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Die Geschichte des Universums auf einer Folie 
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Aufbau der Sonne (in Klammern: Observable) •  Korona 
 

•  Chromosphäre 
 

•  Photosphäre 
Fraunhofer-Linien  
 

•  Konvektionszone 
p-Moden (Helioseismologie) 
 

•  Strahlungszone 
 

•  Kern 
Neutrinos 
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Daten zur Sonne (1): Helioseismologie 

Satellit “SoHo” 
(Solar and 
Heliospheric 
Observatory) 

Fourierspektrum des  
GOLF-Instruments auf 
SoHo 

Computergenerierte stehende 
Wellen, p-mode ~3 mHz 
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Daten zur Sonne (2): Elementhäufigkeiten  
aus der modellgestützten Interpretation der Fraunhofer-Linien 

1D Modell - Beobachtung 

3-dimensionale Modelle der Photosphäre passen besser zur 
Beobachtung, liefern geringere Elementhäufigkeiten:  

 1D: 2.29% der Sonnenmasse sind “Metalle” (Li...U) 
 3D: 1.78% der Sonnenmasse sind “Metalle” (Li...U) 

3D Modell - Beobachtung 

M. Asplund 
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3D versus 1D Modellatmosphären:  
Intensitätsänderung Zentrum - Rand 

Zentrum 

Rand 

Asplund et al. 2009 
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Neutrino-Vorhersagen des Standard-Sonnenmodells 
Bahcall‘sches Sonnenmodell, A. Serenelli et al. 2011: Zwei Versionen des Standard-Sonnenmodells 

Borexino 

SuperK, SNO 

Homestake 
•  GS 1998 

Alte (<2005) Elementhäufigkeiten  
Konsistent mit Helioseismologie 
Φ(8B) = 5.58       Φ(15O) = 2.23 

•  AGS 2009 
Neue (>2005) Elementhäufigkeiten  
Nicht konsistent mit Helioseismologie 
Φ(8B) = 4.59       Φ(15O) = 1.56 

Neutrino-Flüsse in 106/(cm2 s) 

•  Experiment (SNO, Super-Kamiokande) 
 Φ(8B) = 5.00 ± 0.15  
 Φ(15O) ... Borexino/SNO+ Detektoren  



Slide 8 
Daniel Bemmerer | 12. Vorlesung 01.07.2013 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

Kernphysik für die Sonne (1): Proton-Proton-Kette (pp-Kette) 

Wasserstoffvorrat im Kern reicht für 1010 Jahre 
 

Sonnenmasse:  70% Wasserstoff 
  28% Helium (davon 25% primordial) 

 

pp-Kette = 99% der Energieproduktion der Sonne 

4 Protonen → 4He 
ΔEB = 4 * 7.3 - 2.4 = 26.7 MeV 
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∂ lnΦO-15

∂ lnσ [14N(p,γ )15O]
=1

Neutrinos aus dem CNO-Zyklus 
Borexino 

SuperK, SNO 

Homestake 

13N, Q(β+) = 2.220 MeV 
15O, Q(β+) = 2.754 MeV 
17F, Q(β+) = 2.761 MeV 
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Problem: 
Widerspruch zwischen neuem Sonnenmodell und Helioseismologie 

Standard-Sonnenmodell, 
gerechnet mit 
verschiedenen 
Elementhäufigkeiten. 
 
Observable, die 
helioseismologisch 
überprüft werden können: 
 
•  cmod 

Schallgeschwindigkeit 

•  RCZ  
Tiefe der 
Konvektionszone 

•  YS  
Helium-Häufigkeit 
in der Photosphäre 

A. Serenelli 2011 

3D: AGSS 2009 RCZ=0.723 YS=0.232 
3D: CO5BOLD 2009 RCZ=0.717 YS=0.237 
1D: GS 1998 RCZ=0.713 YS=0.243 
Helioseismology RCZ=0.713±0.001  YS=0.249±0.004 
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Nachweis von Neutrinos aus der Sonne (1) 

Ray Davis Jr. 
(Nobelpreis 2002) 

Homestake-Goldbergwerk (South Dakota / USA) 
1500 m unter Tage 
615 t Perchlorethylen (C2Cl4) als Detektor 
37Cl(νe,e-)37Ar   Schwelle Eν > 814 keV  

“Solares Neutrinoproblem”, 1972-2002 

p + p → 2H + e+ + νe 

Gemessen:  2.56±0.23 SNU  1 SNU = 10-36 Einfänge/(e- s) 

 

Sonnenmodell:  8.5 SNU 
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Nachweis von Neutrinos aus der Sonne (2) 

Sudbury Neutrino Observatory SNO (Kanada): 
 

    Schwerwasser-Tscherenkow-Zähler 
    1000 t D2O , 2100 m unter Tage 

ES = Elastic scattering:  νx + e-  → νx + e-  

NC = neutral current:  νx + 2H  → p + n + νx 

CC = charged current:  νe + 2H  → p + p + e- 

Tscherenkow-Kegel eines 
Elektrons, das schneller 
ist als die 
Lichtgeschwindigkeit im 
Medium (n=1.33). 
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Die Lösung des solaren Neutrino-Problems, 2002 

Sudbury Neutrino Observatory SNO (Kanada) weist direkt auch solare νµ, ντ nach. 
Konzentration auf Neutrinos mit > 5 MeV Energie (hauptsächlich aus 8B-Zerfall) 

Neutrino-Flüsse in 106/(cm2 s) 

ES:  νx + e-   → νx + e-  

NC:  νx + 2H → p + n + νx 

CC:  νe + 2H → p + p + e-
 

ΦES = 2.39 

ΦNC = 5.09 

ΦCC = 1.76 

Φe + Φµτ = 5.17±0.67 (stat.+syst.)  

(Experiment, SNO) 

Umformung 

Sonnenmodell: 4.72...5.94 
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u  Flüssigszintillator Pseudokumol 
u  Prompter Nachweis von e- aus elastischer 

Neutrinostreuung  

Sonnenneutrinos: Beobachtungen mit dem Borexino-Detektor 

the design goal was o10!16 g=g in 238U and 232Th, o10!14 g=g
in Knat .

5

" The scintillator must be thoroughly sparged with
nitrogen gas in order to remove oxygen (which may
deteriorate the optical properties of the scintillator) and air
borne contaminants (radioactive). The nitrogen purity require-
ment is such that the expected background from 222Rn, 39Ar
and 85Kr in 100 ton of target scintillator must be less
than 1 count/day. This corresponds to 0.36 ppm for Ar and
0.16 ppt for Kr.
" The total amount of external g radiation penetrating

the central part of the scintillation volume should be
below 1 count/day in 100 ton. This puts stringent requirements
on all materials surrounding the detector, the requirements
being more and more stringent for materials closer to the
center.

This paper is devoted to the description of the Borexino
detector. It is not intended to be a complete reference of the
Borexino scientific goals, nor will it provide a comprehensive
description of the experiment as a whole. The focus here is the
detector, defined as the collection of scintillator volume, contain-
ment vessels, light detection devices (PMTs and electronics),
data acquisition, and calibration systems. We do not cover here
the purification plants (a very large fraction of the Borexino
equipment) nor the purification techniques adopted to purify
scintillator, water and nitrogen. Also, the filling procedures are
not covered in this paper. All these very important parts of the
experiment are either already published or will be published in
the near future.

The paper is structured as follows: Section 2 gives a general
description of the detector; Section 3 summarizes the main
scintillator features; Section 4 describes the inner nylon vessels
which contain the scintillator and act as ultimate barriers against
external contaminations; Section 5 describes the main detector
with its PMTs, front end electronics, and data acquisition
electronics; Section 6 describes the muon detector; Sections 7
and 8 describe the trigger and the data acquisition systems;
Sections 9 and 10 describe the laser based calibration systems for
the PMTs and for the monitoring of the scintillator transparency;
Section 11 describes the insertion system for source calibrations.
Finally, the last section provides a brief overview of the detector

performance on real data. For more details about detector
performance see Refs. [2,7].

2. General description of the Borexino detector

Borexino is a liquid scintillator detector designed to provide
the largest possible fiducial volume of ultra-clean scintillator [1,6].

The detector is schematically depicted in Fig. 1. The inner part
is an unsegmented Stainless Steel Sphere (SSS) that is both
the container of the scintillator and the mechanical support of the
PMTs. Within this sphere, two nylon vessels separate the
scintillator volume in three shells of radii 4.25, 5.50 and 6.85 m,
the latter being the radius of the SSS itself. The inner nylon
vessel (IV) contains the liquid scintillator solution, namely PC
(pseudocumene, 1,2,4-trimethylbenzene C6H3ðCH3Þ3) as a solvent
and the fluor PPO (2,5-diphenyloxazole, C15H11NO) as a solute at a
concentration of 1.5 g/l (0.17% by weight). The second and the
third shell contain PC with a small amount (5 g/l) of DMP
(dimethylphthalate, C6H4ðCOOCH3Þ2) that is added as a light
quencher in order to further reduce the scintillation yield of
pure PC [8].

The PC/PPO solution that we adopted as liquid scintillator
satisfies specific requirements: high scintillation yield (% 104

photons/MeV), high light transparency (the mean free path
is typically 8 m) and fast decay time ð% 3 nsÞ, all essential for
good energy resolution, precise spatial reconstruction, and
good discrimination between b-like events and events due
a particles.6

Furthermore, several conventional petrochemical techniques
are feasible to purify the hundred of tons of fluids needed by
Borexino. The feasibility of reaching the level of radiopurity
required by Borexino was first proven in the tests performed in
the CTF in 1996 [9,10]. Although pure PC is a scintillator itself, the
addition of a small quantity of PPO greatly improves the time
response and shifts the emission wavelength spectrum to higher
values, thus better matching the PMT efficiency window.

ARTICLE IN PRESS
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Fig. 1. Schematic drawing of the Borexino detector.

Fig. 2. The inner and outer nylon vessels installed and inflated with nitrogen in the
Stainless Steel Sphere.

5 Knat is potassium in its natural isotopic abundance.

6 The time profile of the emitted light in an organic scintillator is usually
different for b-like events and a particles.

G. Alimonti et al. / Nuclear Instruments and Methods in Physics Research A 600 (2009) 568–593570

The Inner Vessel (IV) is made of 125mm thick Nylon-6 carefully
selected and handled in order to achieve maximum radiopurity
[11]. Since the PC/PPO solution is slightly lighter (about 0.4%) than
the PC/DMP solution, the IV is anchored to the bottom (south pole
of the SSS) with a set of nylon strings. The outer nylon vessel (OV)

has a diameter of 11 m and is built with the same material as the
inner one. The OV is a barrier that prevents 222Rn emanated from
the external materials (steel, glass, PMT materials) to diffuse into
the fiducial volume. Fig. 2 shows the two nylon vessels inflated in
the SSS immediately after their installation.

The buffer fluid between the inner nylon vessel and the
SSS (PC/DMP solution) is the last shielding against external
backgrounds. The use of PC as a buffer is convenient because
it matches both the density and the refractive index of the
scintillator, thus reducing the buoyancy force for the nylon vessel
and avoiding optics aberrations that would spoil the spatial
resolution.

The addition of the DMP quenches the scintillation yield of the
buffer fluid by a factor of 20. This is important in order to avoid
the unacceptable trigger rate due to the radioactivity of the PMTs.

The scintillation light is collected by 2212 PMTs that are
uniformly attached to the inner surface of the SSS (see Fig. 3). All
but 384 PMTs are equipped with light concentrators that are
designed to reject photons not coming from the active scintillator
volume, thus reducing the background due to radioactive decays
originating in the buffer liquid or g’s from the PMTs. The 384 PMTs
without concentrators can be used to study this background, and
to help identify muons that cross the buffer, but not the IV. The
details of the PMT design are described in Section 5.1.

The SSS is supported by 20 steel legs and enclosed within a
large tank that is filled with ultra-pure water.

The tank (see Fig. 4) has a cylindrical base with a diameter of
18 m and a hemispherical top with a maximum height of 16.9 m.

The Water Tank (WT) is a powerful shielding against external
background (g rays and neutrons from the rock) and is also used

ARTICLE IN PRESS

Fig. 3. Inner surface of the Stainless Steel Sphere. The picture is taken from the
main SSS door, and shows the internal surface of the sphere with PMTs evenly
mounted inside. The total number of PMTs is 2212.

Fig. 4. A pictorial drawing of the Borexino detector. Inside the Water Tank, the
stainless steel sphere is supported by 20 steel legs. Within the sphere, the
drawings shows some PMTs (white full circles) and the inner and outer nylon
vessels. The steel plates beneath the tank improve the shielding against radiation
from the rock.

Fig. 5. The inner surface of the Water Tank covered with a layer of Tyvek. The
Tyvek sheets improve light collection in the outer detector by reflecting the
photons back into the water.

G. Alimonti et al. / Nuclear Instruments and Methods in Physics Research A 600 (2009) 568–593 571
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Borexino-Ergebnisse 

this interesting region. In addition, a precise determination
of the 7Be flux combined with existing results from radio-
chemical experiments [1,2] yields improved constraints on
the pp and CNO solar neutrino fluxes.

The Borexino experiment at Gran Sasso [10] detects
neutrinos through the neutrino-electron elastic scattering
interaction on a !278 metric ton liquid scintillator
target. The low energy backgrounds in the detector have
been suppressed to unprecedented levels [11], making
Borexino the first experiment capable of making spectrally
resolved measurements of solar neutrinos at energies be-
low 1 MeV. We have previously reported a direct measure-
ment of the 7Be solar neutrino flux with combined
statistical and systematic errors of 10% [12]. Following a
campaign of detector calibrations and a fourfold increase
in solar neutrino exposure, we present here a new 7Be
neutrino flux measurement with a total uncertainty less
than 5%. For the first time, the experimental uncertainty
is smaller than the uncertainty in the Standard Solar Model
(‘‘SSM’’) prediction of the 7Be neutrino flux [13,14].

The new result is based on the analysis of 740.7 live-
days (after cuts) of data which were recorded in the period
from May 16, 2007 to May 8, 2010, and which correspond
to a 153:6 ton " yr fiducial exposure.

The experimental signature of 7Be neutrino interactions
in Borexino is a Compton-like shoulder at !660 keV. Fits
to the spectrum of observed event energies are used to
distinguish between this neutrino scattering feature and
backgrounds from radioactive decays [12]. Two indepen-
dent fit methods were used, one which is Monte Carlo
based and one which uses an analytic description of the
detector response. In both methods, the weights for the 7Be
neutrino signal and the main radioactive background com-
ponents (85Kr, 210Po, 210Bi, and 11C) were left as free
parameters in the fit, while the contributions of the pp,
pep, CNO, and 8B solar neutrinos were fixed to the SSM-
predicted rates assuming MSW neutrino oscillations with
tan2!12 ¼ 0:47þ0:05

%0:04 and !m2
12 ¼ ð7:6' 0:2Þ ) 10%5 eV2

[15]. The impact of fixing these fluxes was evaluated and
included as a systematic uncertainty. The rates of 222Rn,
218Po, and 214Pb surviving the cuts were fixed using the
measured rate of 214Bi-214Po delayed coincidence events.
The Monte Carlo method also includes external "-ray
background, which makes it possible to extend the fit range
in this method to higher energies. The energy scale and
resolution were floated in the analytic fits, while the
Monte Carlo approach automatically incorporates the si-
mulated energy response of the detector.

The stability of each fit method was studied by repeating
the fits with slightly varied fit characteristics (e.g., fit range
and histogram binning) and different methods of data
preparation. The latter included changing the method
used to estimate the event energies, and varying the pulse
shape analysis (‘‘PSA’’) technique [16] used to remove
210Po and other # events between a highly efficient

statistical subtraction method [12] and a cut-based tech-
nique which removes a fraction of the # events with a very
small loss of$ events. The example spectra shown in Fig. 1
illustrate the stability of our fit procedure; the 8B neutrino
and 214Pb, 222Rn, and 218Po background spectra are small
on the scale of the plots and are not shown. The results of
these and other fits using different permutations of the fit
characteristics and data preparation techniques described
above were averaged to obtain the central values reported
in Table I; the spread between the results is included in the
systematic uncertainty.
The main systematic uncertainties in our measurement

of the 7Be interaction rate are listed in Table II. The
dominant contributions come from the determination of
the fiducial volume, our understanding of the detector
energy response, and the variation between the results of
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FIG. 1 (color). Two example fitted spectra; the fit results in the
legends have units [counts=ðday " 100 tonÞ]. Top: A Monte Carlo
based fit over the energy region 270–1600 keV to a spectrum
from which some, but not all, of the # events have been removed
using a PSA cut, and in which the event energies were estimated
using the number of photons detected by the PMT array. Bottom:
An analytic fit over the 290–1270 keV energy region to a
spectrum obtained with statistical # subtraction and in which
the event energies were estimated using the total charge col-
lected by the PMTarray. In all cases the fitted event rates refer to
the total rate of each species, independent of the fit energy
window.

PRL 107, 141302 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

30 SEPTEMBER 2011

141302-2
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Neutrino-Oszillationen 
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Geoneutrinos aus 238U und 232Th im Erdinnern 298 Borexino Collaboration / Physics Letters B 722 (2013) 295–300

the period used for this work is 15.8 counts/day/ton. Backgrounds
from accidental coincidences and from (α, n) interactions were
evaluated according to the same methods as described in [3].

During the purification campaigns some radon did enter the
detector. The 222Rn has τ = 5.52 days and within several days
the correlated backgrounds disappear leaving in the detector the
corresponding amount of 210Pb. These transition periods are not
used for solar-ν studies, but, with special care can be used for
ν̄e studies. The 214Bi(β)–214Po(α) delayed coincidence has a time
constant very close to the neutron capture time in PC. The α parti-
cles emitted by the 214Po usually show a visible energy well below
the neutron capture energy window. However, in 1.04 × 10−4 or
in 6 × 10−7 of cases, the 214Po decays to excited states of 210Pb
and the α is accompanied by the emission of prompt gammas of
799.7 keV and of 1097.7 keV, respectively. In liquid scintillators,
the γ of the same energy produces more light with respect to an
α particle [22]. Therefore, for these (α + γ ) decay branches the
observed light yield is higher with respect to pure α decays and
is very close to the neutron capture energy window. We have ob-
served such candidates restricted to the purification periods, hav-
ing the corresponding increased Q delayed and positive (α-like) Gatti
parameter. In order to suppress this background to negligible lev-
els during the purification periods, we have increased (with respect
to [3]) the lower limit on Q delayed to 860 p.e. and applied a slight
Gatti cut on the delayed candidate as described above.

We have identified 46 golden anti-neutrino candidates passing
all the selection criteria described above, having uniform spatial
and time distributions. All prompt events of these golden candi-
dates have a negative G parameter, confirming that they are not
due to α’s or fast protons. The total number of the expected back-
ground is (0.70 ± 0.18) events (see Table 2). The achieved signal-
to-background ratio of ∼65 is high due to the extreme radio-purity
of Borexino scintillator and high efficiency of the detector shield-
ing.

In the energy region Q prompt > 1300 p.e., above the end-point
of the geo-neutrino spectrum, we observe 21 candidates, while the
expected background as in Table 2 is (0.24 ± 0.13) events. In this
energy window, we expect (39.9 ± 2.7) and (22.0 ± 1.6) reactor-
ν̄e events without and with oscillations, respectively. The expected
survival probability is therefore (55.1 ± 5.5)%, a value almost con-
stant for distances Lr > 300 km. We recall that for Borexino the
closest reactor is at 416 km and the mean weighted distance is
1200 km. We conclude that our measurement of reactor ν̄e ’s in
terms of number of events is statistically in agreement with the
expected signal in the presence of neutrino oscillations. The ratio
of the measured number of events due to reactor ν̄e ’s with respect
to the expected non-oscillated number of events is (52.0 ± 12.0)%.

We have performed an unbinned maximal likelihood fit of the
light yield spectrum of our prompt candidates. The weights of
the geo-neutrino (Th/U mass ratio fixed to the chondritic value of
3.9 [28]) and the reactor anti-neutrino spectral components were
left as free fit parameters. The main background components were
restricted within ±1σ around the expected value as in Table 2.
For the accidental background we have used the measured spec-
tral shape, while for the (α,n) background we have used an MC
spectrum. For the 9Li and 8He background we have used an MC
spectrum as well which is in agreement with the measured spec-
trum of 148 events satisfying our selection cuts as observed within
a 2 s time interval after muons passing the scintillator.

Our best fit values are Ngeo = (14.3 ± 4.4) events and Nreact =
31.2+7.0

−6.1 events, corresponding to signals Sgeo = (38.8±12.0) TNU2

2 1 TNU = 1 Terrestrial Neutrino Unit = 1 event/year /1032 protons.

Fig. 1. Q prompt light yield spectrum of the 46 prompt golden anti-neutrino candi-
dates and the best fit. The yellow area isolates the contribution of the geo-ν̄e in the
total signal. Dashed red line/orange area: reactor-ν̄e signal from the fit. Dashed blue
line: geo-ν̄e signal resulting from the fit. The contribution of background from Ta-
ble 2 is almost negligible and is shown by the small red filled area in the lower left
part. The conversion from p.e. to energy is approximately 500 p.e./MeV. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this Letter.)

Fig. 2. The 68.27, 95.45, and 99.73% C.L. contour plots for the geo-neutrino and the
reactor anti-neutrino signal rates expressed in TNU units. The black point indicates
the best fit values. The dashed vertical lines are the 1σ expectation band for Srea .
The horizontal dashed lines show the extremes of the expectations for different BSE
models (see Fig. 3 and relative details in text).

and Sreact = 84.5+19.3
−16.9 TNU. The measured geo-neutrino signal cor-

responds to overall ν̄e fluxes from U and Th decay chains of
φ(U ) = (2.4 ± 0.7) × 106 cm−2 s−1 and φ(Th) = (2.0 ± 0.6) ×
106 cm−2 s−1, considering the cross section of the detection in-
teraction (Eq. (1)) from [14]. From the lnL profile, the null geo-
neutrino measurement has a probability of 6 × 10−6. The data and
the best fit are shown in Fig. 1, while Fig. 2 shows the 68.27, 95.45,
and 99.73% C.L. contours for the geo-neutrino and the reactor anti-
neutrino signals in comparison to expectations. The signal from the
reactors is in full agreement with the expectations of (33.3 ± 2.4)
events in the presence of neutrino oscillations.

A contribution of the local crust (LOC) to the total geo-neutrino
signal, based on the local 3D geology around the LNGS laboratory,
was carefully estimated in [32] as Sgeo(LOC) = (9.7±1.3) TNU. The
contribution from the Rest Of the Crust (ROC), based on the recent
calculation by Huang et al. [33], results in the geo-neutrino sig-
nal from the crust (LOC + ROC) of Sgeo(Crust) = (23.4 ± 2.8) TNU.
Subtracting the estimated crustal components from the Borexino

Kernreaktoren 

Geoneutrinos 
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u  7Be, 8B: Messdaten genauer als die Vorhersagen 

u  13N, 15O: Noch keine Messung 
 

Sonnenneutrino-Flüsse: Vorhersagen und Messdaten 
Neutrinoflüsse: 
Standard Solar Model;  
Antonelli et al., 1208.1356 
 
GS98 = 1D, hohe CNO-
Elementhäufigkeit 
 
AGSS09 = 3D, geringere 
CNO-Elementhäufigkeit 
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Woher kommen die großen Fehlerbalken in der Vorhersage? 

Unsicherheit im vorhergesagten 
Neutrinofluss, in Prozent 
 
Antonelli et al., 1208.1356 

Nuclear reaction rates 

3He(α,γ)7Be 
7Be(p,γ)8B 

14N(p,γ)15O 
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3He(α,γ)7Be an LUNA, Ergebnisse für den astrophysikalischen S-Faktor 
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€ 

∂ lnΦB

∂ lnσ
Reaktion ΔΦB/ΦB 

3He(3He,2p)4He -0.43 1.8% 
3He(α,γ)7Be 0.86 7.5% 
7Be(p,γ)8B 1.00 7.5% 

Borexino 

SuperK, SNO 

Homestake 

Auswirkung : Präzisere Vorhersagen für 7Be- und 8B-Neutrinofluss  

Messungen des Flusses von 8B- und 7Be-Neutrinos: 

Super-Kamiokande, SNO:  3.0% (syst.+stat.) Präzision für ΦB 

Borexino:    4.6% (syst.+stat.) Präzision für ΦBe nach 3 Jahren Datennahme 

Kernphysikalischer Input für  
8B-Neutrinofluss ΦB: 

4.2% 
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§  Neue direkte Daten zwischen 0.3 und 2 MeV 

§  Indirekte Daten zu unterschwelliger Resonanz 

Ausblick zu 14N(p,γ)15O  
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Zusammenfassung 

u  Helioseismologische p-Moden an der 
Sonnenoberfläche werden beobachtet und zur 
Ableitung des Schallgeschwindigkeits-Profils und 
anderer Observabler verwendet. 

u  Die Analyse der Fraunhoferschen Absorptionslinien 
liefert die Elementhäufigkeiten in der 
Sonnenatmosphäre. 

u  Neutrinos aus der Sonne lassen sich auf der Erde 
nachweisen. 

u  Das Sonnen-Neutrinoproblem wurde 2002 durch die 
Entdeckung von Neutrino-Flavor-Oszillationen gelöst. 

u  Neutrinos können jetzt zur präzisen Untersuchung 
der Sonne genutzt werden. 


