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Astrofisica Nucleare e Subnucleare 
Solar Neutrinos 



The 2002 Nobel Prize for the Solar 
Neutrino Physics 

Raymond Davis Jr.  
http://nobelprize.org/nobel_prizes/physics/laureates/2002/davis-lecture.pdf 

http://nobelprize.org/nobel_prizes/physics/laureates/2002/koshiba-lecture.pdf 
Masatoshi Koshiba 
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NUCLEUS 

GAS  

FLARE CORONA 

The Standard Solar Model 
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The Standard Solar Model 



The Standard Solar Model 

•  J. Bahcall: The main author of the SSM 
•  The standard solar model is derived 

from the conservation laws and energy 
transport equations of physics, applied 
to a spherically symmetric gas (plasma) 
sphere  

•  Constrained by the luminosity, radius, 
age and composition of the Sun  

• Inputs for the Standard Solar Model 
– Mass 
– Age 
– Luminosity 
– Radius 

• No free parameters 
• Tested by helioseismology 
• Fusion ⇒ neutrinos 

http://www.sns.ias.edu/~jnb/ 

John Bahcall 
1934–2005  

Nota: Leggere l’articolo (tradotto anche in italiano) 
http://www.sns.ias.edu/~jnb/Papers/Popular/Nobelmuseum/italianmystery.pdf 



The predictions of the SSM 

•  Most of the neutrinos produced in the sun come from the first step of the pp 
chain. 
•  Their energy is so low (<0.425 MeV) à very difficult to detect.  
•  A rare side branch of the pp chain produces the "boron-8" neutrinos with a 
maximum energy of roughly 15 MeV 
•  These are the easiest neutrinos to observe, because the neutrino cross 
section increases with energy. 
• A very rare interaction in the pp chain produces the "hep" neutrinos, the 
highest energy neutrinos produced in any detectable quantity by our sun.  
•  All of the interactions described above produce neutrinos with a spectrum of 
energies. The inverse beta decay of Be7 produces mono-energetic neutrinos 
at either roughly 0.9 or 0.4 MeV. 



ν from the Sun: the proton cycle 



Differential νe flux                    
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Neutrino Emission 



Experimental Techniques 

Example: 71Ga + ν → 71Ge + e 

1- elastic scattering  

 νe +e → νe +e 

(Z,A) + νe → e +(Z+1,A) 

No free neutrons in nature: 

Two detection techniques for the solar neutrinos: 

2- Neutron capture 
 νe +n → e +p 

SK 

3- The SNO way:  
-  νe +d → e +p+p 
-  νx +d → νx +n+p 
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Solar Neutrino Detectors 

  
•  Neutrino Absorption Experiments  

– 37Cl 
– 71Ga 

•  Neutrino Scattering Experiments 
– SuperKamiokande 

•  Direct Counting experiments 
– SNO 
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• The Clorine or ‘Davis’ 
experiment 37Cl + νe → 37Ar + e 

• Pioneering experiment by Ray Davis at Homestake mine began in 1967 
• Consisted of a 600 ton chlorine tank 
• Experiment was carried out over a 20 year period, in an attempt to 
measure the flux of neutrinos from the Sun 
• Measured flux was only one third the predicted value !! 

- ‘Davis’ 
- GALLEX/GNO       < (radiochemical) 

- SAGE 
- SuperKamiokande     (elastic scattering) 

- SNO  
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• The Clorine or ‘Davis’ 
experiment 37Cl + νe → 37Ar + e 

§  Pioneering experiment by Ray Davis at Homestake mine began     
in 1967 

§  Consisted of a 600 ton chlorine tank 

§  Threshold E = 0.814 MeV 

§  Experiment was carried out over a 20 year period, in an attempt 
to measure the flux of neutrinos from the Sun 

§  Chemical extraction of Argon and direct counting of Argon 
decays (15 atoms over 130 tons of Cl every month!) 

§  Measured flux was only one third the predicted value 

 37Cl experiment 
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 37Cl experiment 
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 37Cl experiment 



Radiochemical experiments: 
GALLEX/GNO and SAGE 

•  The main solar neutrino source is from the p-p reaction: 

p + p → d + e+ + νe + 0.42MeV  

• SAGE: Located at the Baksan Neutrino Observatory in the northern Caucasus 
mountains of Russia (1990-2000) 

• Solar neutrino experiment based on the reaction: 

71Ga + νe → 71Ge + e- 
• Ability to detect the low-energy neutrinos from p-p fusion  

•  GALLEX/GNO: Located at the Gran Sasso 

•  Energy threshold: 233.2 ± 0.5 keV, below that of the p-p νe (420 keV) 



• GALLEX/GNO  
•  30.3 tons of gallium in form of a concentrated 
GaCl3-HCl solution exposed to solar ν’s 

•  Neutrino induced 71Ge forms the volatile 
compound GeCl4 

•  Nitrogen gas stream sweeps GeCl4 out of 
solution 

•  GeCl4 is absorbed in water GeCl4 → 
GeH4 and introduced into a proportional 
counter 

• Number of 71Ge atoms evaluated by their 
radioactive decay  







SAGE – Russian American 
Gallium Experiment 

•  radiochemical Ga experiment at Baksan 
Neutrino Observatory with 50 tons of metallic 
gallium 

•  running since 1990-present 

•  latest result from 157 runs (1990-2006) 

SNU2.66 5.3
2.3

3.3
2.3
+
−

+
−

measures pp solar 
flux in agreement 
with SSM when 
oscillations are 
included – the 
predicted signal is 
 

SNU3.67 9.3
5.3

+
−





GALLEX-SAGE results 

SNU= 10-36 (interactions/s · nucleus) 
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Solar Neutrino Problem 



The Solar Neutrino Problem 
How can this deficit be explained? 
 
1.  The Sun’s reaction mechanisms are not fully 

understood  
NO! new measurements (~1998) of the sun resonant cavity frequencies 

2.  The experiment is wrong –  
 NO!  All the fourthcoming new experiments confirmed the deficit! 

3.  Something happens to the neutrino as it travels 
from the Sun to the Earth  
YES! Oscillations of electron neutrinos! 
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Solar Neutrino Problem 

•  Astrophysical solutions?: 
– Low metallicity 
– Burnt out core 
– Rapid Rotation 
– High mass loss rate 
– Pure CNO cycle 
– WIMP 
– Central BH 



The SK way- The elastic scattering 
of neutrinos on electrons 

• Real-time detector 
• Elastic scattering  

νe→ νe 

νe 

e 
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Cherenkov light is emitted in a cone of half angle θ from the direction  
of the particle track 
 

Neutrino Scattering Experiments 
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Neutrino Scattering Experiments 
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Neutrino Scattering Experiments 

Radioactivity 
Background 

Sun direction 

cosθsun 

Ratio of observed electron 
energy spectrum and 
expectation from SSM 



Neutrino Picture of 
the Sun 

Sun direction 

Ratio of observed electron energy 
spectrum and expectation from SSM 

from SK Radioactivity 
Background 

•  SK measured a flux of solar neutrinos 
with energy > 5 MeV (from B8) about 
40% of that predicted by the SSM 
•  The reduction is almost constant up to 
18 MeV 
 



The decisive results: SNO (α:
1999 –Ω:2006) 

•  18m sphere, situated underground at 
about 2.5km underground, in Ontario  
•  10,000 photomultiplier tubes  (PMT)  
•  Each PMT collect Cherenkov light photons 
•  Heavy water (D2O) inside a transparent 
acrylic sphere (12m diameter) 
•  Pure salt is added to increase sensitivity 
of NC reactions (2002) 

•  It can measure the flux of all neutrinos 
‘Φ(νx)’ and electron neutrinos ‘Φ(νe)’ 
•  The flux of non-electron neutrinos 

■ These fluxes can be measured via the 3 different 
ways in which neutrinos interact with heavy water 

Φ(νµ, ντ) = Φ(νx) - Φ(νe) 



Sudbury Neutrino 
Observatory 

1700 tonnes  Inner 
Shielding H2O 

1000 tonnes D2O 

5300 tonnes Outer  
Shield H2O 

12 m Diameter 
Acrylic Vessel 

Support Structure 
for 9500 PMTs, 
60% coverage 

Urylon Liner and 
Radon Seal 



ν  Reactions in SNO 

NC xx νν ++⇒+ npd

ES  -- +⇒+ eνeν x x
- Low Statistics (3/day)
- Mainly sensitive to νe,, some 

- sensitivity to νµ  and  ντ
- Strong direction sensitivity

- Gives νe energy spectrum well
- Weak direction sensitivity ∝ 1-1/3cos(θ)
-  νe only.
- SSM: 30 CC events day-1

- Measure total 8B ν flux from the sun.
-  Equal cross section for all ν types
-  SSM: 30/day

CC -epd ++⇒+ν e p





q The 2001 results 

q  The νe’s flux from 8B decay is measured by the CC (1) reaction:    φcc(νe) 
= (1.75 ± 0.24) × 106 cm-2s-1 

q Φ(νµ, ντ)=(0.57 ± 0.17) × 106 cm-2s-1    (3.3 σ) 
q This difference first shows that there is a non-electron flavour active 
neutrino component in the solar flux ! 

q  Assuming no oscillations, the total ν flux inferred from the ES (3) 
reaction rate is: 

q φES(νx) = (2.39 ± 0.50) × 106 cm-2s-1       (SNO) 

q φES
SK(νx) = (2.32 ± 0.08) × 106 cm-2s-1    (SK) 

q The difference between the 8B flux deduced from the ES and the CC rate 
at SNO and SK is: 



2003 SNO 
Energy spectra  

(Salt data) 

Electron kinetic energy 

ATTESO: Bahcall et al. – SSM= 5.05±0.8  

UNITS: 
 x 106 cm-2 s-1 
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■ The total flux of active 8B neutrinos is: 
 (5.44 ± 0.99) × 106 cm-2s-1  , in agreement with SSM 

Solar Neutrino Problem 
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Solar Neutrino Problem 



Borexino @LNGS 



Borexino @LNGS 

















Astrofisica Nucleare e Subnucleare 
Neutrino Oscillations 



A. Bettini. INFN 

Scoperta graduale 

1998. SuperKAMIOKANDE
scoperta oscillazioni: scomparsa nei 
νµ da atmosfera

1964. Homestake + Modello Solare di J. Bahcall
flusso di νe dal sole ≈1/3 dell’aspettato ha 

colpa il sole, la fisica nucleare, il neutrino?

The image cannot be displayed. Your computer may not have enough memory to open 
the image, or the image may have been corrupted. Restart your computer, and then open 
the file again. If the red x still appears, you may have to delete the image and then insert 
it again.

1997. GALLEX + LUNA
il colpevole è il neutrino

2002. SNO
osservazione di comparsa di νµ e ντ dal sole, tanti 
quanti sono i νe scomparsi

The image cannot be displayed. Your computer may not have enough 
memory to open the image, or the image may have been corrupted. Restart 
your computer, and then open the file again. If the red x still appears, you 
may have to delete the image and then insert it again.

2002. KamLAND
osservazione dell’oscillazione “solare” su≠ νe

nel vuoto



Scomparsa/Desappearance 

Comparsa/Appearance 



Oscillazioni dei Neutrini 

|νe> , |νµ> , |ντ> =Autostati dell’Interazione Debole 

|ν1> , |ν2> , |ν3> =Autostati di Massa (H à Evoluzione t)  

• Idea della massa dei neutrini suggerita per la 
prima volta da Bruno Pontecorvo 

• I Neutrini si propagano (evolvono) come 
sovrapposizione di autostati di  massa: 
MESCOLAMENTO  

I Neutrini Interagiscono 
(Produzione o Rivelazione) come 
Autostati dell’Interazione Debole 



|νe> =  cosθ |ν1> + sinθ |ν2>

|νµ> = -sinθ |ν1> + cosθ |ν2>     

 θ = mixing angle 
Angolo di 

mescolamento 

Mescolamento tra neutrini: p.es. due famiglie  

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ ⋅Δ
⋅−=

ν
νν θ
µµ E

Lm
P

2
22 27.1sin2sin1

- Distanza percorsa  L=ct (Km)
- Differenza di massa quadra  Δm2 = m22 – m12     (eV2)
- Energia del neutrino  Eν   (GeV)



Wick Haxton INT Summer School on Lattice QCD for Nuclear Physics Aug 2012  
 









Neutrino oscillations and the 
Sun 



Neutrino parameters 



Astrofisica	
  Nucleare	
  e	
  Subnucleare	
  
The	
  Sun	
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  Gamma-­‐rays	
  



OSSE detector 

The Oriented Scintillation Spectrometer Experiment (OSSE) measured the distribution  
of the energy emitted from a number of gamma-ray sources, and as such studied  
nuclear lines in solar flares, radioactive decay of nuclei in supernova remnants,  
and matter-antimatter annihilation taking place near the center of our galaxy.  
OSSE consisted of four NaI scintillation crystals, and was sensitive to gamma rays  
with energies ranging from 50 keV to 10 Mev. Each of the detectors could be  
pointed individually. For most instances, observations of a gamma ray source  
were alternated with observations of nearby blank sky so as to be able  
to determine the background gamma ray emission. 
 



71 

The Compton Gamma Ray Observatory 

                                                                         On June 4, 1991, the OSSE instrument observed a bright high-energy flare from 
an intensely active region of the sun. The energy spectrum of the flare shown in 
this slide indicates that solar flares accelerate particles to extremely high energies 
causing interactions which produce nuclear emission lines from excited atomic 
nuclei of Fe, Mg, Ne, Si, C, O, and N, along with emission lines from the 
formation of deuterium by neutron capture (labeled "n" in the slide) and electron-
positron annihilation (labeled "e+").  
 
 



Solar	
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Solar Flares in Gamma-rays 

Share 2001 



Lin 2002 



Lin 2002 



Lin 2002 



Lin 2002 



Solar Flares in Gamma-rays 

Share 2001 



Lin 2002 



Solar Flares in Gamma-rays 

Share 2001 



Lin 2002 
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Lin 2002 



RHESSI DATA ANALYSIS 

Documentation and details at  
RHESSI SOFTWARE AND DATA ANALYSIS CENTER 

http://hesperia.gsfc.nasa.gov/rhessidatacenter/ 

 

Lin 2002 



Status of the RHESSI Mission 
Archive 

 
R. A. Schwartz A. K. Tolbert 

Contributing: B Dennis, A Shih, A Inglis, M Fivian, D Smith, M. Abdallaoui  

Schartz 2020 



Overview of the Archive 

•  Mission Archive Web Page: 
https://hesperia.gsfc.nasa.gov/rhessi3/mission-archive/index.html 

•  Image Archive – so much information 
•  Energy Spectra – ready for stand-alone spectroscopy 
•  Ancillary missions – MESSENGER, FERMI, GOES, SMM, AIA 

 

Schartz 2020 



Flare Image Archive 

•  Time ordered 

•  Flare Pages 

 

Schartz 2020 


