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Which science drives physics with rare isotopes? 

Nuclear Astrophysics 

Fundamental symmetries Origin of new elements, rare isotopes 
powering stellar explosions, neutron star 

crust 

Nuclear Structure 
& Reactions 

Limits of existence: what makes nuclei stable?
New shapes, new collective behavior. 

Nuclear applications 

Use  of rare isotopes as laboratories 
where symmetry violations are amplified. 

Materials, medical physics, reactors,.. 



•  Unitarity of the CKM matrix. 
•  CP-violation and nuclear EDMs. 
•  Lepton number violation and double beta 

decay.  
•  A few words about astrophysical 

neutrinos. 

Fundamental	
  symmetries	
  is	
  a	
  rich	
  and	
  diverse	
  
subject.	
  Here	
  I	
  will	
  highlight	
  only	
  a	
  few	
  

examples	
  that	
  directly	
  connect	
  to	
  the	
  low-­‐
energy	
  nuclear	
  structure	
  physics	
  and	
  nuclear	
  

astrophysics.	
  



CKM Unitarity 

Superallowed 0+ → 0+( )  beta decays:

Vud = 0.97425± 0.00022  (2008 Hardy and Towner)
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Fundamental Symmetry tests with 
nuclei: Electric dipole moment 
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In effective field theories at lower energies, 
beyond Standard Model physics is described by 

local operators 
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Nuclear EDM’s and the Schiff moment 

Schiff shielding: datom = delectronic + dnuclei ≅ 0
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However, since the nuclear charge distribution 
is not isotropic, one obtains the Schiff moment: 

Note that, since this is a difference of two large quantities, it involves many 
subtle nuclear physics issues, such as identifying contributions of single-

particle states, low-lying dipole resonances… 
Auerbach, Dobaczewski, Engel, Flambaum, Haxton, Kriplovich, Ramsey-Musolf, 

Shlomo, Zelevinsky…… 
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Ramsey-­‐Musolf	
  

Parameterize Schiff moment as 

S = 2mNgA
Fπ

a0gπ
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(1) :  isovector 
gπ

(2) :  isotensor
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Total lepton number violation: Majorana nature of the 
neutrinos permit neutrinoless double beta decay: 

2νββ	
   0νββ	
  



Nuclear matrix elements for double beta decay 
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P.	
  Vogel,	
  J.	
  Phys	
  G	
  39,	
  124002	
  (2012)	
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Nuclear matrix elements 

Momentum of virtual 
neutrino, q ~ 1/r 

r ~ 2 fm   
q ~ 100 MeV 



In neutrinoless double 
beta decay, the overlap 
between initial and final 
states should be not too 

small! 

Example:  
 
150Nd è150Sm+ee 

Rodriguez	
  &	
  MarLnez-­‐Pinedo,	
  
PRL	
  105,	
  252503	
  (2010)	
  



	
  

• 2ν ββ-decay: small momentum transfer 

• 0ν ββ-decay: large momentum transfer (~ 100 MeV) 

• 100 MeV covers all giant resonances and details of 
the structure of the intermediate nucleus may or 
may not be very important.  

• Schiffer’s argument: Since initial and final states 
contribute much, determine the composition of the 
Fermi surface: the distribution of the valence 
nucleons that participate in the decay. 



Schiffer	
  	
  

Fujita	
  

Zegers	
  

Charge-exchange reaction 
experiments both with direct 

and inverse kinematics will help.  
Recently there have been 

significant developments in this 
area.   



(1/T1/2) = G(E,Z) M2 〈mββ〉2 

G(E,Z) : phase space 

M : nuclear matrix element  

〈mββ〉 = |∑j |Uej|2 mj eiδ(j)|  

0ν double beta decay 

Light	
  neutrino	
  
exchange	
  

Heavy	
  neutrino	
  
exchange	
  



gA is strongly renormalized in 2ν double beta decay, but typically 
the free nucleon value is used in neutrinoless double beta decay 

calculations.  

Iachello	
  

Decay rate ≈ gA
4



•  This reaction is background to the dark matter searches with nuclear targets.  
•  Nuclear form factors need to be included. McLaughlin, Engel. 
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Possible sites for the r-process 

The origin of elements 

Neutrinos not only 
play a crucial role 
in the dynamics of 
these sites, but 
they also control 
the value of the 

electron fraction, 
the parameter 

determining the 
yields of the r-

process.  



Balantekin	
  and	
  Fuller,	
  Prog.	
  Part.	
  Nucl.	
  Phys.	
  71	
  162	
  (2013).	
  

For example understanding a core-collapse supernova requires 
answers to a variety of questions some of which need to be 

answered by nuclear physics, both theoretically and experimentally. 



The second term makes the physics of a neutrino gas in a core-collapse supernova a 
very interesting many-body problem, driven by weak interactions. 

Neutrino-neutrino interactions lead to novel collective and emergent effects, 
such as conserved quantities and interesting features in the neutrino energy 

spectra (spectral “swaps” or “splits”).  

Energy released in a core-collapse 
SN: ΔE ≈ 1053 ergs ≈ 1059 MeV 

99% of this energy is carried away 
by neutrinos and antineutrinos! 

~ 1058 Neutrinos! 
This necessitates including the 

effects of νν interactions! 

Proto	
  neutron	
  
star	
  

ν	
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H = a†a∑
describes neutrino oscillations

interaction with matter (MSW effect)


+ ...( )a†a†aa∑

describes neutrino-neutrino
interactions

  



If we catch a supernova with neutrinos we’d better understand the 
signal very well. For that we need nuclear physics! 
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