
Bo Zhou (周波)

Fudan University, Shanghai, China

Sep. 22, 2026@ITP

Exploring multi-cluster structures in light nuclei

Workshop on Few-Body Problems in Nuclear and Hadron Physics
21-24 September 2026, Beijing



Outline

 The 5𝛼𝛼 Condensate State

 Hoyle-analog states

 Triple 𝛼𝛼 reaction 

 Introduction

 Summary



𝟎𝟎𝟐𝟐+

𝟎𝟎𝟑𝟑,𝟒𝟒
+

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.

[MeV]

Hoyle State

12C (𝟎𝟎𝟏𝟏+)

Recent No-Core-Shell-Model calculations search for novel clustering states



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).

B. S. Huang, et al., PRC95,034606 (2017)



Reduced-width amplitude (RWA)

RWA and its three-body extension

Two-cluster overlap amplitude (TCOA)

a

B. Zhou et al. PRC 94, 044319 (2016).

Deye Tao et al., NST 36, 56 (2025).



Visualization of rotational band configurations

Ground band Kπ=3- band Hoyle band Kπ=1- band
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De-Ye Tao, B. Zhou, Y-G. Ma, PLB 874, 140241 (2026)



Visualization of rotational band configurations

Based directly on the intrinsic clustering 
structure, we identify the rotation band 
classification:

De-Ye Tao, B. Zhou, Y-G. Ma, PLB 874, 140241 (2026)

The TCOA analysis of rotational bands can be 
further extended to other light nuclei. 

• Ground band: 01
+, 21

+, 41
+

• Hoyle band: 02
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+, 42
+

• Breathing band: 03
+, 23

+, 43
+

• Kπ=3- band: 31
-, 41

-

• Kπ=1- band: 11
-, 21

-



Search for the 5α novel cluster states
𝑁𝑁𝛼𝛼 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

no-geometry shape
gas-like cluster state

excited states



Clustering formation in low density in nuclear matter

𝛃𝛃

Alpha condensate in finite nuclei, e.g., 12C, 16O.

THSR wave function



12C(0+)+𝛼𝛼(S)

12C(2+)+𝛼𝛼(D)

12C(2+)+𝛼𝛼(S)

12C(1-)+𝛼𝛼(P)

4𝛼𝛼 cond.

Jiahao Chen et al., Science Bulletin, 68 (2023)

4𝜶𝜶 condensate state

Yamada et al.PRC 85, 034315

<Hoyle +alpha| 4alpha>



T. Yamada and P. Schuck, Phys. Rev. C 69, 024309 (2004).

An experimental way of testing Bose-Einstein condensation of 
clusters in the atomic nucleus is reported. The enhancement of 
cluster emission and the multiplicity partition of possible emitted 
clusters could be direct signatures for the condensed states.

Some candidates for 𝛼𝛼 condensate were 
found from experiments for 12C and 16O.

PRL 96, 192502 (2006)No experimental signatures 
for α condensation were observed

Phys. Rev. C 100, 034320 (2019)

Dilute multi-𝛼𝛼 cluster condensed states with spherical and 
axially deformed shapes are studied with the Gross-Pitaevskii 
equation and Hill-Wheeler equation where the 𝛼𝛼 cluster is treated 
as a structureless boson, 
it is predicted to exist in heavier self-conjugate 4𝑁𝑁 nuclei up 
to 𝑁𝑁=10.

E(12C)~ 0.0 MeV
E(16O )~ 2 MeV
E(20Ne )~ 3 MeV

Rev. Mod. Phys. 89, 011002 (2017).

Multi-alpha condensation



  4.4 MeV above the 5𝛼𝛼 threshold

S. Adachi et al., Candidates for the 5𝛼𝛼 condensed state 
in 20Ne, PLB 819,136411 (2021).

23.6-MeV state enhances in the decay  
to the 16O (06+) +𝛼𝛼 channel

  strongly coupled to 16O(06+) state

Experiment for 5𝛂𝛂 condensation



𝟓𝟓𝟓𝟓 BEC state ?

Search for the 5alpha condensate state

Perform the 5𝛼𝛼 calculations
and study the characters of 
obtained excited 0+ states



configurations problem:

The 5alpha microscopic wave function



        The Hamiltonian for 20Ne in this work can be written as:

The effective nucleon-nucleon potential part is taken a Gaussian form, 
which is expressed as:

Tohsaki F1 three-body interaction was used. 
A. Tohsaki,Phys. Rev. C 49, 1814 (1994).

interaction problem:

Three-body effective interaction



Radius-Constraint Method,

resonance problem:

∑𝛽𝛽1’ ,𝛽𝛽2’
�Φ4𝛼𝛼+𝛼𝛼
0+ 𝛽𝛽1,𝛽𝛽2 ∑𝑖𝑖=1

1
20

𝑟𝑟𝑖𝑖 − 𝑋𝑋𝐺𝐺 2 �Φ4𝛼𝛼+𝛼𝛼
0+ 𝛽𝛽1’ ,𝛽𝛽2’ ×

𝑔𝑔(𝛾𝛾) 𝛽𝛽1’ ,𝛽𝛽2’

= 𝑅𝑅(𝛾𝛾) 𝑔𝑔(𝛾𝛾) 𝛽𝛽1,𝛽𝛽2 �Φ4𝛼𝛼+𝛼𝛼
0+ 𝛽𝛽1,𝛽𝛽2 �Φ4𝛼𝛼+𝛼𝛼

0+ 𝛽𝛽1’ ,𝛽𝛽2’

Ψ𝐺𝐺𝐺𝐺𝐺𝐺0+ = �
𝛽𝛽1,𝛽𝛽2

𝑔𝑔(𝛾𝛾) 𝛽𝛽1,𝛽𝛽2 �Φ4𝛼𝛼+𝛼𝛼
0+ 𝛽𝛽1’ ,𝛽𝛽2’

Here ,𝑅𝑅(𝛾𝛾) ≤ 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 is the radius cut-off parameter.

Above the 5alpha threshold: 𝟎𝟎𝟏𝟏𝟏𝟏+ ~ 𝟎𝟎𝟏𝟏𝟗𝟗+  

Stabilization Method

Radius-Constraint Method + Stabilization Method



16O(ground state)+𝛼𝛼 channel 

resonance problem

Five 0+ states above the threshold



Two 0+ states around 3 MeV are found.

Two of Five 0+ states above the threshold

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



Reduced width amplitude Simple way to confirm condensate state
larger amplitude

The 5alpha condensate state

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



The decay scheme and connections

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

24Mg (6𝜶𝜶 problem)



Minimal Wigner-SU(4) Interaction for α-Conjugate Nuclei

Scattering phase shifts 
of the α+α system

Guoping Li, et al., arXiv:2605.21228



Minimal Wigner-SU(4) Interaction for α-Conjugate Nuclei

Guoping Li, et al., arXiv:2605.21228



Hoyle analogy states

Some examples



Hoyle-analog state in 13N

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

13C(3alpha+neutron)

13N(3alpha+proton)



Diproton state in 10C

A

B

• Compact Structure • Diproton-like Configuration 

“diproton-like” 
configuration

“cigar-like” 
configuration

L.-D. Song, et al., Phys. Rev. C 113, 024316 (2026).

A. 

𝛼𝛼𝛼𝛼 𝑝𝑝

𝑝𝑝

B. 

𝛼𝛼𝛼𝛼 𝑝𝑝

𝑝𝑝

• Molecular Orbital 

𝛼𝛼 𝛼𝛼

10C(2alpha+2proton)



?
Searching for the 

muli-neutron correlations



Triple 𝛼𝛼 reaction
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Bypass the Gap

𝜶𝜶 + 𝜶𝜶 + 𝜶𝜶 → 𝟏𝟏𝟏𝟏𝐂𝐂 + 𝜸𝜸

𝜶𝜶 + 𝜶𝜶 + 𝒏𝒏 → 𝟗𝟗𝐁𝐁𝐁𝐁 + 𝜸𝜸
4He(2𝑛𝑛, 𝛾𝛾) 6He(2𝑛𝑛, 𝛾𝛾) 8He(𝛽𝛽−) 8Li(𝑛𝑛, 𝛾𝛾) 9Li(𝛽𝛽−) 9Be

No stable nuclei for A=5, 8 Mass Gap

Generation of light nuclides A. Arcones and FK. Thielemann,  Astron Astrophys Rev 31, 1 (2023)

𝛼𝛼-rich (Sun)

𝑛𝑛-rich (Type-II SN)

Background: Mass Gap

Three-body reactions



Background: IT method 

Nonresonant

Resonant

Luanhong Pei, et al., Sci Sin-Phys Mech As, 2024, 1674

Hoyle state
𝟏𝟏𝟏𝟏𝐂𝐂(𝟎𝟎𝟐𝟐+,𝟕𝟕.𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔)

𝜸𝜸

𝜶𝜶 + 𝜶𝜶 + 𝜶𝜶 → 𝟏𝟏𝟏𝟏𝐂𝐂 + 𝜸𝜸

T. Akahori, et al., Phys. Rev. C 92, 022801(R) (2015)

Previous work: Imaginary-time method for 3𝛼𝛼 (2015)

 Triple-𝜶𝜶 process



Reaction rate from direct picture (𝛽𝛽 = 1/(𝑘𝑘𝐵𝐵𝑇𝑇))

Direct rate formula includes the summation of ‘𝑖𝑖’

𝜎𝜎𝜎𝜎 ~�
𝑖𝑖

𝑒𝑒−𝛽𝛽𝐸𝐸𝑖𝑖(
𝐸𝐸𝑖𝑖 − 𝐸𝐸𝑓𝑓
ℏ𝑐𝑐 )2𝜆𝜆+1 �𝛷𝛷𝑓𝑓 �𝑀𝑀𝜆𝜆𝜆𝜆 | ⟩𝛷𝛷𝑖𝑖 ⟨ |𝛷𝛷𝑖𝑖 �𝑀𝑀𝜆𝜆𝜆𝜆

+ �𝛷𝛷𝑓𝑓

Therefore

�
𝑖𝑖

𝑒𝑒−𝛽𝛽𝐸𝐸𝑖𝑖(
𝐸𝐸𝑖𝑖 − 𝐸𝐸𝑓𝑓
ℏ𝑐𝑐 )2𝜆𝜆+1 | ⟩𝛷𝛷𝑖𝑖 �𝛷𝛷𝑖𝑖| = 𝑓𝑓( �𝐻𝐻)(𝟏𝟏 − �

𝑛𝑛∈bound

| ⟩𝛷𝛷𝑛𝑛 �𝛷𝛷𝑛𝑛|)

Imaginary-time reaction rate formula

Projection operator �𝑃𝑃 = 𝟏𝟏 − ∑𝑛𝑛∈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ⟩|𝛷𝛷𝑛𝑛 ⟨𝛷𝛷𝑛𝑛|

Scattering state

K. Yabana et al., Phys. Rev. C 85, 055803 (2012)

Goal: Remove 3-body scattering states (𝜱𝜱𝒊𝒊)

Framework: IT method

Scattering + Bound Bound 

 Key feature of IT: Only the bound state 
wave function 𝛷𝛷𝑓𝑓 is required!



• IT-Jacobi for 3𝜶𝜶
Spectrum of 12C of OCM

OCM Hamiltonian
𝐻𝐻 = �𝑇𝑇𝑅𝑅 + �𝑇𝑇𝑟𝑟 + 𝑉𝑉𝛼𝛼𝛼𝛼 + 𝑉𝑉3𝛼𝛼 + 𝑉𝑉𝛼𝛼𝛼𝛼(𝑟𝑟31) + 𝑉𝑉𝛼𝛼𝛼𝛼(𝑟𝑟12) + 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝

• IT-Jacobi for 𝜶𝜶𝜶𝜶𝜶𝜶
Spectrum of 9Be of OCM

OCM Hamiltonian
𝐻𝐻 = �𝑇𝑇𝑅𝑅 + �𝑇𝑇𝑟𝑟 + 𝑉𝑉𝛼𝛼𝛼𝛼 + 𝑉𝑉𝛼𝛼𝛼𝛼𝛼𝛼 + 𝑉𝑉𝛼𝛼𝛼𝛼(𝑟𝑟31) + 𝑉𝑉𝛼𝛼𝛼𝛼(𝑟𝑟12) + 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝

However, in IT-Jacobi, angular-momentum-independent shallow potentials were used.
• For 3𝛼𝛼, Ali-Bodmer version ‘d’
• For 𝛼𝛼𝛼𝛼𝛼𝛼, THO Hamiltonian: Modified Ali-Bodmer (𝛼𝛼 − 𝛼𝛼) + Woods-Saxon (𝛼𝛼 − 𝑛𝑛) (Single channel)

Framework: IT-Jacobi

 Deep potentials (Including PF states)
 Pauli-blocking operator



Self-consistent problem
• Different Hamiltonians/Models for wfs and IT evolution
• The exchange symmetry of three identical bosons in IT evolution has not been proven (for 3𝛼𝛼)

Multi-channel problem
• Applying angular-momentum-independent potentials
• Single channel or ‘fake’ multi-channel calculations (0-order Legendre expansion; no LS term in 𝛼𝛼𝛼𝛼𝛼𝛼)

Framework: Limitations of IT-Jacobi

𝝆𝝆𝒎𝒎𝒎𝒎𝒎𝒎 = 𝟎𝟎

These issues can all be resolved in IT-HH!



Framework: IT-HH

Imaginary-time
method

+ Hyperspherical 
Harmonic basis

IT-HH

IT-HH

Same IT formalism, different basis representation.

Unchanged IT rate formula Reformulated in the HH basis

Motivation
• Establish a more physical and self-consistent framework for 3-body radiative capture reactions

• Diagnose the origin of the low-temperature discrepancy



Luanhong Pei, et al., Phys. Lett. B 873, 140196 (2026)

𝜶𝜶𝜶𝜶𝜶𝜶 reaction rates

IT-Jacobi IT-HH



IT-HH for 3𝜶𝜶: IT-HH evolution

𝜌𝜌ign: Ignition density

Luanhong Pei, et al (in preparation)

The rates are suppressed around T ≃ 0.05–0.1 GK and enhanced below about 0.03 GK. Thereduced rate in the T ≃ 0.05–
0.1 GK window may delay helium ignition and increase ignition masses or recurrence times in helium-rich accreting white 
dwarfs and AM CVn helium novae.



Summary and Prospect

Thanks for my collaborators 
                               and your attention.

 Searching for novel clustering structures in α-conjugate nuclei.  =>  6𝛼𝛼 system

 Develop new microscopic wave functions and effective interactions within 
cluster-model frameworks. => multi-cluster systems

  Triple alpha reaction in IT-HH
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