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• 共著論文

Road
大久保 Brink夫人 Brink

• S. Ohkubo and D. M. Brink Phys. Rev.  36, 966 (1987)  
Internal and barrier wave interpretation of the oscillations of the fusion excitation functions

• S Ohkubo and D M Brink Phys Rev 36 1375 (1987)• S. Ohkubo and D. M. Brink Phys. Rev.  36, 1375 (1987)  
• Origin of the oscillations  in the 12C+12C excitation function  in terma of internal and barrier 
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What is a cluster?
h• 1988  5th Cluster conference, Kyoto

• H. special session What is a cluster?H. special session  What is a cluster?
• いまやこのような問いを発する人はいない？

有馬朗人 A A i もク タ をある確率 含む• 有馬朗人 A. Arima [Shell model もクラスターをある確率で含む

8Be]

R R B tt 英語辞書には「 f h• R. R. Betts  英語辞書には「a group of the same or 
similar elements gathered or occurring closely together]  

What is not a cluster?
• 池田清美 K Ikeda 「spatially localized subsystem池田清美 K. Ikeda 「spatially localized subsystem 

composed of strongly correlated nucleons」．
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New picture of alpha clustersp p

• Geometrical configuration with superfluidity
ー－＞ supersolidity

• Duality 粒子性と波動性 gemetrical structure &Duality 粒子性と波動性 gemetrical structure & 
condndensate
SSB (S b ki ) f• SSB (Spontaneous symmetry breaking)   of 
rotational invariance due to geometrical o o v ce due o geo e c
configuration and 
Gl b l h t iGlobal phase symmetry in gauge space 
2023/2/11
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organization of this talk
1. Introduction
2. Duality of Brink alpha cluster model:

crystallinity and condensationy y
3. Alpha cluster model with order parameter  based on

effective field theoryeffective field theory
4. Result: Supersolidity of alpha cluster structure
5. Summary
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Introduction: purpose
A supersolid is a solid that exhibits the property of 

superfluidity. p y

• α cluster structure has the simultaneous properties of• α cluster structure has the simultaneous properties of 
crystallinity and superfluidity.    That is, 
the α cluster structure is a stable supersolid
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II D li f B i k l h l d lII. Duality of Brink alpha cluster model:
crystallinity and condensationcrystallinity and condensation 
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R R

R R3

R1 R2
Brink wave function

R1 R2
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R

R1 R2

Nonlocaalized 
Cl
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Clustere 
Model



Coherent 
wave picture

Crystallinity

Represented well by a single wave function

Crystallinity 
picture

Represented well by a single wave function

Duality
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Nonlocaalized 
ClClustere 
Model

Coherent 
wave picturewave picture
Crystallinity 

picture

2023/2/11 122023Febクラスター階層８回研究会RCNP



III Al h l t d l ith dIII. Alpha cluster model with order 
parameter based on effective fieldparameter  based on effective field 

theory y
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Traditional cluster models for 12CTraditional  cluster models for C 
without order parameter

Particle picture
１．ＧＣＭ ：Uegaki et al

２．ＲＧＭ： Kamimura et al p
No concept of Vacuum３．ＯＣＭ：Kurokawa et al

４．Boson model： Matsumura et al

５．Local potential model :Buck et al

A th ith d tA theory with order parameter

６．Effective field theory ：

superfluid  cluster model (SCM)
2023Febクラスター階層８回研究会
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Uegaki et al １９７７
12C gas-like alpha-cluster states ”new phase”

Pointed out for the first timePointed out for the first time 
the existence of 3 alpha gas 

statestate

α  condensate

2023Febクラスター階層８回研究会
RCNP

152023/2/11 クラスター・平均場研究会 大阪市
大

No order parameter



2023Febクラスター階層８回研究会
RCNP

162023/2/11 16



2023Febクラスター階層８回研究会
RCNP

172023/2/11 クラスター・平均場研究会 大阪市
大

17



2023Febクラスター階層８回研究会
RCNP

182023/2/11 クラスター・平均場研究会 大阪市
大

18



2023Febクラスター階層８回研究会
RCNP

192023/2/11 クラスター・平均場研究会 大阪市
大

19



σ1: Pauli matrix
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Bogoliubov-de-
Genne modeGenne mode

NG  mode sector is modified to  include higher  
power terms of NG quantum coordinate p, q
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Zero mode equation (NB mode)

QP
| |

QP
uH Eν νΨ >= Ψ > V ：

Modes due to SSB
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・α –α nuclear  interaction
：Ali-Bodmer potential： determined from α―α    scattering to fit the s-wave phase shift fit potential 

2 2 2 2

1 1

( ) exp[ ] exp[ ]

500 0 7 130 0 474

nucl
r r a aV r V r V r

V M V f V M V f

μ μ= − + −

・α –α Coulomb interaction：

1 1500 , 0.7 , 130 , 0.474r r a aV MeV fm V MeV fmμ μ− −= = = − =
(610  MeV for 12C and 591 MeV for 40Ca)

α –α Coulomb interaction：
α―α folding potential

・Number of α clusters: N0

・External field potential： harmonic oscillator

Ω : parameter

(4.093  MeV for 12C and  2.97 MeV for 40Ca)
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THSR, Nolocalized 
Cluster Model (NCM):Cluster Model  (NCM):
No order parameter

Geometrical picture Supersolid picture with 
Duality
crystallinity & coherent 
wave

Superfluid cluster 
Model (SCM) :Model (SCM) :
with order parameter
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IV ResultIV. Result
Supersolidity of alpha cluster structureSupersolidity of alpha cluster structure
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Results and comparison with other models

NG mode

Particle
2023/2/11
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Density distributions of the ground state 
(12 )(12C)
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BdG Wave function （１２C))
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40CaCa

SO Phys. Rev. 106, 034324 (2022) 

10
9α 36Ar

10α

Sakuda and Ohkubo, PTP  Suppl.  132, 103 (1998)
α  model36Ar + 
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Results and comparison with other modelp

NG mode
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Particle
picture
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picture



Density distributions of the ground stateDensity distributions of the ground state
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NG mode wave functionsNG mode wave functions
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Summary
1. Duality of alpha cluster structure: crystallinity and 

condensation: supersoliditycondensation: supersolidity

2 S fl id l h l t d l (SCM) ith d2. Superfluid alpha cluster model (SCM) with order 
parameter treating Nambu-Goldstone mode rigorously is 

t d d li d t 12C d 40Cpresented and applied to 12C and 40Ca :
12C, 40Ca :alpha cluster structure is understood by the 
superfluid cluster model 

3. The emergence of the mysterious 0+ state is understood to 
be a manifestation of Nambu-Goldstone mode

2023/2/11
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