
Breaking of mirror symmetries  
2p Clusters in the Ikeda conjecture and  

Possible astrophysical implications
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Shell Model

Spin-orbit 
+ Coulomb

Nucleons in a Mean Field

Woods-Saxon 
potential

Wave function

Discrete states



Mirror symmetry
nn=pp 

Charge symmetry 

np =nn=pp 
Charge independence

Mirror symmetry

Generalized to A=17 
Isobaric Analogues States



From Utku et al.  PRC 1998

1) Missing states?  
2) Jπ not known? 
3) Widths not known? => but not equal 

       Spectroscopic factors should be 
equal 

Astrophysical applications

Rate of 
Breit-Wigner formula



Spectroscopic factors

Instead of 
measuring 

We can measure   

DWBA

7Li t

Co
un

ts

Ex (MeV)

(see Didier Beaumel “Study of alpha clusters in KO experiments”)



Asymmetry: Energies

(One can expect al least the same difference with the predictions of the classical shell model) 



Not far from proton emission threshold!!

Asymmetry: Energies



Asymmetry: Spectroscopic factors

Spectroscopic factors

More than a factor 
10 difference!!
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(one can expect al least the same difference 
with the predictions of the  shell model) 



Asymmetry: Spectroscopic factors

Spectroscopic factors
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Not far from alpha emission threshold!!
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Discrete states                                 
Continuum

But the world is also a continuum

i.e.        



Effects of the continuum coupling: Broadening of the states

Breit-Wigner formula 

Discrete 
state

Continuum

Quantum Mechanics exercise

Shell-model 
energy

shift
width



The Inverse Kinematics Thick Target scattering method
Resolution:   
σCM = 3 keV  

p
Si 
detector

Radioactive Beam 
     ~ 5 MeV/n

Resonant Elastic Scattering



Coupling with continuum

Inside nucleus

15C=14C+n 
bound

15F=14O+p 
Unbound

Scattered wave

Single-particle wave functions with the same quantum numbers  (2s1/2)



First order perturbation theory  
(Fermi's golden rule)

Uncertainty 
principle of Heisenberg This is a technique 

to measure 
lifetimes of the 
order of 10-21 

second!!

inside outside

We should use the time-dependent Schrödinger equation

T=0

T >> 0



Effects of the continuum coupling:    Thomas Ehrmann shift



Thomas Ehrmann shift is a function of the structure of the state 

Suppose: 17O = 16O + 1 n(1d5/2) 

1) Adjust a Woods-Saxon well to fit the binding energy 
Suppose: 17O = 16O + 1 n(2s1/2) 

2) Use the same potential for the mirror nucleus 17F 
Suppose: 17O = 16O + 1 p(2s1/2) 

 

3273 keV

Only 9 keV difference!

Effects of the continuum coupling:    Thomas Ehrmann shift



“A core + two nucleons”

π(1s1/2) ν(0p1/2)

π(0d5/2) ν(0p1/2) 

Both case well described as 
   Core + n + p 
Ex:  16F = 14O + n + p



Effective n-p force

Up to 40% difference 
Seems weaker in 16F 

Is it possible to 
understand this 

difference? 



Coulomb energy   15F  ≠  16F

It reduce the difference in  
n-p force from 

40 %   to   20 % 

But, still a breaking of the 
nuclear force symmetry?

16Fgs

15Fgs π(2s1/2) 

(Qp=1.3 MeV / Qp=0.535 MeV)



Predicting Effective n-p interaction

16F
16N

π(2s1/2) 

ν(2s1/2) 

Suppose n-p interaction a  x δ (rp-rn)

Effective n-p interaction 

16Ncor     
16F

Conclusion: Coupling with continuum induces 
a spreading of the wave functions that is fully 
responsible of the observed difference 
energies between 16N and 16F.

Almost no difference now!



Effective p-p interaction
14O(p,p)14

O

V. Alcindor, A. Mercennes et 
al. Submitted (2021)

The Asymmetry Factor

V. Girard-Alcindor, at al  (2021).  EPJA, 57(3) 
1-7

It looks like it is 
better described 

with a “2He” 
cluster 

Clustering effect ?

2p threshold

3 narrow resonances 
observed

16F

15F = 13N + p + p



Effects of the continuum coupling: Clustering and correlations 

Confirmed by Gamow Shell Model 
Structure of the 1/2- state is mainly 13N+2p 
                                                                
                                                                  with 7% 2He(0+) 

De Grancey, F., Mercenne, A., et al.   PLB, 758, 26-31. 
(2016)

Cousin of the « Hoyle » state in 15F ?



Effects of the continuum coupling: Clustering and correlations 
Ikeda conjecture = The cluster structures appears at each 
decay threshold 

Generalized : “The clustering is a generic near-threshold 
phenomenon in open quantum system”  

Increase of correlation 
Change spectroscopic factor 

See:  
Jose Pablo LINARES FERNANDEZ - Continuum coupling correction in Gamow 
Shell Model   
Jean-Paul Ebran - Nuclear energy density functionals

J. Okolowicz , M. Ploszajczak and W. Nazarewicz  
Prog. Theor. Phys. Supplement 196 (2012) 230. 
J.-P. Ebran, E. Khan, T. Niksic & D. Vretenar, Nature 
487, 341, (2012) 
M. Freer, Nature  487, 309 (2012)

K. Ikeda et al., Prog. Theor. Phys. Suppl., Extra Number, 
464(1968).
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The end 

Thank you


