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B.E./nucleon vs. mass number B.E. vs. number of α clusters Ikeda diagram: cluster DOF in neutron-rich nuclei

α clusters are regarded as basic building blocks of the atomic nucleus

M. Freer, Rep. Prog. Phys. 70, 2149 (2007) K. Ikeda, et al., Theor. Phys. Suppl. E 68, 464 (1968)

W. von Oertzen, et al., Phys. Rep. 432, 43 (2006)

L. R. Hafstad, et al., Phys. Rev. 54, 681 (1938)

1. Background: early cluster picture of nuclei



Cluster picture in light nuclei

Cluster structure near doubly magic nuclei
M.A.Souza et al. PLB, 793 8 (2019)

B Zhou, Y Funaki, H Horiuchi, YG Ma, et 
al. Nat. Commun. 14, 8206 (2023).

Adapted from Z. H. Yang

1. Background: the cluster picture of nuclei



Marking its 125th anniversary, Science magazine posed 

125 major scientific questions, spanning astronomy, 

physics, the life sciences, mathematics and beyond.

44. Are there stable elements with high atomic mass?

High-atomic-mass elements (new elements) are identified 

through α-cluster decay chains, and their stability is 

governed by the α-cluster decay lifetime.
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1. Background: α decay



G. Gamow, Z. Phys. 51, 204 (1928).
R. W. Gurney and E. U. Condon, Nature 122, 439 (1928).

The α particle is not a basic constituent of the atomic nucleus
• α-particle model of the nucleus before the neutron

was discovered
• Light nuclei can exhibit pronounced α clustering

• The Gamow theory carries no nuclear-structure information
• Spectroscopic factors / reduced widths

are not observables

Theory of α decay



F(R) describes the α-particle formation amplitude inside the nucleus
Yes — it depends on the radius.

Shell model
H.J. Mang, PR 119, 1069 (1960); I. Tonozuka, A. Arima, NPA 323, 45 (1979).

BCS method
HJ Mang and JO Rasmussen, Mat. Fys. Medd. Dan. Vid. Selsk. (1962)
DS Delion, A. Insolia and RJ Liotta, PRC 46, 884 (1992).

R. G. Thomas, Prog. Theor. Phys. 12, 253 (1954)

Theory of α decay



Effective α-decay models:

The formation amplitude F(R) is treated as Pα·μ(R); three general classes:

1. Direct solution of the (coupled) radial Schrödinger equation for α + 
daughter

2. WKB approximation for the tunnelling probability

3. Phenomenological formulas

Theory of α decay



2. α and 2α decay of nuclei

3. Cluster structure in heavy nuclei
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2. α decay of nuclei: nuclear structure

α-decay energies along neutron-deficient isotope 

chains with Z = 89–93
Systematics of reduced decay widths for Po–Np

L. Ma, Z. Y. Zhang, Z. G. Gan, et al. PRL 125, 032502  (2020)



α-cluster effects in the uranium isotope chain
— pairing correlations

ZY Zhang, et al. PRL 126, 152502 (2021)



H. B. Yang et al. Phys. Rev. C 105, L051302 (2022).

The increase of decay energy comes from the 

pairing correlation in the microscopic 

corrections

S. Tang, Y. Qian, and Z. Ren, Phys. Rev. C 112, 014308 (2025).

2. α decay of nuclei: decay energy

Odd-even staggering in the alpha 

decay energies of isotopes



Mac-Mic, FRDM and WS4+RBF 

reproduce the Qα minimum at N = 124, 

whereas HFB places it at N = 126.

The position of the Qα minimum is a 

sensitive probe of the shell–pairing 

balance in mass models.

2. α decay of nuclei: decay energy

S. Tang, Y. Qian, and Z. Ren, Phys. Rev. C 112, 014308 (2025).



A. M. Davis, Annu. Rev. Earth Planet. Sci. 72, 339 (2022).

The ¹⁴⁶Sm–¹⁴²Nd chronometer often shows 

pronounced parent–daughter isotope fractionation 

during partial melting — fractionation large enough 

to produce isotopic differences among planetary 

reservoirs.

G. Caro, Annu. Rev. Earth 

Planet. Sci. 39, 31 (2011). 

2. α decay of nuclei: the long-lived nuclide ¹⁴⁶Sm



V.C.Bennett,A.D.Brandon, and A.P.Nutman, Science 318,1907(2007)

(A) Formation of uniform mantle

(dark green) with high Sm/Nd

early in Earth’s history. A global

mantle with uniformly high

Sm/Nd within ~50 million years

shows that the mantle was

transient but survived locally

until at least 3.6 Ga.

(B) Early-formed heterogeneous

mantle. It will satisfy the 142Nd

constraints is that two (or more)

mantle domains with variable

Sm/Nd formed in the first ~50

My of Earth history and retained

their distinct identities until at

least 3.7 Ga.

2. α decay of nuclei: the long-lived nuclide ¹⁴⁶Sm



Measured T1/2 spans

50–103 Ma

Recent values 92.0 ±2.6 vs 

103 ±5 Ma are mutually 

inconsistent

T1/2 enters every 
146Sm–142Nd age 

directly:

Ages scale with T1/2 at 

fixed r0/rev

Motivation: a self-consistent 

microscopic T1/2 with quantified 

uncertainty

S. Tang, Y. Qian, et al., in preparation (2026).

2. α decay of nuclei: the long-lived nuclide ¹⁴⁶Sm



Flowchart of the calculation

1. Select the two most commonly used nuclear potentials

2. Randomly vary their parameters

3. Constrain them further with neighbouring α emitters

Calculated ¹⁴⁶Sm half-life

SL Tang, YB Qian, W Liu, ZZ Ren, PRC 111, L052801 (2025)

2. α decay of nuclei: the long-lived nuclide ¹⁴⁶Sm



Distribution of the ¹⁴⁶Sm/¹⁴⁴Sm isotope ratio against two time 
axes: the upper x-axis is meteorite age (Myr after solar system 
formation, Ma), and the lower x-axis is solar system formation 
time (Myr before present).

Impact of different half-lives on early solar-system dating

SL Tang, YB Qian, W Liu, ZZ Ren, PRC 111, L052801 (2025)

2. α decay of nuclei: the long-lived nuclide ¹⁴⁶Sm



1896: Becquerel discovers radioactivity

1899–1908: Rutherford identifies α,

β and γ rays

1911: Geiger–Nuttall law

1928: quantum mechanics for α decay

Region of the nuclide chart where α decay 

occurs

Simultaneous emission of two α 

particles?

Attracting strong interest from major international facilities (since 

2022):

1. CERN (Europe)

2. Michigan State University / MSU (USA)

3. FRS ion catcher (Germany)

3p-5p decay:

L. Ni, et. al., Phys. Lett. B 868, 139660 (2025).

Y. Jin, et. al., Phys. Rev. Lett. 127, 262502 (2021).

S. M. Wang, et. al., Phys. Rev. Lett. 131, 172501 (2023).

Multi-particle radioactivity: 

opportunities for exotic nuclei

2. 2α decay of nuclei: motivation



Existing theoretical 

predictions differ 

considerably

Energy density functional (EDF)
Semi-phenomenological

(UMADAC)

Liquid-drop-like model

(MGLDM)

2α decay theory should respect three-body dynamics

L. Heitz, Ph.D. dissertation, UniversitéParis-Saclay, 2025.

2. 2α decay of nuclei



Obtaining ρ through the 

hyperspherical transformation:

Jacobi coordinates (Faddeev)

Interaction potential including the α–α angle:

Solving the radial Schrödinger eq.

Calculating decay width:

2. 2α decay of nuclei



Integrating the angular distribution function:

During the calculation the nuclear-potential

parameters are randomly sampled to cover a

sufficiently large statistical error range.

Resulting two-α decay half-

life:

Branching ratio:

Note: P0 = Pα1·Pα2 from CFM

D. Deng, et al., J. Phys. G: Nucl. Part. Phys. 42, 075106 (2015).

D. Deng, et al., Rev. C 93, 044326 (2016).

Nuclear 

potential:
Coulomb potential:

2. 2α decay of nuclei



ISOLDE

TPC

FRS

The predicted lifetimes of promising two-α emitters fall within the 

observable range.

Several experimental facilities are 
searching for two-α decay

2. 2α decay of nuclei



The two-α decay width also appears to

follow a Geiger–Nuttall-like law, and its

ratio to the single-α width obeys the

same law

2. 2α decay of nuclei



1. Coordinate transformation:

2. Taking θ = π and defining ζ as

the distance between the α

particle and the daughter nucleus:

4. Effective Hamiltonian:

3. Total Hamiltonian:

5. Schrödinger equation:

6. Solution (standard form): also:

7. Let gives:

2. 2α decay of nuclei



2. α and 2α decay of nuclei

3. Cluster structure in heavy nuclei

1. Introduction

4. Outlook
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Non-natural-parity states of ²¹²Po from the 

²⁰⁸Pb(¹⁸O, ¹⁴C) experiment
A. Astier, et al., PRL 104, 042701 (2010) A. Fernández, et al., PRC 104, 054316 (2021)

²¹²Po levels from ¹²C(²⁰⁸Pb, ²¹²Po)⁸Be and shell-model results

Positive-parity 

states

Shell-model 

multiplet

Non-natural-parity states of ²¹²Po

3. Cluster structure: coupled-channel method



Coupled-channel with core excitation

Physical picture of the 
coupled-channel method

Total 

Hamiltonian:

E(L) determined from the previous two-body cluster model

AI —— A0, A3                 β —— β2, β3

Electromagnetic transition multipole operators:

3. Cluster structure: coupled-channel method



Levels of ²¹²Po and ²¹⁶Rn

Non-natural-parity levels                     Natural-parity levels                              Parity doublet

²¹²Po (α + ²⁰⁸Pb)                                                            ²¹⁶Rn (⁸Be + ²⁰⁸Pb)

Tao Wan, Yibin Qian, PRC 112, 034336 (2025)

Reproduction of the level structure confirms the reliability of the coupled-channel method

3. Cluster structure: coupled-channel method



E1/E2 transitions in ²¹²Po and ²¹⁶Rn

Tao Wan, Yibin Qian, PRC 112, 034336 (2025)

Calculated B(E2) values of ²¹²Po

B(E1) values

B(E1)/B(E2) ratio of ²¹⁶Rn

M. von Tresckow, et al., PLB 821, 136624 (2021)

Y. Suzuki, et al., PRC 82, 041303(R) (2010)

M. E. Debray, et al., PRC 73, 024314 (2006)

Calculated B(E1) values

These results further suggest the presence of 

cluster structure in heavy nuclei and confirm the 

reliability of the coupled-channel method B. D. C. Kimene Kaya, et al.,  PRC 105, 034327 (2022)

B. D. C. Kimene Kaya, et al.,  PRC 105, 034327 (2022)

3. Cluster structure: coupled-channel method



Octupole deformation in the Ra isotope chain

E2 and E3 intrinsic moments Qλ

Signatures: octupole magic numbers, pear-shaped asymmetry, alternating parities, enhanced E1/E3 strengths

Theory: breaking of spatial-reflection symmetry, very large model spaces required, and an ambiguous separation between 

static and dynamic octupole deformation

Experiment: target nuclides are extremely hard to produce (too short-lived) and E3 decay branchings are very low

P.A. Butler, et al.,  Nat. Commun. 10, 2473 (2019)

P. A. Butler, J. Phys. G 43, 073002 (2016).

Pear-shaped nucleus

Fermi-surface nucleons occupy orbitals of opposite parity with Δl = Δj 

= 3ℏ, giving strong octupole correlations

3. Cluster structure: coupled-channel method



Tao Wan, Yibin Qian, PRC 113, 034313 (2026)

²²²Ra (¹⁴C + ²⁰⁸Pb)                     ²²⁴Ra (¹⁶C + ²⁰⁸Pb)

²²⁶Ra (¹⁸C + ²⁰⁸Pb)                     ²²⁸Ra (²⁰C + ²⁰⁸Pb)

Calc. I: 0⁺, octupole 3⁻ state       Calc. II: 0⁺, octupole 3⁻ state, quadrupole 2⁺ state

Reduced E2/E3 matrix elements

L. P. Gaffney, et al., Nature 497, 199 (2013)       

H. J. Wollersheim, et  al., NPA 556, 261 (1993)

P. A. Butler, et al., PRL 124, 042503 (2020)

Octupole deformation in the Ra isotope chain

3. Cluster structure: coupled-channel method



Tao Wan, Yibin Qian, PRC 113, 034313 (2026)

Reduced matrix elements of the E1 transition

Intrinsic 

moments:

L. P. Gaffney, et al., Nature 497, 199 (2013)       

H. J. Wollersheim, et  al., NPA 556, 261 (1993)

P. A. Butler, et al., PRL 124, 042503 (2020)

Octupole deformation in the Ra isotope chain

3. Cluster structure: coupled-channel method



α-IBM theoretical framework α-like bosons: stable, with zero spin and zero isospin

Example: ²²⁰Ra → ²⁰⁸Pb + α + α + α

Coupling basis vectors pairwise: low computational efficiency

Uncoupled basis vectors: direct-product representation (M-scheme)

2L̂

3. Cluster structure: interacting α-boson model

Hsp: single-particle energy (α–core coupling, from the BCM);

angular-momentum-squared term, rotational band L(L+1);

Diagonal:

Off-diagonal:



α-IBM framework
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3. Cluster structure: interacting α-boson model



Structural evolution in the α-IBM framework

²²⁰Ra → ²¹⁶Rn → ²¹²Po

Preliminary Results

²²²Ra → ²¹⁸Rn → ²¹⁴Po

3. Cluster structure: interacting α-boson model



• Cluster effects inside heavy nuclei: α decay and cluster 
structure

• α and 2α decay of nuclei

• Possible cluster structure in heavy nuclei
✓Parity doublets in even–even nuclei

✓Spin–orbit coupling in odd-A nuclei

✓Coupling between cluster states and intrinsic degrees of freedom

Summary

α-boson framework for cluster structure
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2. α decay of nuclei: nuclear structure

The nuclear and Coulomb potentials between the cluster and 
the daughter nucleus are constructed in the double-folding 
model:

The total potential of the α-core system is the sum of 
the attractive nuclear part and the repulsive Coulomb 
part:

),(),(),(  RVRVRV CN +=

= PT /2ln2/1 

𝑉𝑁,𝐶(𝑅, 𝛽) = ∬ 𝑑𝑟1 𝑑𝑟2 𝜌1(𝑟1) 𝜐(𝑠 = 𝑅 − 𝑟1 − 𝑟2 ) 𝜌2(𝑟2)



YB Qian and ZZ Ren, PLB 777, 298  (2018); JPG 45, 035103 (2018) 

2. α decay of nuclei: nuclear structure



Nucleus
Core + cluster 

configuration

20Ne 16O + α

44Ti ⁴⁰Ca + α

52Ti ⁴⁸Ca + α

60Zn 56Ni + α

94Mo 90Zr + α

136Te 132Sn + α

212Po ²⁰⁸Pb + α

Doubly/semi-magic nuclei

Core

Cluster

Schrödinger equation of the two-body system

V(r) = VC(r) + VN(r)

Classic nuclear potentials: Woods–Saxon (level inversion), double-folding (level 

compression)

Nuclear potential used here: (1 + Gaussian)(W.S. + W.S.3) Existing literature:

1. Nuclear-potential parameters vary with the nucleus 

(universal?)

2. The calculation lacks error analysis (stable?)

Two-body 
cluster model

3. Cluster structure: two-body cluster model



Bootstrap sampling strategy

Three-step bootstrap 

sampling flowchart

1. Take the A experimental energy levels of

all nuclei as the learning set { }; each time,

resample with replacement to form a

bootstrap sample set, the i-th sample being

denoted { };

2. The bootstrap sample sets are used to fit

the parameters of the nuclear potential

,

yielding one optimal parameter set;

3. Insert the optimal solution into the level 

calculation to obtain a set of level results. 

Repeating the procedure sufficiently many 

times gives the level distribution.

kE

i

k
E

exp,'

3. Cluster structure: two-body cluster model



²²⁰Rn: ¹²Be + ²⁰⁸Pb

²²⁰Ra: ¹²C + ²⁰⁸Pb

²¹⁸Rn: ¹⁰Be + ²⁰⁸Pb

Tao Wan, Yinbin Qian, PRC 110, 014318 (2024)
Negative-parity levels in heavy nuclei hint at cluster structure

3. Cluster structure: two-body cluster model



Cluster structure of odd-A nuclei from spin–orbit coupling

The resonant states of ¹⁹F near the α 

threshold govern the cross section 

of the stellar ¹⁵N(α, γ) radiative-

capture reaction — the key to 

unravelling the origin of cosmic 

fluorine abundance.

F. Hammache, et al., PRL 132, 182701 (2024)

J. Frost-Schenk, et al., Mon. Not. R. Astron. Soc. 514, 2650 (2022)

Vso(r): spin–orbit coupling potential

Target nuclei:

¹⁹F, ²¹Ne, ⁴³Sc, ⁵⁹Cu, ⁹³Mo

Three-nucleon cluster “³H or ³He (σ) 

+ core”

α cluster “α + core (σ)”

The level structure of ²¹Ne near the

α-particle threshold governs the

cross section and effective flux of

the stellar s-process ¹⁷O(α, n)

reaction

3. Cluster structure: two-body cluster model



Cluster structure of odd-A nuclei from spin–orbit coupling

Tao Wan, Yibin Qian, Chin. Phys. C 49, 124103 (2025)

3. Cluster structure: two-body cluster model



Cluster structure of odd-A nuclei from spin–orbit coupling

Tao Wan, Yibin Qian, Chin. Phys. C 49, 124103 (2025)

B(E2) values of ¹⁹F and ²¹Ne

F. Ajzenberg-Selove, Nucl. Phys. A 392, 1 (1983)

R. Firestone, Nucl. Data Sheets 127, 1 (2015) 

G. Lévai, Phys. Rev. C 44, 166 (1991) 

B(E2) values of ⁴³Sc and ⁵⁹Cu

B. Singh, Nucl. Data Sheets 126, 1 (2015)

M. Shamsuzzoha Basunia, Nucl. Data Sheets 151, 1 (2018)

C.M. Baglin, Nucl. Data Sheets 112, 1163 (2011)

3. Cluster structure: two-body cluster model



三、重核集团结构: 3. 集团态耦合



三、重核集团结构: 3. 集团态耦合



三、重核集团结构: 3. 集团态耦合



A new technique for calculating decay width:

As for the half-life:

Theoretical treatment on α decay of 146Sm

α-core interaction potential of the cluster model:

(1)

(2)

(3)

(4)

(5)



五、np 配对争论：支持证据 vs 质疑

支持 T=0 静态配对的证据

① Wigner 能量 (N=Z 核额外结合能)

N=Z 奇奇核 ~2–3 MeV 额外结合能

→ 归因于 T=0 np 对关联

② N=Z 奇奇核低激发谱
⁴²Sc: T=1 基态(0⁺) vs T=0 1⁺ ~0.6 MeV

T=1/T=0 能级近简并 → 两种配对共存

③对转移反应增强
N=Z 核中 np 对转移截面异常增大

→ T=0 配对的动力学信号

④ SO(8) 对称性模型
T=0+T=1 配对在 SO(8) 极限下等价于

α-like 四重子凝聚 → 配对-集团对偶

⑤壳模型 Monte Carlo (SMMC)

pf 壳 N=Z 核 → T=0 对关联信号显著

质疑 T=0 静态凝聚的证据

① T=1 基态普遍占优
绝大多数 N=Z 奇奇核基态为 T=1 (0⁺)

→ ¹S₀吸引主导，T=0 配对未凝聚

②缺少清晰"对能隙"信号
无类似 T=1 的 OES 信号 → 无静态凝聚

对转移截面增强也可用动力学解释

③ ³S₁吸引弱于 ¹S₀

氘核仅 2.2 MeV 束缚 → 配对凝聚弱

³P₁道排斥 → 自旋-轨道耦合抑制 T=0

④ DFT/EDF 计算结果
多数 HFB 计算 → T=0 静态对凝聚不稳定

仅当人工增强 T=0 对力时才出现

⑤中子过剩时 Pauli 阻塞
离开 N=Z 线 → T=0 配对迅速消失

→ 非普遍现象，仅为局域关联

10/19

二、原子核的α衰变：对关联简介



五、np 配对争论：理论现状与关键文献
Current theoretical status & key references

当前主流共识 (2020s)

• T=1 np 配对 (J=0): 存在性无争议，作为 T=1 同位旋三重态 Tz=0 成员 → 已在 N≈Z 核中确认

• T=0 np 配对 (J=1): 存在强动力学关联，但静态 Cooper 对凝聚的证据不充分

• 主流观点: T=0 配对是重要的"动力学关联"而非"静态凝聚"——对 N=Z 核性质有显著影响但不形成超流

• 少数观点: 在特定核区 (pf 壳 N=Z) 可能存在 T=0 静态凝聚 → 需更多实验证据

关键文献

• Goodman, Adv. Nucl. Phys. 11, 263 (1979)

→ T=0/T=1 配对竞争的经典综述

• Dean & Hjorth-Jensen, RMP 75, 607 (2003)

→ 壳模型中的配对: T=0 vs T=1

• Frauendorf & Macchiavelli, PPNP 78, 24 (2014)

→ T=0 配对综述: 证据与开放问题

• Sagawa, Tanimura, Hagino, PRC 87, 034310 (2013)

→ N=Z 核中 T=0 配对的对转移探针

开放问题

① T=0 对凝聚的明确实验信号是什么?

②如何在 HFB/DFT 中自洽包含 T=0 配对?

③远离 N=Z 线是否有 T=0 配对残留?

④ T=0 配对在 α 集团形成中起什么作用?

⑤下一代放射性束装置 (HIAF, FRIB) 能否

提供决定性实验证据?
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Pauli 原理对配对通道的完整约束
L+S+T = 奇数 → 哪些 (L,S,T) 组合是允许的？

两核子配对通道的 Pauli 允许性分析

配对道 L    S    T   L+S+T   允许?    J    核子类型 备注
─────────────────────────────────────────────────────────────────────

¹S₀ (T=1)     0    0    1    1(奇)   ✓ 0    pp,nn,np     最强吸引, 主导配对

³S₁+³D₁ (T=0) 0+2  1    0    1(奇)   ✓ 1    仅 np        氘核型, 弱于¹S₀

³P₀ (T=0)     1    1    0    2(偶)   ✗ — — Pauli 禁止!

³P₁ (T=1)     1    1    1    3(奇)   ✓ 1    pp,nn,np     ³P₁排斥 → 不形成对

¹P₁ (T=0)     1    0    0    1(奇)   ✓ 1    仅 np        弱吸引, 不主导

¹D₂ (T=1)     2    0    1    3(奇)   ✓ 2    pp,nn,np     高角动量, 次要

³D₂ (T=0)     2    1    0    3(奇)   ✓ 2    仅 np        张量力耦合

关键结论:

① T=1 配对: ¹S₀ (J=0) 是最低允许道 → 最强吸引 → 遍布全核素图

② T=0 配对: ³S₁+³D₁ (J=1) 是最低允许道 → 吸引较弱 → 仅 N≈Z 区

③配对道的角动量 J 由 Pauli 原理 + NN 相互作用共同决定 → 不总是 J=0!

④ ³P₁ (T=1) 虽 Pauli 允许但核力排斥 → 核力选择与 Pauli 约束同等重要
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五、np 配对是否存在的争论：问题综述
★ T=0 静态对凝聚 — 核结构中的一个核心开放问题

争论的核心

T=1 np 配对 (¹S₀, J=0) 作为同位旋三重态 Tz=0 成员 → 存在性无争议

但 T=0 np 配对 (³S₁+³D₁, J=1) 是否形成静态 Cooper 对凝聚？

为什么这是一个困难的问题？

1. T=0 道的 ³S₁吸引弱于 ¹S₀ → 对能隙可能太小而无法形成凝聚

2. T=0 配对仅当质子和中子费米面接近时 (N≈Z) 才可能 → 可用核素范围窄

3. 实验信号不明确: 无类似 T=1 配对的清晰"对能隙"信号

4. 理论方法依赖: 不同多体方法给出不同结论 (壳模型 vs DFT vs SMMC)

5. 自旋-轨道耦合 (³P₁排斥) → 可能抑制 T=0 配对的集体性

争论的核心可归结为: T=0 配对的关联是"静态凝聚"还是"动力学关联"？
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六、α 集团形成动力学中的对关联角色
Pairing as the microscopic driver of α-cluster formation

配对→集团: 微观机制

1. BCS 对关联 → 时间反演轨道上的核子对

2. 表面配对增强 → 低密度表面区对关联最强

(核内部密度高, Pauli 阻塞抑制配对)

3. 四核子关联 (Quarteting) → 2p+2n 共振

4. α-like 组态在表面自组织 → 类 α 集团

5. 量子隧穿 → α 衰变 (Gamow 理论)

关键: 对关联提供形成集团的"种子"

无对关联 → 独立粒子运动 → 无 α 集团

配对-集团对偶性 (SO(8) 图像)

SO(8) 代数: 包含 T=0+T=1 配对算符

配对极限 四重子凝聚极限

G (对力强度) vs Kq (四重子力强度)

G 主导 → BCS 对凝聚 (超流相)

Kq 主导 → α-like 四重子凝聚

中间 → 配对与集团共存竞争

→ T=0 np 配对可能是连接两种极限的

关键桥梁!

微观集团模型中的对关联处理

方法 对关联处理 α 集团描述
──────────────────────────────────────────────────────────────────────────────

GCM (生成坐标)    投影 BCS 态 → 对关联包含在基态 |  生成坐标 = 集团间距

RGM (共振群)      壳模型组态混合 → 隐含配对关联 |  Pauli 允许的集团-核相对运动

THSR (容器模型)   对关联在容器态中自然出现 |  α 粒子在共同容器中 Bose 凝聚

AMD+BCS            反对称分子动力学 + BCS 对关联 |  波包描述 + 集团形成动力学

结论: 现代微观集团模型必须在统一框架中同时处理对关联和集团自由度
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六、Hoyle 态与 α 凝聚：配对-集团对偶性的范例
¹²C Hoyle state — the paradigm of α condensation & pairing-cluster duality

¹²C 的 Hoyle 态 (7.654 MeV, 0⁺₂)

• 1954: Hoyle 预言其存在 → 解释恒星中 ³α→¹²C 的 triple-α 过程

• 结构: 3个 α 粒子在共同 0s 轨道上 → Bose-Einstein 凝聚 (BEC)

• THSR 波函数 (2001): |Ψ⟩ ∝ ∫dR exp(−R²/β²) [Φα₁(R)Φα₂(R)Φα₃(R)]

配对视角的 Hoyle 态

• 每个 α 粒子 = 2 个 T=1 Cooper 对

• Hoyle 态 = 6 个配对核子的相干态

• 对关联 → 四核子关联 → α 凝聚

• 配对能隙 ≈ α 凝聚序参量

• 激发 Hoyle 态 打开对能隙

推广: Nα 凝聚态

• ¹⁶O: 4α 凝聚的 Hoyle-like 态?

• ²⁰Ne, ²⁴Mg: α 凝聚链?

• Nα 凝聚 → 低密度核物质的新相

• 对关联超流 α 凝聚相变

• 中子星内壳层: 对凝聚→α 凝聚?

核心启示

对关联和 α 集团形成是同一物理现象的两个侧面: 配对是"微观"描述 (核子语言), α 凝聚是"宏观"描述 (集团语言)。

两者的统一是核多体理论的重大进展, 也是理解天体核过程 (triple-α, α 过程) 的关键。
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六、研究前沿：对关联与 α 集团
Pairing–α cluster connection: current frontiers

前沿方向①: T=0 配对探针

• N=Z 核 np 对转移反应

• 奇奇核 T=1/T=0 能级系统学

• β 衰变中的对关联信号

• γ 跃迁中的配对矩阵元

• 新装置: HIAF, FRIB, FAIR

前沿方向②: α 预形成的微观

• 从头算 (ab initio): CC, IMSRG

→ 无参数预形成振幅计算

• 壳模型 Monte Carlo (SMMC)

→ 有限温度 α 预形成

• 核子-核子对关联的对转移

→ 四核子对转移 (⁶Li, d) 等

前沿方向③: 天体核过程

• Triple-α 反应率 + 配对效应

• α 过程 (αp, αn 反应)

• 中子星内壳层: 超流→凝聚

• 核 pasta 相中的对关联

• X 射线暴中的 α 分离能
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6. Quantitative analysis of pairing-enhanced α preformation

α-preformation amplitude

Fα(R) = ⟨Φ(A−4) ×φα | Ψ(A)⟩

• Φ(A−4): daughter-nucleus wave function

• φα: intrinsic α-particle wave function (0s)⁴

• Ψ(A): parent-nucleus wave function

How does pairing enhance Fα?

① BCS pairing → nucleon pairs spread around the Fermi surface

→ enhanced four-nucleon correlations in the surface region

② Surface projection of pair condensation → larger γ²/γ²_W

(reduced width / Wigner limit)

③ Mang (1960): shell model + pairing

→ α formation amplitude enhanced by a factor of 2–5

④ Delion et al. (1992): BCS approach

Systematically large γ² for N > 126 → evidence for pair condensation

Key relations

α-decay width:

Γα = γ²(R) ×P(R)

• γ²(R): reduced width (preformation probability)

• P(R): penetration factor (Gamow)

Effect of pairing:

Pα ∝ |Fα(R)|² ∝ pairing strength

Temperature dependence:

• Tc ≈ 0.57 Δ (BCS critical temperature)

• T > Tc: the pairing gap vanishes

→ α preformation probability changes

→ temperature dependence of α decay from excited 

states

Isospin window:

• T=1 pp + T=1 nn → T=0 (α)

• Can T = 0 np pairs accelerate preformation?

→ open question!
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