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Alpha Clustering and Decay in Nuclei



Heavy nuclei: α cluster decay

Light nuclei

α cluster structure and motion



Doubly magic: 100Sn

Superheavy 
island
298Lv?

Doubly magic: 208Pb

α decay typically occurs for 

heavy nuclei, Z larger than 50

Chart of nuclides

Nuclei that exhibit α decay are indicated with a yellow background 



Superheavy nuclei: α cluster decay chain 

Fusion reactions

α cluster decay chain



α cluster decay theory

Old problem: one of the earliest and most convincing verifications of the 

validity of quantum mechanics

‘Semi-classical’ picture in textbooks: two-body tunneling problem by 

assuming an α cluster preformed inside the parent nucleus

α cluster preformation probability & frequency of collisions with barrier & 

probability of transmission through barrier



α cluster decay theory

α cluster decay: at least a in-medium quantum four-body problem—

cluster formation and dissolution, external interactions and strong Pauli 

blockings from the medium etc.. 

Steps: 3-body in free space (t, 3He); 4-body in free space (α); 3-α in free 

space (12C); n/p+cluster in free space; 4-body in nuclei medium (α-decay)



Quantum three-body problem (SRC)



Single α cluster：quantum four-body problem 

AV18

Lv… et.al 



Three α clusters：nonlocal motion

12C：nonlocal motion and Pauli Blocking

Zhou… et.al 



α cluster + 3He + valence nucleon



104Te

Enhanced clustering?

α cluster in nuclear medium

In-medium quantum four-body problem: α cluster formation & 

dissolution, external interactions and Pauli blockings

104Te — 100Sn + α N=Z=50
212Po — 208Pb + α Z=82; N=126
274Ds — 270Hs + α Z=108; N=162 (deformed)
302Lv — 298Fl + α Z=114; N=184



N=Z line

α cluster + doubly magic core 100Sn

Decay energy extrapolation 

Decay half-life prediction 104Te



University of Tennessee

Decay half-life prediction: 10ns 



The Fastest Alpha Emitter

“Tellurium-104 is now also the 

fastest known alpha emitter—

though this finding is more fun 

than fundamental. ”





2018: 104Te  <18ns (experiment)



Fastest α emitter 104Te 



The short half-life of 104Te: 

challenge for today’s detection 

techniques 



α cluster + a doubly magic core 100Sn



Spherical

Doubly magic

Only one decay channel

Accurate experimental data

……

Microscopic calculation of  

alpha cluster formation 

and decay in 212Po

α cluster + a doubly magic core 208Pb



Quantum few-body problem (2p+2n+core)

Alpha cluster formation and decay
——Quartetting wave function approach

Subdivide the W.F. into an intrinsic part and a c.o.m part 



Mott点

Alpha cluster formation and decay
——Quartetting wave function approach



Strong binding of α-cluster is 
gradually reduced  

Energy shift due to Pauli 
blocking after it feels the tail of 
the core density

Eventually α-cluster dissolves. Before 
that, remains a relatively compact 
entity with small extension even up to 
the critical density

Four nucleons go over into single 
particle states with pair correlations in 
the open shells on top of the core



Intrinsic bound-state W. F. transforms at critical density into 

an unbound 4 nucleon shell-model state

Alpha cluster formation and decay
——Quartetting wave function approach
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Alpha cluster formation and decay
——Quartetting wave function approach



First-principle approach to nuclear many-body system:   

several approximations performed to make the approach 

practicable

Alpha cluster formation and decay
——Quartetting wave function approach

The interaction of the quartet with core contains not only the 

direct NN interaction but also exchange term/Pauli-blocking



Alpha cluster formation and decay
——Quartetting wave function approach

Inside the core the intrinsic W.F. describes 4 

independent nucleons in quasiparticle states, 

whereas it changes character if a bound state 

is formed on the surface region, and becomes 

alpha-like

Decay width self-consistently obtained by 

solving both the c.o.m. motion equation of 

the quartet and the scattering state of the 

formed alpha-cluster



alpha cluster preformation systematics

N=126

Po isotopes

Tcal/Texp

212Po210Po



Alpha decay in 104Te, 210Pb, 210Po, and 212Po 



208Pb: Neutron skin thickness and symmetry energy

PREX: Thick 

skin in 208Pb: 

stiff symmetry 

energy and 

large L

CREX: Thin 

skin in 48Ca: 

soft symmetry 

energy and 

small L

208Pb

48Ca



Key quantity: Cluster formation 

probability

Key effect: shell structure effect

S. Typel, Phys. Rev. C 89, 064321 (2014) 

R. Essick , Phys. Rev. Lett. 127, 192701 (2021) 

L values deduced from PREX-2 and CREX experiments: NOT 

consistent with each other

Special attention has been devoted to the problem of α-clustering 

at the surface of nuclei that is expected to affect L value



Impact of alpha clustering on nuclear symmetry energy

L values deduced from PREX-2 
and CREX experiments are NOT 

consistent with each other, even 
with alpha clustering

75 MeV vs 16.5 MeV

PREX-2: unaffected

CREX: significant



α cluster + deformed doubly magic core 270Hs



α cluster + deformed doubly magic core 270Hs



α cluster + deformed doubly magic core 270Hs

PHYSICAL REVIEW C 107, 064301 (2023)

Three-dimensional approach applied to quasistationary states of deformed α emitters



α cluster + deformed doubly magic core 270Hs

For transitions between ground states the decay energy is

α decay Q value = B(α) - [B(Z,N) - B(Z-2,N-2)]

PHYSICAL REVIEW C 110, 054317 (2024)



Superheavy elements

Preliminary results have been obtained by combining the predictions of 

modern mass model and QWFA

302Lv — 298Fl + α (?) Z=114; N=184



Thanks for your attention

Nuclear Physics Across Energy 

Scales conference, C3NT, Wuhan

⚫ A strict microscopic model based on a first-principle approach to nuclear 

many-body systems

⚫ Alpha-cluster formation and dissolution in nuclei are correctly described 

by solving quantum four-body equations in nuclear medium

⚫ Pauli blockings and shell structure effects on alpha-clustering and decay 

are accounted for in QWFA
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symmetry energy

Energy per nucleon in symmetric nuclear matter

Energy per nucleon in asymmetric nuclear matter

Isospin asymmetry

The symmetry energy can be characterized by the  Esym(ρ0) 

and its slope parameter L(ρ0)

Derivative of density

Derivative of momentum at normal density

Nuclear symmetry energy and its density slope 



Phy. Rev. Editor “This microscopic calculation for the alpha decay of heavy 

nuclei provides a solution to what has long been an outstanding problem”



Experimental data:

Qa and Ta (well measured)

c and d fitted to Qa and Ta 

Preformation probabilities are 

obtained for each nucleus

shell effect: further improments

describing a short-range repulsion (c) and a long-range attraction (d); 

S denotes the nucleon-nucleon distance.

Alpha cluster formation and decay
——Quartetting wave function approach



Using the Hugenholtz–Van Hove (HVH) theorem

Isoscalar and 

isovector 

potentials: 

U0 and Usym

Symmetry 

energy of any 

order: 

Esym

Left side

Right side



Analytical formula: symmetry energy and density slope

Lane

potential

isoscalar

isovector

Xu et. al, PRC 81, 044603 (2010); NPA 865, 1 (2011); PRC 90, 064310 (2014)

Derivative of momentum at normal density


