
Neutrino image of the sun by Super-K

- 500 days of data from Super-K 

- picture covers  90x90 degrees in R.A. and Dec.

-The core of the sun emits neutrinos from fusion reactions.

-Nearly all solar neutrinos detected here are produced by

                  p+7Be → 8B  → 8Be* + β+ + νe
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The Standard Solar Model (Bahcall)

•spherical, (initially) homogenous, nonrotating
•hydrostatic equilibrium between gravity
  and radiation+particle pressure
•energy transport by radiation and convection
•energy generation by nuclear reactions
•chemical and isotopic abundance changes only 
  by nuclear reactions

Standard Solar Model

Initial conditions:
Primordial abundances,
mass, radius, ...

Current conditions:    
luminosity, mass, 
radius, temperature,
composition of photosphere,
sound velocity profile from
helioseismology

Measured
nuclear reaction
rates

Neutrino fluxes



Some interesting facts about our Sun:

•age = 4.6x109 years

•Composition: 
Hydrogen   Helium  Metals(Z>2)   time
     71%           27%          2%            birth
     34%           64%          2%            now

•core temperature = 15.6 x 106 K, kTcore =1.3 keV

•core density ≅ 156 g/cm3

•core hydrogen density ≅ 0.5 x surface hydrogen density

•interior is fully ionized and nearly an ideal gas

•time for a photon to diffuse from the center to the 
  surface is ~ 104 years

•fraction of energy from p-p cycle: 98.4%; 
                                   from CNO cycle:  1.6%.

•over the life of the sun:
  the luminosity has increased by 40%.
  the core temperature has increased by 16%.
  the flux of 8B neutrinos has increased by a factor of 40. 



 p+ p → 2H + e+ + ννe p + e- + p → 2H + ννe

2H + p →3He + γ

3He + p → 4He + e+ +ννe

3He + 4He →7Be + γ

7Be + e- → 7Li + γ +ννe
7Be + p → 8B + γ

7Li + p → α + α 8B → 8Be* + e+ + ννe

Solar p-p chain

3He + 3He → 4He + 2p

8Be* → 4He +4He 

99.75% 0.25%

85% ~15%

0.02%15.07%

~10-5%

 p p I

 p p II

 p p III





Sound speed in Sun from helioseismology
                                                                                   Bahcall
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Total

0.009

0.098

0.144
(0.105) (0.175)

SSM ν production rate uncertainties
Bahcall





Experimental Setup at U of Washington

Terminal Ion Source:
p, d, α particles
up to 20 µΑ, 6 ΜeV

NaI detector

Beam rastering by
magnet coils

TIS
Van de
Graaff





p + 7Be →  8B →  e+ + νe + 8Be*

2α

Measurement of  p+7Be fusion 

Chamber view



echnique)(present t beamarea    large  et,area  targ  small                              

constant    
dA
dI

flux   beam  whene       tru
dA
dI

N         

) techniquenal(conventio  beamarea    small  et,area  targ  large                             

constant 
dA
dN

density   areal target  when      trueI
dA
dN

         

 

 dA
dA
dI

dA
dN

        Y

=⋅⋅=

=⋅⋅=

⋅⋅⋅= ∫

σ

σ

σ

8
p p

c.m.

p Be

Y (E ) F (E ) ( B)
(E ) = 

2 N N (t) / 4
α α β

σ
π

⋅ ⋅
⋅ ⋅ ⋅Ω

Ep = bombarding energy
Yα(Ep) = α yield above 895 keV threshold energy
F α(Ep) = correction for α yield below threshold
Np = integrated number of protons per cm2

NBe(t) = # of 7Be atoms at time of measurement
Ω = solid angle of the α detector
Ec.m. = mean c.m. energy averaged over target
β(8B) = rotation timing efficiency

Principle of the measurement:

Cross section:

If the areal density of target (beam) is not constant,
then one must know also the areal density of the
beam(target).



Timing factor β(8B)
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λ = decay rate of 8B; t1/2 = 770 ± 3 ms

t1 = bombardment time
t2 = transfer time to counting
t3 = counting time
t4 = transfer time to bombardment

β(8B)-1  = inverse of timing efficiency
           = fraction of 8B decays which take place in front
                of detector



            7Li(p,n)7Be

7BeCl2 7BeO
Ep = 13 MeV

First reduction/evaporation:

Second reduction/evaporation:
⇒ 7Be metal, 20-40% atomic purity
      100 mCi 

7Be target fabrication (TRIUMF)

4mm dia. post backing
         (Mo)
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E1

Ecm

-EB EB = 137 keV

Ψi(r)

Ψf(r) = C*W(κr)/r for r ≥ R
W(κr) is a Whittaker function
where C is a normalization coefficent
relate to the spectroscopic factor
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7Be(p, γ)8B

Direct radiative capture:

r = R
   ≅ 4 fm

λp ≈ 60fm for
Ecm= 300 keV

near threshold , Integrand peaks at 
about 40fm (Jennings) 

Ec
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Purpose: removes the dominant Ecm-dependence of
σ due to s-wave Coulomb barrier penetration and 
deBroglie wavelength in entrance channel.

Derivation:  represent a slowly varying “direct” cross section 
as the tail of a distant resonance: 
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The S-factor does not contain effects due to:

•the finite size of the nucleus
•nuclear structure and strong interaction effects
•antisymmetrization 
•contribution from other partial waves
•screening by atomic electrons
•final-state phase space

In 7Be(p,γ)8B, tentatively,

•the rise in S(Ecm) from Ecm = 300 to 1000 keV
is due to d-wave
• the rise in S(Ecm) below Ecm = 300 keV
is due to the capture being increasingly extra-
nuclear (I.e. occurs at larger R) as Ecm decreases.
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From Clayton
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     = 18 keV for Be+p.    (Compare to E (p-p) 6 keV).

width of Gamow window (full width at 1/e):
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In stellar burning
light nuclei A < 12-14 direct reactions usually dominate
                     A > 16-20 resonance reactions dominate
                     (resonances are mostly above threshold but
                     can also be sub-threshold).

Direct
reaction:



Extrapolation to S17(0)

Fit with 11 different models to data Ecm < 300 keV

• Standard deviation   σ = 0.5 eV-barn
   both from  S17(20) and S17(0) distributions

• Central value from Descouvemont & Baye Model.
   (Best fit to our full data set.)  

    

[Note: Jennings ⇒ ± 0.2 eV barn extrapolation error]









0.009

0.144

Total

0.098

(0.105) (old 7Be) (0.175)

SSM neutrino production rates and uncertainties
Bahcall

New S17(0) = 20.2 ± 0.8 eV-b
(mean of 4 separate measurements)

Old S17(0)   = 19+4 -2  eV-b
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Sudbury Neutrino Observatory (SNO):

νe  + n  → p + e
νe  + D → p + p + e
“charged current”

νe  + e → νe + e 
“charged current”

νx  + e → νx + e 
νx  = νe, νµ, ντ
“neutral current”

SNO determines νe flux and (νµ+ ντ) flux separately 

Elastic scattering, SNO + Super-K:

Rel. strength    1                                         1/6

Heavy water D20
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νx  + D  → n + p + νx
“neutral current” 



Exclusion plots, active neutrinos only Bahcall et al, hep-ph/0111150

Allowed regions ≤ 3σ (99.73% cL)      2-neutrino oscillation analysis

H. Schlattl et al.,
Phys. Rev. D60, 113002 (1999)



3 different neutrino oscillation experiments all
see evidence for neutrino oscillations, with  different
values for δm2:

                                                              δm2

 
Super-K       atmospheric   νµ→ντ        ~ 10-2 eV2 

SNO              solar                νe→νµ+τ  ~10-4 eV2 

LSND            accelerator                    ~1 eV2
evµν →

3 distinct values of δm2 ⇒ 4 different neutrinos!

⇒ e, µ, τ  and “sterile”



ΦCC
SNO(νe)   = 1.76 ± 0.10 (± 6%) x 106 cm-2 s-1

Φ(νµ + ντ )  = 3.41 ± 0.65(± 19%)
Φtot(νactive) = 5.09 ± 0.62 (± 12%)  (8B shape constr.)
Φtot(νactive) = 6.42 ± 1.67 (± 26%)  (unconstrained.)

ΦSSM
New 7Be= 5.37 ± 0.78 (± 14.5%)

                            (based on S17(0) = 20.2 ± 0.8 eV-b)
                 = 5.05 ± 0.89 (± 17.6%) 
                             (based on 19+4 - 2 eV-b)
new 7Be:

Φ(νs)/ Φ(νµ + ντ ) = +0.08± 0.31 ≤ 0.39(1σ), ≤ 0.70 (2σ)
Φ(νs)/ Φ(νµ + ντ ) =  - 0.23 ± 0.32 ≤ 0.09(1σ), ≤ 0.42 (2σ) 

ΦSSM 
New 7Be

Neutrino fluxes

SNO Apr02



Conclusion

S17(0) = 20 .2 ± 0.8 (expt + theor) eV-b  
              mean of 4 modern direct measurements
              at low Ep below the resonance
              ( including preliminary Seattle result)

Previously S17(0) was largest error contribution to φssm(8B)

With new results, S17(0) uncertainty makes an unimportant
 contribution to φssm(8B)

φssm(8B) is still important for neutrino physics!

Comparison with SNO+Super-K 
                                                ⇒ tremendous vindication of SSM.

New “Phase II” measurements currently underway:
1)finalize absolute cross section
2)new data down to Ecm ≈ 120 keV




