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" Sun Glasses for Neutrinos? -

1+

; ‘% e,
1000 Ilght years of dense

matter needed to shield solar
neutrinos :



~ Neutrinos from the Sun

Helium

Solar radiation: 98 % light
: 2 % neutrinos
At Earth 66 billion neutrinos/cm? sec

¥ | Hans Bethe (born 1906, Nobel prize 1967)
Thermonuclear reaction chains (1938)
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Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

(Received September 7, 1938)

It is shown that the most smportant source of energy in
ordinary siars is the reactions of carbon and nitrogen with
pratons. These reactions form a eycle in which the original
nucleus is reproduced, vis. C®+4+H=N43 N@=(Cl4et
Cl!_LH:NII' NII+I-|==OII' 0|b=x|5+“'l NIO+I]=C:2
4 Het, Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

The carbon-nitrogen reactions are unique in their
cyclical character (§8). For all nuclei lighter than carbon,
reaction with protons will lead to the emission of an
a-particle so that the original nucleus is permanently
destroyed. For all nuclei heavier than fluorine, only
radiative capture of the protons occurs, also destroying the
original nucleus. Oxygen and fluorine reactions mostly lead
back to nitrogen. Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production.

The agreement of the carbon-nitrogen reactions with
observational data (§7, 9) is excellent. In order to give the
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

§1. INTRODUCTION

HE progress of nuclear physics in the last
few years makes it possible to decide rather
definitely which processes can and which cannot
occur in the interior of stars. Such decisions will
be attempted in the present paper, the discussion
being restricted primarily to main sequence
stars. The results will be at variance with some
current hypotheses.

The first main result is that, under present
conditions, no elements heavier than helium can
be built up to any appreciable extent. Therefore
we must assume that the heavier elements were
built up before the stars reached their present
state of temperature and density. No attempt
will be made at speculations about this previous
state of stellar matter.

The energy production of stars is then due
entirely to the combination of four protons and
two electrons into an a-particle. This simplifies
the discussion of stellar evolution inasmuch as

* Awarded an A. Cressy Morrison Prize in 1938, by the
New York Academy of Sciences.

integration of the Eddington equations gives 19, For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants,

For fainter stars, with lower central temperatures, the
reaction H4+H =D+ «¢" and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion, (§10)

1t is shown further (§5-6) that no elements heavier than
He* can be butlt up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment (a-emission!) rather than
built up (by radiative capture). The instability of Be®
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must thercfore
have existed already when the star was formed.

Finally, the suggested mechanism of energy production
is used to draw conclusions about astrophysical problems,
such as the mass-luminosity relation (§10), the stability
against temperature changes (§11), and stellar evolution

(§12).

the amount of heavy matter, and therefore the

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, vis.

H+4+H=D+¢" (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

(_‘12+H=NIS+Tr NIS:(:IS+‘+
C4H=Nb4q, .
‘-\'H_l_H __.0I5+,},, 016=N15+€+ ( )

N4 H =C=4-He'.

The catalyst C" is reproduced in all cases except
about one in 10,000, therefore the abundance of
carbon and nitrogen remains practically un-
changed (in comparison with the change of the
number of protons). The two reactions (1) and

434

The combination of four p
electrons can occur essentially o
The first mechanism starts with
of two protons to form a deuter
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ombination
ith positron

H4H=D4¢* (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

Ct2H H =N,
CHH=Nt+y,
NU+H =014,
N54H = Ct24 Het,

N8B = CB4 ¢+

Q5= N154 ¢+ (2)



"'Thermonuclear Reactlons and Gamow Peak

l Coulomb repulsnon prevents nuclear - Maxwell Tunnellng

| reactions, except for Gamow tunneling \S"St”b“t'o” JisEll

: \
# Tunneling probability e-E/KT\
P« g~12g-2mn

With Sommerfeld parameter

2
m\Y
n= (E) 2;2,%

| Parameterize cross section with : S r——
astrophysical S-factor _ - Luwa

o  Dwarakanath and Winkler (1971)
2nn(E)
S(E) = o(E)Ee

X Krauss et al. (1987)
3He + 3He - *He+2p

--- bare nuclei
shielded nuclei !

e 005 Qég !

§ LUNA Collaboration, nucl-ex/9902004



p+p—2H+et+vg
< 0.420 MeV

p+e‘+p—>2H+ve

100%

1.442 MeV

Hydrogen burning: Proton-Proton Chains

2H+p—>3He+7

3He +°He —>4He+2p SHe +*He —)7Be+y 3He+p—>4He+e++ve
90% 10% e 0.02% < 18.8 MeV
7Be+e‘—>7Li+ve 7Be+e‘—>7Li*+ve 7Be+p—)BB+y

0.862 MeV

0.384 MeV

7Li+p — “He +*He

88 5 %Be +et +ve
< 15 MeV

m SBe* — 4He +4He




'Hyd'rf(')gfe_n __'B.uirn_'ing: CNO CyCI‘e-f

Sun
(T=1.5E7 K)
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. Solar Neutrino Spectrum

Solar Neutrino Spectum
Bahcall-Finsonneanlt S5M

L.

Neutrino Energy (Me'V)




:Flrst I\/Ieasurement of Solar Neutrlnos

Inverse beta decay
o of chlorine

600 tlns of

. Perchloroethylene_

Homestake solar neutrino
observatory (1967—2002)



Homestake

Chlorine

\‘"\\

/ |

<o+ Calculation of expected
% counting rate from
| various source reactions

| Measurement (1970 - 1995) I

John Bahcall ity ._ e ; | Raymond Davis Jr.
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Cherenkov Effect

Elastic scattering or

Light CC reaction

) e ——

lectron or Muon
(Charged Particle)

/VG(J(, .
I/)O

Light

Cherenko
v Ring

Water

Georg Raffelt, Max-Planck-Institut fir Physik, Minchen, Germany ISAPP, 28 June-9 July 2004, LNGS, Gran Sasso, Italy
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Thlrd Measurement of Solar Neutrmos

Inverse beta decay
of gallium e

&‘fJSJ Jve to rJeurrJrJo;
| rrom the:
Omerlr/ oo*~reclerJorJ s

U-_

b 2 100 tons of_-. '
G@Ihum tetrachloride -
(30 tons of C:a) :

GALLEX / GNO solar neutrino - S M;Alt}na'n'n ot a|_,'
observatory (1990-2004) 1. Phys. Lett. B 616 (2005) 174

.‘L. 5
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Solar Neutrino Flux'e
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The Sudbury Neutrino Observatory SNO

A 1 kilo-ton heavy water detector
with photomultiplier-readout

Charged Current Reaction (CC) on deuterium
=>» works for v, only

\ — V' Neutral Current

@ Reaction (NC)
L s e =» works for all
0. (10 cm™s™) active v flavours

. (10 “em?s?)
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Energy dependent ~ Direct measuggment of
electron neutrino deficit neutrino fl |
(flavour conversion) - conversion
Solar Neutrino Fquf'a&Earth ; “ - |
100% [~ PN EUVIRD S
'S tral ClUrren
80% [~ o e 3

60% YR Gallium ' -
vV ¥ SuperK :
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20% |- o P #L

40% I

0% & -



Electron-Neutrino Detectors All Flavors

Chlorine Gallium Heavy Water

Vol r i rrtr el

Gallex/GNO | | (Super-)
Homestake SAGE Kamiokande




How to Understand This ?
Neutrino-Masses and Neutrino-Mixing

Flavour States # Mass Eigenstates

0L J

Neutrino Mixing




The same, written a little differently ...

For 3 massive neutrinos we have
3 mixing angles and
(at least) 1 CP-violating phase

Neutrino oscillations are a direct conseguence ...



Ve cosO sinod
Vi —SIinG  coso

- Two-flavor mixing (

Each mass eigenstate propagates as e'P?

2
with p=EZ —m? HE-';—E

2
Phase difference 8%2 implies flavor oscillations

Probability v —> V!’l

Oscillation 4=E Z.Sm( E

Length sm2 MeV

Bruno Pontecorvo
(1913 - 1993)

. Invented nu oscillations




10° Hata 1998 Hu, Eisenstein & Tegmark 1998 NeUtrinO OSCi I IationS:
. [ v The Global Picture
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Solar Neutrinos:
MSW Solutions

(Matter effects important)

LOW solution

Vacuum Solution
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:Solar Neutrlno Experlments (CI Ga, SuperK SNO) |
~ have proven nuclear burning reactions to fuel stars
- "and neutrlnos to be massive partlcles exhlbltmg
flavour mlxmg R -
Thermal plasma reactions

E~1eV-30keV
No apparent way to measure

§ Nuclear burning reactions
§ E~0.1-15MeV
Routlne detalled measurements

Cosmlc-ray mteractlons in the Sun
i E-~ 10 -10° GeV _
Future high-E neutrino telescopes (?) i

| Dark matter annihilation in the Sun
| E~GeV-TeV (?)
Future high-E neutrino telescopes (?) @




Wanted: Absolute VValues for the Masses

~
Oscillations only tell us
What Is the
.
~(10\500 new)? /
(10 - 50 meV)?

How to find out ?7?
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