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Neutrinos, Nuclear Astrophysics 
and Exotic Nuclei  

Chapter 1: Introduction 



Right now we are in the middle of twin  
revolutions in neutrino physics and 
astrophysics/cosmology … 



COBE WMAP 

Keck 
Subaru 

Revolutionary advances are taking place in 
astrophysics motivated by the precision instruments 

SNAP 
PLANCK 



..and state of 
the art facilities 
that probe the 
microphysics! 



Images of the Sun 

太陽の画像	  



UV 

X-ray 

visible 



Neutrino 



Where does the Energy of the Sun 
come from? 

•  1854 von Helmholtz 
gravitational  

•  1920 Eddington nuclear 
fusion  “We do not argue with 
the critic who urges that the 
stars are not hot enough for this 
process; we tell him to go and find 
a hotter place.” 

•  1938 Bethe and Critchfield             
p+p→2H +e++νe   + …. 



Hans 
Bethe 



Where does the Energy of the Sun 
come from? 

•  1854 von Helmholtz 
gravitational  

•  1920 Eddington nuclear 
fusion  “We do not argue with 
the critic who urges that the 
stars are not hot enough for this 
process; we tell him to go and find 
a hotter place.” 

•  1938 Bethe and Critchfield             
p+p→2H +e++νe 

•  1946 Pontecorvo the idea of 
using chlorine as detector (also 
the idea of neutrino oscillations) 

 
 
 
 
 
 
 
 
•  1964 Davis chlorine detector at 

Homestake Bahcall Standard 
Solar Model  



The particle that leads this revolution is…….neutrino 
Neutrino came out of a puzzle about the radioactive decay in the early 1920’s: 
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..instead it looks like this 



Mother	  
nucleus	  

Daughter	  
nucleus	  

electron	  

Electron Energy   

N
um

be
r 

of
 e

le
ct

ro
n 

ne
ut

ri
no

s 

Energy-momentum conservation says 
that data should look like this 

Electron Energy   

N
um

be
r 

of
 e

le
ct

ro
n 

ne
ut

ri
no

s 

..instead it looks like this 

In radioactive decays energy-momentum 
conservation no longer holds! 

Niels 
Bohr 
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..instead it looks like this 

In this reaction there is a third particle 
produced that you cannot (yet) see! 

Wolfgang 
Pauli 
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..instead it looks like this 

In this reaction there is a third particle 
produced that you cannot (yet) see! 

Wolfgang 
Pauli 

NEUTRINO! 



Wolfgang	  Pauli,	  
father	  of	  the	  neutrino	  
and	  Pauli	  exclusion	  

principle	  

or	  



Wolfgang	  Pauli,	  
father	  of	  the	  neutrino	  
and	  Pauli	  exclusion	  

principle	  

or	  



Pauli Fermi Majorana Pontecorvo 

The particle that leads this revolution is…….neutrino 



We will find out 
how neutrinos 

oscillate, why they 
play an important 

role in 
astrophysics and 
what they have to 
do with element 
production and 
exotic nuclei. 



Neutrinos, Nuclear Astrophysics 
and Exotic Nuclei  

Chapter 2: Origin of elements 



How do you cook elements around us? 



BIG 
BANG 

How do you cook elements around us? 

H	  
He	  

Li	  

D	  



BIG 
BANG 

How do you cook elements around us? 

H	  
He	  

Li	  

D	  

Pop III stars 
(very big and very 

metal poor) 



How do you cook elements around us? 

H	  
He	  

Li	  

They go supernovae 



How do you cook elements around us? 

H	  
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D	  
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Sr	  

Fe	  
Ca	  

Si	  
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BIG 
BANG 

How do you cook elements around us? 

H	  
He	  

Li	  

D	  

Pop II stars 
(metal poor) 

Some go supernova, 
producing U, Eu,Th… 

via the r-process 

AGB stars produce 
Ba, La, Y,…. via the 

s-process 





Adopted	  from	  Frebel	  

 Nucleosynthesis takes place in 
•  The Early Universe 
•  Stellar Evolution 
•  Core-Collapse Supernovae 
•  …… 



From H. Schatz 



X = mH

M
, Y = mHe

M
, M =mH +mHe + mi
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HST	  

Observations are crucial! 



Neutrinos, Nuclear Astrophysics 
and Exotic Nuclei  

Chapter 3: How the Sun and other main-sequence 
stars work – what Hans Bethe had taught us 
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Nuclear reaction network in the Sun 
99.77% 

p + p → d+ e+ + νe 
 

0.23% 
p + e - + p → d + νe 

 

 
3He+3He→α+2p 

 

 
3He+p→α+e++νe 

 
 

~2×10-5 % 84.7% 

13.8% 

0.02% 13.78% 

3He + 4He →7Be + γ 
 

 

7Be + e- → 7Li + νe 
 

 

7Be + p → 8B + γ 
 

 

d + p → 3He +γ 

 
7Li + p ->α+α  

8B → 8Be*+ e+ +νe 
         2α 

Three paths leading to neutrinos are called pp-I, pp-II 
and pp-III chains, respectively. 



Neutrinos 
interact only 

weakly. 15 trillion 
solar neutrinos 
go through your 

body every 
second, yet 

energetic ones  
(E > 5 MeV) 

interact once in 
every 30 years 

inside your body! 
So they zip 

through the Sun, 
yet retain the 

memory of 
nuclear fusion 
reactions that 
produced them. 



Right now we are in the middle of a 
revolution in astrophysics and cosmology … 



“...to see into the interior of a 
star and thus verify directly the 
hypothesis of nuclear energy 
generation..” 
                                                  
Bahcall and Davis, 1964 



   Why do we 
need to go deep 
underground to 
look at the Sun? 

Because the neutrinos 
interact only weakly. 

Cosmic ray flux 
incident to Earth’s 
surface overwhelms 
this tiny rate. You 

need to go 
underground to filter 

that background. 
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Soudan

Kamioka

Gran Sasso

Homestake
 (Chlorine) Baksan

Mont Blanc

Sudbury 

WIPP 

Muon flux vs overburden

NUSL - Homestake

 Proposed NUSL Homestake
 Current Laboratories



Solar 
neutrino 

experiments 



SuperKamiokande-I 8B solar ν’s  



Sudbury 
Neutrino 
Observatory 
(SNO) 





1m	

Poltergeist 

Chooz 
4 m	


KamLAND 

20 m	


Reactor Neutrino Experiments 



Reaction rates in astrophysical environments 

λ =σ npv
R =σ npvntV

	   Number of reactions per target nucleus per second:  

Reaction rate per second 
and per unit volume: r = 1

1+δpt
npntσ v

Total number of reactions per second when the number of 
target nuclei per unit volume is nT: 
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r = 1
1+δpt

npnt σ (v)Φ(v)vdv∫ =
1

1+δpt
npnt <σ v >

The probability Φ(v) to find a particle 
with a velocity between v and v+dv 

Φ(v) = 4π m
2π kT
"

#
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&
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3/2

v2 e
−
mv2

2kT , Φ(v)dv =1∫

Stellar reaction rates has to be 
averaged over this distribution 
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Nuclear reaction network in the Sun 
99.77% 

p + p → d+ e+ + νe 
 

0.23% 
p + e - + p → d + νe 

 

 
3He+3He→α+2p 

 

 
3He+p→α+e++νe 

 
 

~2×10-5 % 84.7% 

13.8% 

0.02% 13.78% 

3He + 4He →7Be + γ 
 

 

7Be + e- → 7Li + νe 
 

 

7Be + p → 8B + γ 
 

 

d + p → 3He +γ 

 
7Li + p ->α+α  

8B → 8Be*+ e+ +νe 
         2α 

Three paths leading to neutrinos are called pp-I, pp-II 
and pp-III chains, respectively. 



Initial Reaction Network for the pp Chain in the Sun 



Reaction Network After the Deuterium Equilibrium 



Reaction Network After the Li and Be Equilibrium  



Reaction Network After the He3 Equilibrium 



Neutrino emission 

•  4p→4He reaction releases 26.7 MeV of energy.  
•  p+p→d+ν reaction cannot be measured with the 

current techniques, but can be calculated using 
effective field theory as we discuss later. 

•  90% of the energy comes from the ppI chain, 
but inclusing ppII and ppIII chains doubles the 
4He production rate. 



Continuous fluxes in /cm2/s/MeV 
Discrete fluxes in /cm2/s 



The CN cycle 

3	   4	   5	   6	   7	   8	   9	  

neutron	  number	  

C(6)	  

N(7)	  

O(8)	  

F(9)	  

Ne(10)	  

12C(p,γ)13N	   (β+)13C	   (p,γ)14N	   (p,γ)15O	   (β+)15N	  (p,α)12C	  

Net	  effect:	  4p	  -‐>	  α	  +	  2e+	  +	  2ve	  	  



CNO cycle 

3	   4	   5	   6	   7	   8	   9	  

neutron	  number	  

C(6)	  

N(7)	  

O(8)	  

F(9)	  

Ne(10)	  

CN cycle (99.9%) 
O Extension 1 (0.1%) 

O Extension 2 
O Extension 3 



Competition between the p-p chain and the CNO Cycle  



How much does the CNO cycle contribute in the Sun? 

In SSM CNO cycle contribute about 
0.8% of the neutrino flux. Data are 
consistent with this. A more precise 
measurement of the CNO contribution 
will provide a test of SSM. 



Are nuclear fusion reactions the only source of solar 
energy? To answer this question we need to accurately 

measure solar neutrino luminosity! 

• 	  This is a crucial test of energy generation during the main 
stage of stellar evolution.  

•  It is a test independent of the detailed dynamics of the 
solar models.  

•  It requires pp, pep, 7Be, and CNO neutrino fluxes. 

•  Present uncertainty is very big, but a few percent of 
accuracy is within reach. 



X	   Y	  

Z	  

SSM assumption: The proto-Sun 
follows the convective Hayashi track 
è zero-age Sun is homogeneous, i.e 

Zinitial = Zsurface_today 

X+Y+Z=1	  
IniXal	  parameters:	  YiniXal,	  
ZiniXal,	  solar	  mixing	  length	  	  

Evolve	  forward	  to	  
today	  to	  reproduce	  
present	  R¤,	  L¤,	  
and	  Ysurface	  

Zsurface_today is deduced from 
photospheric absorption lines, 
which were recently evaluated 
using 3D methods. Zsurface_today 

obtained using improved methods 
does not match Zinitial of the SSM! 



old	  
new	  

Old 8B neutrino flux = 4x106 cm-2s-1 

New 8B neutrino flux = 5.31x106 cm-2s-1 

Sun is no longer an “odd” star 
enriched in heavy elements! 

This fixes some old puzzles But creates new ones! 

There is mismatch 
between the surface and 
the interior of the Sun! 



0	  

2	  

4	  

6	  

GS98	   AGSS09	   Data	  

7Be	  neutrino	  flux	  
(109cm-‐2s-‐1)	  

Flux	   Uncertainty	  
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17F	  neutrino	  flux	  	  
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Flux	   Uncertainty	  

New Solar abundances:  
•  Asplund et al. (AGSS09), 

(Z/X)¤=0.0178 
•  Grevesse and Sauvel 

(GS98), (Z/X)¤=0.0229 
Drastically different! 
Open problem in solar 
physics! 

•  New Evaluation of the 
nuclear reaction 
rates: Adelberger et 
al. (2011) 

•  New solar model 
calculations:Serenelli 

CNO Neutrinos are 
still not measured! 



Source	   Percentage	  Error	  

Diffusion coefficient of 
SSM 

2.7% 

Nuclear rates [mainly 
7Be(p,γ)8B and 14N(p,γ)15O] 

9.9% 

Neutrinos and weak 
interaction (mainly θ12) 

3.2% 

Other SSM input 
parameters  

0.6% 
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7Be(p,γ)8B 
14N(p,γ)15O	  	  

SSM Error Budget 



3He(α,γ)7Be  

The main uncertainty 
for the Sun and Big-
Bang nucleosynthesis 



14N(p,γ)15O  

The determining reaction for the CNO burning 



Neutrinos, Nuclear Astrophysics 
and Exotic Nuclei 

Chapter 4: Neutrino mixing and oscillations:  In 
vacuum and in matter 



Neutrino mass eigenstates are a combination of 
weak-interaction eigenstates: neutrinos mix!  

να = ∑i Uαi νi 
α 	  =	  e,	  µ,	  τ	  
i	  =	  1,2,3,..	  

If the neutrino mass were zero this would be nothing more than 
a change of basis in the Standard Model:	  

e-‐ 
	  

νi	  

W-‐	  

U is unitary:  U†U = UU† = 1 

e-‐	  

W-‐	  

νe	  

g gUei 
or	  
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The potential is provided by 
the coherent forward 

scattering of νe’s off the  
electrons in dense matter	  

There is a similar term with Z-
exchange. But since it is the 

same for all neutrino flavors, it 
does not contribute to phase 

differences unless we invoke a 
sterile neutrino.  

The MSW Effect 

Note that matter effects induce 
an effective CP-violation since the 
matter in the Earth and the stars 
is not CP-symmetric! 
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Balantekin & Yuksel, J. Phys. G 29, 665 (2003). 



Solar + KamLAND-I Global Analysis	  



SNO first Salt Results , Balantekin and Yuksel, PRD 68, 113002 (2003) 



Do antineutrinos mix the same way neutrinos do?  

SNO LETA 

LMA 

LOW 

KamLAND 
prefers  

LMA 



Eν = 10 MeV 
theory 

SNO LTE  
measurement 

Experiments primarily sensitive to higher energy solar neutrinos 
cannot distinguish between LMA and LOW regions! It is desirable to 

pick the neutrino parameter region without KamLAND’s antineutrinos.  

DAY 



day	  

night	  

SUMMER 

WINTER 

day	  

night	  

Day-night asymmetry 
A
2
=
Pnight −Pday
Pnight −Pday



Eν = 10 MeV 

Experiments primarily sensitive to higher energy solar neutrinos 
cannot distinguish between LMA and LOW regions! It is desirable to 

pick the neutrino parameter region without KamLAND’s antineutrinos.  

A.B. Balantekin and A. Malkus  

SNO LTE 

Day-night 
asymmetry 
expected 
at SNO for 
Eν=10MeV 

LOW LMA 

A
2
=
Pnight −Pday
Pnight −Pday



Eν = 10 MeV 

Experiments primarily sensitive to higher energy solar neutrinos 
cannot distinguish between LMA and LOW regions! It is desirable to 

pick the neutrino parameter region without KamLAND’s antineutrinos.  

A.B. Balantekin and A. Malkus  

Fit to the 
SNO LTE data 



BOREXINO  
Measurement	  

Eν = 862 keV 



Vacuum oscillation 

Adiabatic matter osc. 

Eν 

P(νe→ νe) 

Sin2θ12 

1-Sin22θ12/2 

Status of solar neutrinos 

Current	  data	  do	  
not	  show	  this	  

upturn	  

Possible	  new	  
physics	  





A.Malkus, UW-Madison Ph.D. dissertation 

Where is the transition?  



Neutrinos, Nuclear astrophysics and 
exotic nuclei 

Chapter 5: Neutrino interactions 



What part of the 
neutrino sky did we 

actually observe so far? 

• 	  Below 100 MeV: Solar neutrinos (SuperK, SNO, SAGE, Gallex, 
Homestake); neutrinos from SN1987A (Kamioka,IMB,Baksan); 
tail of atmospheric neutrinos.  

•  Up to 1 TeV: Atmospheric neutrinos (SuperK, others...).  

•  Above 1 TeV: Atmospheric neutrinos (Amanda); future data 
from Icecube.  

•  Very high energies: Only upper limits in neutrino fluxes 

0 100 200 300 400 500

Neutrino Energy (MeV)

Solar

Reactor
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N
eu
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• 	  Current theoretical prediction of solar neutrino flux and structure of 
main sequence stars. Solar neutrino measurements precisely confirm the 
Standard Solar Model. Temperature at the center of the Sun was 
correctly calculated ab initio to better than 2%.  
•  Recognition of the importance of the neutrino-neutrino interactions on 
neutrino propagation in dense neutrino systems. Development of the 
theoretical tools to treat these effects in astrophysical sites.  
•  New theoretical breakthroughs in nucleosynthesis in SN and GRB’s, and 
role of weak interactions in SN dynamics. 
•  Tritium beta decay mass limit plus knowledge of the large mixing angles 
implying that all mass eigenstates are limited, meaning active neutrinos 
cannot be the dark matter.  This is independently confirmed by the 
cosmology limits.  Both results had important contributions from theory.  
•  New limits on diffuse SN neutrino flux. Astrophysical uncertainties are 
now reduced to the point that these searches are primarily testing the 
neutrino emission per supernova, which is of fundamental interest to 
nuclear physics.   

Recent Accomplishments with neutrinos in astrophysics 



• 	  Low-energy astrophysical neutrinos provide us tools 
for a new kind of astronomy looking at the interior of 
compact objects.   

 



• 	  Low-energy astrophysical neutrinos provide us tools 
for a new kind of astronomy looking at the interior of 
compact objects.   

•  They help us explore fascinating phenomena in the 
Cosmos as diverse as the birth of new stars and the 
origin of elements.  

	  



• 	  Low-energy astrophysical neutrinos provide us tools 
for a new kind of astronomy looking at the interior of 
compact objects.   

•  They help us explore fascinating phenomena in the 
Cosmos as diverse as the birth of new stars and the 
origin of elements.  

•  It is a new tool complementary to other tools already 
in place: Various electromagnetic (optical or 
otherwise) telescopes (looking at the same object with 
light and neutrinos), LIGO (neutrinos accompanying 
gravitational collapse).  

	  



How can the neutrino cross-
sections be calculated? 

Low Energy   
(0 < E <~200 MeV) 

Non-relativistic 
many-body theories 
(Shell Model, RPA); 
effective field theory 

Solar and supernova 
neutrinos   

Intermediate E  
(~200 MeV < E < 
~200 GeV) 

Relativistic; hadronic 
⇒ partonic d.o.f, 
superscaling ideas; 
quasielastic and 
resonance regime	


Atmospheric 
neutrinos       

High Energy  
(~200 GeV < E < EeV) 

Deep-inelastic 
scattering, partonic 
d.o.f., x-scaling  

Atmospheric ν’s,  
neutrinos from point 
sources, … 



A.B.	  Balantekin	  and	  H.	  Yuksel	  

An approach from the first principles: Using effective field 
theory for low-energy neutrino-deuteron scattering  

Butler, Chen 

Below the pion threshold 3S1 → 1S0 transition dominates and one 
only needs the coefficient of the two-body counter term, L1A 

(isovector two-body axial current) 

L1A can be obtained by 
comparing the cross section 
σ(E) = σ0(E) + L1A σ1(E) with 
cross-section calculated 
using other approaches or 
measured experimentally. 
(e.g. use solar neutrinos as a 
source) 

Difficult to go beyond 
two-body systems! 



1.  Progress in a number of research frontiers in nuclear 
physics and astrophysics depends on understanding 
spin-isospin response in a broad range of nuclei from 
stable isotopes to rare ions that can be studied in 
dedicated facilities.  

2.  Spin-isospin response in nuclei can be studied either 
by strong or electromagnetic probes.  

3.  Charge-exchange reactions are employed to extract 
spin-isospin nuclear response, especially Gamow-Teller 
matrix elements and strength distributions.  

4.  Charge-exchange experiments have already achieved a 
high level of precision:  

•  (3He,t) - RCNP-Osaka, 140 MeV/A  
•  (t,3He) - MSU-NSCL, 115 MeV/A 
5.   Plans to measure unstable nuclei with inverse 

kinematics (either (p,n) or (7Li,7Be)).   



Theoretical challenges 

• Achieve a better understanding of the limitations of the Shell 
Model and (Q)RPA and exploit the complementarities of these 
approaches. 

• Provide a robust theoretical description of capture reactions 
involving complex nuclei.  Two key inputs are the level density and 
the optical potential. Reassess and improve both. 

• Provide a robust theoretical description of the capture reactions 
leading into continuum states.  

• Improve the existing codes to achieve all of the above.  



In astrophysical 
settings additional 
final-state effects 
may come into 
play; for example, 
in a core-collapse 
supernova neutrino 
capture reactions 
may be influenced 
by the Pauli-
blocking by other 
electrons present.  

νe	  +	  56Fe	  →	  e-‐	  +	  56Co	  

ρe	  =	  1032	  cm-‐3	  

ρe	  =	  1033	  cm-‐3	  

ρe	  =	  1034	  cm-‐3	  



νe	  +	  208Pb	  →	  e-‐	  +	  208Bi	  
ρe	  =	  1032	  cm-‐3	  

ρe	  =	  1033	  cm-‐3	  

ρe	  =	  1034	  cm-‐3	  

Minato,	  et	  al.	  Phys.	  Rev	  C	  75,	  
045802	  (2007).	  	  



..but	  also	  on	  the	  	  
excited	  states	  

Electron	  capture	  is	  
not	  only	  on	  the	  	  
ground	  state	  

A	  pre-‐supernova	  star	  is	  a	  hot	  place	  
where	  nuclei	  are	  excited!	  

…making	  theory	  input	  crucial!	  



	  
	  	  

Remember that  
some neutrino-nucleus  

cross-sections are  
directly MEASURED! 



	  
	  

12C (νµ,µ-) 12Ng.s.
 12C (νe,e-) 12Ng.s. 

LSND	  CollaboraXon	  



Neutrino	  capture	  on	  	  Ga	  
was	  performed	  using	  
beta-‐decay	  sources!	  	  

Ground	  state	  cross-‐secXon	  is	  	  

fixed	  from	  the	  beta-‐decay	  	  

(via	  detailed	  balance).	  CorrecXon	  	  

is	  due	  to	  the	  excited	  states,	  	  

which	  contribute	  lihle	  to	  the	  	  

solar	  neutrino	  capture	  rate.	  	  	  
	  



For SN the question is to find out 
what happens when a 50 MeV 

neutrino hits a  nucleus? Where is 
the strength? What is gA/gV? 

As the incoming neutrino energy 
increases, the contribution of the 
states which are not well-known 

increase, including first- and even 
second-forbidden transitions. 

At the lowest energies Shell 
Model is the best approach. 
Gamow-Teller strength is 

quenched in the Shell Model:	  

Beta-decay rates from Nowacki 

At higher energies where the 
rate is sensitive to total 
strength and the energy of 
giant resonances there is a 
tendency to use RPA.  
However some theoretical 
difficulties with RPA remain! 



States once can excite in the reaction 
νe + 208Pb → 208Bi + e- 

as a function of the neutrino energy	  
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States once can excite in the reaction 
νe + 208Pb → 208Bi + e- 

as a function of the neutrino energy	  

0

2x10-39

0-  0+  1-  1+  2- 2+  3- 3+  4- 4+  5- 5+

30 MeV
σ

 (
cm

2 )

 

 



States once can excite in the reaction 
νe + 208Pb → 208Bi + e- 

as a function of the neutrino energy	  
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Lazauskas	  and	  Volpe,	  Nucl.Phys.A792,219,2007	  



Beta-beam concept 

Advantages: 

• Can be done at a facility studying 
exotic nuclei with radioactive beams 

• Pure beams of a single neutrino flavor 

• Well-known spectra 

• Strong collimation at higher energies 
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νe + 208Pb → 208Bi +e- 

With low-energy beta-
beams it would be possible 
to do a  systematic study 

of spin-isospin response of 
nuclei! 



Supernova neutrino 
spectra 

Normalized beta-beam 
spectra 

Jachowicz, McLaughlin and Volpe, PRC 2008  

Use beta-beams to mimic supernova neutrino spectra! 



Not yet measured! 

λν ~ Size of the nucleus 



Neutrinos, Nuclear astrophysics and 
exotic nuclei 

Chapter 6: Brief overview of recent developments 
in nuclear astrophysics  



Major advances in computational capabilities have pushed the 
boundaries of what can be calculated by microscopic ab initio methods.  

GFMC	  

Pieper,	  et	  al.	  

Lakce	  chiral	  EFT	  

Epelbaum,	  et	  al.	  

Example: Hoyle 
State in 12C 





Gandolfi,	  Carlston,	  Reddy	  

Steiner,	  	  
Gandolfi	  

3-body forces 
are crucial for 
neutron-star 

physics! 



Combining structure and reactions: 
no-core SM/RGM calculation of 

7Be(p,γ)8B 
NavraXl,	  et	  al.	  



Monopole	  
component	  is	  the	  
same	  in	  nuclear	  
medium	  and	  free	  

space	  

w/o	  tensor	  force	   With	  tensor	  force	  

Tensor force 

Otsuka,	  et	  al.	  



Monopole	  
component	  is	  the	  
same	  in	  nuclear	  
medium	  and	  free	  

space	  

w/o	  tensor	  force	   With	  tensor	  force	  

oblate	  

spherical	   prolate	  

Tensor force 

Otsuka,	  et	  al.	  



We learned a lot during the last five years  

J.	  Erler	  et	  al.	  Nature	  486,	  509-‐512	  (2012)	  doi:10.1038/nature11188	  
	  



A new p-sd shell model (SFO) including up to 2-3 hΩ excitations which can 
describe well the magnetic moments and Gamow-Teller (GT) transitions in 

p-shell nuclei with a small quenching for spin g-factor and axial-vector 
coupling constant 

Suzuki,	  Fujimoto,	  Otsuka	  	  
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13N
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13C

GT	  
IAS+GT	  

An example: νe+13C 

Suzuki,	  Balantekin,	  Kajino	  

CC NC 

CK	  (circles)	  vs.	  SFO	  (lines)	  	  



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 

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,.. 



Part of RIB research program: to 
understand the r-process. One 
needs to first learn beta-decays of 
nuclei both at and far-from 
stability:  

•  We need half-lifes at the r-
process ladders (N=50, 82, 126) 
where abundances peak (⇐ direct 
measurements with RIB’s). 

•  We need accurate values of initial 
and final state energies (⇐ direct 
measurements with RIB’s).  

•  Spin-isospin response: Matrix 
elements of the Gamow-Teller 
operator σ.τ between the initial 
and final states (measurements 
either with inverse kinematics or 
with beta-beams where RIB’s are 
used to produce the beam).   

Understanding the spin-isospin 
response of a broad range of 

nuclei to a variety of probes is 
crucial for astrophysics 

applications!   



Part of FRIB research program: to 
understand the r-process. One 
needs to first learn beta-decays of 
nuclei both at and far-from 
stability:  

•  We need half-lifes at the r-
process ladders (N=50, 82, 126) 
where abundances peak (⇐ direct 
measurements with FRIB). 

•  We need accurate values of initial 
and final state energies (⇐ direct 
measurements with FRIB).  

•  Spin-isospin response: Matrix 
elements of the Gamow-Teller 
operator σ.τ between the initial 
and final states (measurements 
with inverse kinematics).  

Understanding the spin-isospin 
response of a broad range of 

nuclei to a variety of probes is 
crucial for astrophysics 

applications!   

58Ni(p,n)58Cu 
            Ep = 160 MeV 

58Ni(3He,t)58Cu 
            E = 140 MeV/u 

	  

0	   12	  MeV	  6	  

From	  Fujita	  


