB,848 (2024)

Remains challenging in 
theoretical calculations

by measuring the 12C+12C scattering



2α condensation around the core nucleus 16O

Htet, et al., PRC112, 014322 (2025)

Candidates of a 𝟐𝟐𝜶𝜶 condensate surrounding the 𝟏𝟏𝟏𝟏𝐎𝐎 nucleus



Clustering structure of 3𝛼𝛼+𝑝𝑝 in 13N



M. Milin and W. von Oertzen, Eur Phys J A 14, 295 (2002).

12C(states)  +
single particle states

13C (states) 

S. Shin, et al., Phys. Rev. C 103, 054313 (2021).

Search for the Hoyle-analogy state in 13C



Search for the Hoyle-analogy state in 13C

Chiba et al.,Phys. Rev. C 101, 024317 (2020)

It is found that the  1/22+ state is dominantly composed of the Hoyle 
state configuration and can be regarded as a Hoyle analogue state.



Hoyle-analog state in 13N

Y.Y Cao et al. Phys. Rev. C 112, 034313 (2025)



This obtained state corresponds to 
    the state observed at 11.3 MeV

Hoyle-analog state in 13N



Hoyle-analog state in 13N

Hoyle + 𝑝𝑝 13N state

Y. Y Cao et al. Phys. Rev. C 112, 034313 (2025)



Gas-like states in 11C

Y.Y Cao, et al., Phys. Rev. C 111, 024309 (2025)



?
a tool for studying the cluster correlations



Summary and Prospect

 High excited states, around 
     the cluster threshold, could 
     show novel clustering structures.

 New methods should be 
developed for treating  

     resonance states and new 
     effective interactions are required.

 For the ground states of 
     light nuclei, how to identify
     the clustering components ?

Thanks for your attentions.
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