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What is the structure of the (unstable) nucleus?



ü Alpha radioactivity: 1890s
ü Alpha decay model (quantum tunneling): Gamow, 1928
ü Discovery of the neutron: 1932, Chadwick

“α-conjugate” nuclei

“α particle” nuclei in 1930s
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Hafstad and Teller, PR 1938 



Coexistence

Coexistence of clustering and non-clustering

Duality of nuclear WF The Hoyle state
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ü Bayman-Bohr theorem Nucl. Phys. 1958

Shell model
(0s)4(0p)12

12C-α cluster structure

16O

4α cluster structure

Yamada et al. PTPS 2008

Otsuka et al. Nat.Comm.13(2022)2234



Kanada-Enyo, PTEP 2012

Cluster structures in excited states of light nuclei

“Ikeda diagram”
Ikeda, PTPS1968

Molecular states in Be

e.g., ZY et al., PRL2014; Suzuki PRC2013
Freer et al. PRL2006, PRL1999
Ito et al. PRL2008, RPP2014

Linear-Chain states in C

e.g., Liu et al. PRL 2020, Li et al. PRC2017
Yamaguchi PLB2017,Fritsch et al.PRC2016
Baba/Kimura PRC2018

Gas-like (α-condensate) states 

e.g., Chen et al. SC2023; Adachi et al. PLB2021; 
THSR, PRL2001;Funaki  et al. PPNP2015
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ü Cluster structure in excited states: one may measure cluster fragments
ü Clusters in g.s: quasi-free (p,pα) [~ several hundred MeV/u] 

Yoshida, PRC2016/PRC2018/PRC2019

Inverse kinematicsNormal kinematics

Proton Beam

Target

Proton Target
Residual

Projectile (RI Beam)

(p,pα): probe clusters in the ground state
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(p,pα): probe α clusters in light nuclei 

Lyu, et al., PRC2018; Yoshida et al. PRC2019;
Taniguchi et al. PRC2021

s wave

d wave

Nadasen et al. PRC1989
Chan and Roos PRC1977;Carey et al. PRC1981
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10Be(p,pα)

cluster ↑

üIn1970s and 1980s: with light stable nuclei like 7Li/9Be/12C.
üRecent theoretical development for (p,pα) (Yoshida, Ogata et al.)
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Are there α clusters in heavy nuclei?
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Increase by ~10
due to α cluster 

212Po➝208Pb + α
Varga et al. PRL 1992
Delion et al. PRC 2012
Qi et al. PPNP2019



EoS and symmetry energy
ü Nuclear matter equation of state (EoS)
𝐸
𝐴
𝜌, 𝛿 =

𝐸
𝐴
𝜌, 0 + 𝑆 𝜌 𝛿! + …

ü Symmetry energy

𝑆 𝜌 = 𝐽 +
𝐿
3𝜌"

𝜌 − 𝜌" +
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Slope parameter

Δnp ~L 

208Pb

Roca-Maza, PRL (2001)
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symmetry energy

Neutron matter

Symmetric nuclear matter



ü Generalized relativistic density functional (gRDF) predictions: α 
clusters in low-ρ environments like the surface of  heavy nuclei:

Impact of clustering on EoS
Typel, PRC89(2014) 064321,PRC 81(2010) 015803
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Hagel et al.,  PRL2012

Heavy-ion collisions



ü Generalized relativistic density functional (gRDF) predictions: α 
clusters in low-ρ environments like the surface of  heavy nuclei:

Impact of clustering on EoS
Typel, PRC89(2014) 064321,PRC 81(2010) 015803



Quasi-free (p,pα) at RCNP (Osaka/Japan)



Development of (p,pα) setup (2015~2018)



Proof-of-principle: 7Li(p,pα)



112Sn(p,pα)108Cd 120Sn(p,pα)116Cd

116Sn(p,pα)112Cd 124Sn(p,pα)120Cd

ü Esep Peak clearly observed for each Sn isotope 112,116,120,124Sn
ü Fitted using a gaussian peak and the continuum background

112-124Sn(p,pα): α separation energy spectrum
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ü Reaction Theory: Distorted-Wave Eikonal Approximation
ü Structure input from gRDF
ü Distortion effect considered

Systematics of α-clustering along Sn isotopic chain
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Acknowledgement to collaborators of Sn(p,pα) 
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Science 371, 260–264 (2021)【Highlited】
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Clusters: from nucleus to neutron stars



A new era of cluster knockout 



Cluster knockout in China (starting…)
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“That’s one small step for man. One giant leap for mankind.”
-Neil Armstrong,  July, 1969, Moon.

Thanks for your attention!


