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Die Geschichte des Universums auf einer Folie 
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Altersbestimmung sehr alter Sterne (in Kugelsternhaufen) 

→  Hertzsprung-Russel-Diagramm, Abzweigen von der Hauptreihe 

sky) of the same class of stars in
a globular cluster and determines
the distance to the globular clus-
ter by comparing the observed
flux to the assumed intrinsic lu-
minosity of the star. Classes of
stars used to determine the dis-
tances to globular cluster stars in-
clude white dwarfs (15), main-
sequence stars (16), horizontal
branch (HB) stars (17), and RR
Lyrae stars (a subclass of HB
stars) (18). Details regarding
these different types of stars are
found in Fig. 2 and its caption.
The key to the success of this
approach involves the accuracy in
determining the intrinsic lumi-
nosity of the standard candle.
This can be done by using theo-
retical models, or by directly
measuring the distance to a near-
by standard candle star using trig-
onometric parallax. This distance
estimation can be combined with
a measurement of the star’s flux
to determine the intrinsic lumi-
nosity of that standard candle.

Studies of the internal dy-
namics of the stars within a
globular cluster provide an in-
dependent method for determin-
ing the distance to a globular
cluster. The dynamical distance
estimate compares the relative
motion of globular cluster stars
in the plane of the sky (proper
motion) to their motions along
the line of sight to the star (ra-
dial velocities). The measured
radial velocities are independent
of distance, whereas the mea-
sured proper motions are small-
er for more distant objects;
hence, a comparison of the two observations
allows one to estimate the distance to a glob-
ular cluster.

As these discussions make clear, the dis-
tance determination for globular clusters is
subject to many uncertainties. However, our
knowledge of the distance scale is evolving
rapidly. Many of the distance indicators to
globular clusters make use of HB stars. Our
knowledge of the evolution of HB stars con-
tinues to advance through the use of increas-
ingly more realistic stellar models. Studies of
the evolution of HB stars and their use as
distance indicators have shown that the lumi-
nosity of the HB stars depends not only on
metallicity, but also on the evolutionary sta-
tus of the stars on the HB in a given globular
cluster (19, 20).

To compare different distance indica-
tors, it is convenient to parameterize the
distance estimate by what it implies for the

visual (V) magnitude of an RR Lyrae star,
Mv(RR). The results are summarized in
Table 1 for the different distance indica-
tors. There are three new features of this
compilation, as compared to those associ-
ated with previous analyses: (i) Hipparcos
parallaxes for metal-poor, blue HB stars in
the field to calibrate the globular cluster
distance scale are included (17 ); (ii) the
statistical parallax results on field RR
Lyrae stars are included; (iii) a new HST
parallax for the star RR Lyrae itself is
included, which is considerably more accu-
rate than the Hipparcos parallax (18); and
(iv) only distance estimates for systems
with [Fe/H] ! –1.4 are included.

To compare the different distance esti-
mates, these Mv(RR) values must be translat-
ed to a common [Fe/H] value. For this, an
Mv(RR)–[Fe/H] slope of 0.23 " 0.06 is used,
as suggested by models (19). We used [Fe/H]

# –1.9, as this is the mean of
the globular clusters whose av-
erage age will be determined.
Because the different distance
estimates span a relatively
modest range in [Fe/H] (0.54
dex), the exact value of the
Mv(RR)–[Fe/H] slope has only
a minor effect in our resultant
distance scale. The weighted
mean value of the absolute
magnitude of the RR Lyrae
stars at [Fe/H] # –1.9 is
Mv(RR) # 0.46 mag.

The statistical parallax tech-
nique yields values for Mv(RR)
that are larger (i.e., fainter) than
the other distance techniques.
When statistical parallax results
are included in the weighted
mean, the standard deviation
about the mean is 0.13 mag.
When the statistical parallax re-
sults are not included in the anal-
ysis, the mean becomes
Mv(RR) # 0.44 and the standard
deviation about the mean drops to
0.07 mag. In earlier analyses, the
statistical parallax data were not
included (5), because there were
suggestions that some systematic
differences might exist between
RR Lyrae stars in the field and
those in globular clusters. How-
ever, subsequent investigations
have shown that this is not the
case (21).

Using the "0.13 mag stan-
dard deviation results in a long
tail at low values of Mv(RR). It
is inappropriate to include this
spurious low tail when quoting
an allowed range. An asymmet-
ric Gaussian distribution

Mv(RR) # 0.46–0.09
$0.13 mag has a low range

consistent with that derived when the statis-
tical parallax result is not included, but has a
mean and high range equivalent to the value
derived by including the statistical parallax
result in a straightforward way. This is the
distribution that will be used to derive the
allowed distance scale for metal-poor globu-
lar clusters.

Stellar Evolution Input Parameters
Seven critical parameters used in the com-
putation of stellar evolution models have
been identified whose estimated uncertain-
ty can significantly affect derived globular
cluster age estimates (5). In order of impor-
tance, they are (i) oxygen abundance
[O/Fe] (22), (ii) treatment of convection
within stars, (iii) helium abundance, (iv)
14N $ p 3 15O $ % reaction rate, (v)
helium diffusion, (vi) transformations from

Fig. 2. A schematic color-magnitude diagram for a typical globular cluster
(33) showing the location of the principal stellar evolutionary sequences.
This diagram plots the visible luminosity of the star (measured in magni-
tudes) as a function of the surface color of the star (measured in B-V
magnitude). Hydrogen-burning stars on the main sequence eventually ex-
haust the hydrogen in their cores (main sequence turnoff ). After this, stars
generate energy through hydrogen fusion in a shell surrounding an inert
hydrogen core. The surface of the star expands and cools (red giant branch).
Eventually the helium core becomes so hot and dense that the star ignites
helium fusion in its core (horizontal branch). A subclass is unstable to radial
pulsations (RR Lyrae). When a typical globular cluster star exhausts its
supply of helium, and fusion processes cease, it evolves to become a white
dwarf.

G L O B U L A R C L U S T E R S
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Krauss & Chaboyer (2003) 
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Wasserstoffbrennen: 
Bethe-Weizsäcker-Zyklus (CNO-Zyklus) 

1938 postuliert 

•  Flaschenhals: 14N(p,γ)15O 

•  0.8% der Energieproduktion der 
Sonne 

•  Bestimmung des Alters von 
Kugelsternhaufen 

Flaschenhals 
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14N(p,γ)15O, wie sieht es im Detail aus? 

(15±15)% 

(5±1)% 

(5±1)% 

(75±5)% 

Zwei mögliche Ansätze für Experimente 

1.  Untersuche Einfang in jeden Level im 
Einzelnen, dann extrapoliere. 

2.  Untersuche alle Levels gleichzeitig in 
einem Summendetektor, aber verzichte 
(gezwungenermaßen) auf die 
Extrapolation 



Slide 6 
Daniel Bemmerer | 11. Vorlesung 24.06.2014 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

14N(p,γ)15O, Messung aller Übergänge mit einem Summendetektor 

4π BGO summing crystal 
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Gesamter S-Faktor von 14N(p,γ)15O 

total 

only 
15O(GS) 

Schröder et al. 1987 

LUNA 
2004-2006-2008 

TUNL 2005 
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Versuchsaufbau am HZDR Tandetron, Dresden 
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Detektoren und Targets 

15 
cm 

1 cm 
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Auswirkungen des niedrigeren 14N(p,γ)15O-Wirkungsquerschnitts 
14N(p,γ)15O Wirkungsquerschnitt halbiert! 
•  A. Formicola et al., Phys. Lett. B 591, 61 (2004)  
•  A. Lemut et al., Phys. Lett. B 634, 483 (2006) 
•  M. Marta et al., Phys. Rev. C 78, 022802 (R) (2008) 

S(0) =  3.2 keV barn (1998)   
  → 1.72±0.12 keV barn (2009) 

1.  Unabhängige untere Schranke für das Alter des Universums: 14±2 Ga. 

2.  Bessere Reproduktion der Kohlenstoffhäufigkeiten in Roten Riesen. 

3.  Es ist möglich, den Stickstoffgehalt im Kern der Sonne über die emittierten CNO-
Neutrinos zu bestimmen. 
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Altersbestimmung sehr alter Sterne (in Kugelsternhaufen) 

→  Hertzsprung-Russel-Diagramm, Abzweigen von der Hauptreihe 

theoretical temperatures and luminosities to
observed colors and magnitudes, and (vii)
opacities below 104 K. Table 2 details the
range of these parameters used in a Monte
Carlo simulation to evaluate the errors in
the globular cluster age estimates. The
ranges for the oxygen abundance, the pri-
mordial helium abundance, and the helium
diffusion coefficients have changed as a
result of recent observations.

The Age and Formation Time of
Globular Clusters and Constraints on
the Cosmic Equation of State and
Mass Density
Using the estimates for the parameter ranges for
the variables associated with stellar evolution
(4, 5), we have determined the age of the oldest
Galactic globular clusters with a Monte Carlo
simulation (Fig. 3). Taking a one-sided 95%
range, one finds a lower bound of 10.4 Ga. This

lower bound is
more stringent
than previous esti-
mates because of a
confluence of fac-
tors; the new
Mv(RR) distance
estimates contrib-
uted 60% of the in-
crease relative to
previous estimates.
The best-fit age has
also increased and
is now 12.6 Ga.
Moreover, we also
find the 95% confi-
dence upper limit
on the age to be 16
Ga. To use these
results to constrain
cosmological pa-
rameters, one

needs to add to these ages a time that corre-
sponds to the time between the Big Bang and
the formation of globular clusters in our galaxy.

Observations of large-scale structure, com-
bined with numerical simulations and CMB
measurements of the primordial power spec-
trum of density perturbations, have now estab-
lished that structure formation occurred hierar-
chically in the Universe, with galaxies forming
before clusters. Moreover, observations of gal-
axies at high redshift definitively imply that
gravitational collapse into galaxy-size halos oc-
curred at probably less than 1.5 Ga, and defi-
nitely less than 5 Ga, after the Big Bang. Al-
though this puts a firm upper limit of 21 Ga on
the age of the Universe, the task of putting a
lower limit on the time in which galaxies like
ours formed is somewhat more subtle.

Fortunately, this is an area in which our
observational knowledge has increased in re-
cent years. In particular, recent studies using

observations of globular clusters in
nearby galaxies and measurements of
high-redshift Lyman ! objects all in-
dependently put a limit z " 6 for the
maximum redshift of structure forma-
tion on the scale of globular clusters
(23–26).

To convert the redshifts into times, it
is generally necessary to know the equa-
tion of state of the dominant energy den-
sity in order to solve Einstein’s equations
for an expanding Universe. However, the
age of the Universe as a function of
redshift is insensitive to the cosmic equa-
tion of state today for redshifts greater
than about 3 to 4. This is because for
these early times the matter energy den-
sity would have exceeded the dark ener-
gy density because such energy, by vio-
lating the strong energy condition, de-
creases far more slowly as the Universe
expands than does matter.

This can be seen as follows. For a flat
Universe with fraction #0 in matter density
and #x in radiation at the present time, the
age tz$ at redshift z$ is given by

H0tz$

! !
z$

%

dz

&1 " z'(#0&1 " z'3 " #x&1 " z'3&1 " w')1/ 2

(1)

where w, the ratio of pressure to energy den-
sity for the dark energy, represents the equa-
tion of state for the dark energy (assumed
here for simplicity to be constant). For w "
–0.3, as required in order to produce an
accelerating Universe, and for #0 * 0.3 and
#x * 0.7 as suggested by observations (27–
29), the #x term is negligible compared to the
#0 term for all redshifts greater than about 4.

This relation implies that the age of the
Universe at a redshift z + 6 was greater than
about 0.8 Ga, independent of the cosmologi-
cal model. Using this relation and the esti-
mates given above, we find, on the basis of
main sequence turnoff estimates of the age of
the oldest globular clusters in our galaxy, a
95% confidence level lower limit on the age
of the Universe of 11.2 Ga, and a best fit age
of 13.4 Ga.

These limits can be compared with the
inferred Hubble age of the Universe, given by
Eq. 1 for z$ + 0, for different values of w, and
for different values of H0 today. CMB deter-
minations of the curvature of the Universe
suggest that we live in a flat Universe [i.e.,
(30)]. When we combine the CMB result
with these age limits on the oldest stars, some
form of dark energy is required. The Hubble
Key Project (31) estimated range for H0 is
72 , 8 km s-1 Mpc-1 (note that this estimate
is based on an estimate of Mv(RR) that is
consistent with our estimates). Figure 4 dis-
plays the allowed range of w versus matter
energy density for the case H0 + 72 km s-1

Mpc-1. In this case, for #0 . 0.25, as sug-
gested by large-scale structure data, w " –0.7
at the 68% confidence level, and w " –0.45
at the 95% confidence level.

Although the precise limits and allowed
parameter range are sensitive to the assumed
value of the Hubble constant, the lower limit
on globular cluster ages presented here defin-
itively rules out a flat, matter-dominated (i.e.,
w + 0) Universe at the 95% confidence level
for the entire range of H0 determined by the
Key project. Interestingly, for the best fit
value of the Hubble constant, globular cluster
age limits also put strong limits on the total
matter density of the Universe. In order to
achieve consistency, if w . –1, #0 cannot
exceed 35% of the critical density at the 68%
confidence level and 50% of the critical den-
sity at the 95% confidence level.

One might wonder whether the upper lim-

Fig. 3. Histogram representing results of Monte Carlo presenting 10,000 fits
of predicted isochrones for differing input parameters to observed iso-
chrones to determine the age of the oldest globular clusters.

Fig. 4. Range of allowed values for the dark energy
equation of state versus the matter density, assuming a
flat Universe, for the lower limit derived in the text for
the age of the Universe, and for H0+ 72 km s-1 Mpc-1.

G L O B U L A R C L U S T E R S
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Krauss & Chaboyer (2003) 

Imbriani et al. (2004) 
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Aufbau der Sonne (in Klammern: Observable) •  Korona 
 

•  Chromosphäre 
 

•  Photosphäre 
Fraunhofer-Linien  
 

•  Konvektionszone 
p-Moden (Helioseismologie) 
 

•  Strahlungszone 
 

•  Kern 
Neutrinos 



Slide 13 
Daniel Bemmerer | 11. Vorlesung 24.06.2014 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

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  
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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 



Slide 23 
Daniel Bemmerer | 11. Vorlesung 24.06.2014 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

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

Stainless Steel SphereExternal water tank

Nylon Inner Vessel
Nylon Outer Vessel

Fiducial volume

Internal
PMTs

Scintillator

Buffer

Water
Ropes
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for extra
shielding

Borexino Detector

Muon
PMTs

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.
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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 



Slide 29 
Daniel Bemmerer | 11. Vorlesung 24.06.2014 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

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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u  Niederniveau-Messlabor besteht seit 1982 
u  Platz in weiteren Stollen vorhanden 

Dresden, ehemalige Felsenkeller-Brauerei (Plauenscher Grund) 

u  12 Jahre alter 5 MV Beschleuniger 
u  Aus Konkursmasse gekauft (York) 
u  250 µA Ladestrom (2 Pelletketten) 
u  Cäsium-Sputterionenquelle: 100 µA H- und C- 

u  Gut geeignet für nukleare Astrophysik 

HZDR (Daniel Bemmerer et al.), 
TU Dresden (Kai Zuber et al.) 
u  Kernreaktionen in der Sonne 
u  Kohlenstoffbrennen in Supernovae Ia 
u  Ausbildung von Studierenden 
u  Internationale Nutzer mit eigenen Projekten 

12.07.2012 York!

30.07.2012 HZDR!

Felsenkeller!
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Felsenkeller, Messung des Myonenflusses 

Figure 2. The measured 2π cosmic background in m−2sr−1s−1 units from the detector point
of view at the place of the proposed accelerator-based experiment. The detector was oriented
to 350◦ to the magnetic North. The measurement error is typically 3-10% statistical and 5%
systematic.

5. Summary and Conclusions
The cosmic background have been measured in the full 2π solid angle of the upper hemisphere
by the newly developed portable tracking detector at an underground laboratory in Felsenkeller,
Dresden, Germany. As we expected, the maximum muon flux value is found to be below 2.5
m−2sr−1s−1. The results quantify the shielding of Felsenkeller tunnel system for the proposed
radioactive ion beam experiments. The portability, reliable tracking performance, low power
consumption and the good angular resolution make the presented Muontomograph to be a
useful tool to perform reference measurements of cosmic background.

Acknowledgement
Technical support by D. Degering (VKTA Dresden) is gratefully acknowledged. This work was
supported by Hungarian OTKA grants NK77816, NK106119 and K104260, the NIH TET 10-
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[1] T. Szűcs et al.: 2012 Eur. Phys. J. A 48: 8
[2] D. Bemmerer et al.: 2013 NPA6 conference proceedings
[3] D. Varga et al.: 2011 Nucl. Inst. and Meth. A 648 163167
[4] D. Varga et al.: 2013 Nucl. Inst. and Meth. A 698 1118
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acceptance, time of measurement, trigger efficiency and angular-dependent tracking efficiency
as well. See more details in Refs. [5, 6].

4. Results
The muon telescope reliably operated during the 44 days meanwhile, about 477k events were
collected all together. This statistics were satisfactory for our analysis. The first step was to
compare the measured vertical flux to earlier data in the units of m−2sr−1s−1. As shown in
Fig. 1 data are in good agreement with the earlier measurements and empirically parametrized
curve [7].

In Fig. 1, the blue circles are for data and green dashed lines both taken from Ref. [7]. Red
and black dots are taken by the Muontomograph from earlier and this measurement respectively.
As black triangle denotes, the vertical flux is 1.78± 0.23 in the tunnel of Felsenkeller under 50
meter-rock-equivalent depth with the rock density of 2.40± 0.2 g cm−3.
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Figure 1. The vertical absolute cosmic muon flux (m−2sr−1s−1) versus density depth (hg cm−2).
Our measurements are compared to the empirical formula, which based on an earlier work [7].

Using the 6 data sets listed in Table. 1 all overlapping zenith and azimuth directions were
merged and binned using the SURFER 9.0 [8] software. The obtained flux-map of the cosmic
muon background is shown in Fig. 2, where the flux of cosmic muons appears with color-scale
contours in units, m−2sr−1s−1 as a function of zenith and azimuth angles. The red contour lines
show the overburden rock thickness above the detector in meter-rock-equivalent, which has been
calculated based on our laser scanning total station shots — in parallel with the data taking.

As expected, the measured muon flux correlates well with the overburden rock thickness: the
colour scaling and the red contours are mainly parallel to each other in Fig. 2. The maximum
muon flux is found to be below 2.5 m−2sr−1s−1. The highest flux were measured in the direction
of the zenith and the entrance of the tunnel to West.

The obtained vertical absolute flux in Fig. 1 and the flux map in Fig. 2 provide well defined
baselines for the design of the proposed accelerator-based experiments in the Felsenkeller site.
However, we note, other natural background sources might also exist, which should be targets
of forthcoming checks.

u  REGARD - Myonentomograph  
(Uni Budapest) 

Ergebnisse: 
u  Beschleunigerstollen ist etwas 

besser abgeschirmt als Stollen des 
Niederniveaumesslabors 
(130 statt 110 m.w.e.) 

u  Daten zur Winkelverteilung 
erlauben es, aktives Veto zu planen. 
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13N-Neutrinos und die 12C(p,γ)13N und 14N(p,γ)15O Reaktionen 

u  Q(β+, 13N) = 2.220 MeV 

u  Lebensdauer τ(12C) im Sonnenkern 106 a << τ(14Ν)  

u  13N emission im Sonnenkern gegeben durch 
14N(p,γ)15O - Reaktionsrate 

u    ∂ lnΦν (N-13)

∂ lnS[14N(p,γ )15O]
= 0.75
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Zwei Maxima für 13N - Neutrinos 

Bahcall et al. 2006 

u  Mittelpunkt der Sonne, T = 16 MK 

u  Lebensdauer τ(12C) = 7 * 105 a  <<  2 * 108 a =  τ(14Ν)  

u  12C wird zügig zu 14N konvertiert,  
und der Zyklus kommt ins Gleichgewicht 

u  R/RO~0.16, T = 12 MK 

u   τ(12C) = 2 * 108 a   

u   τ(14Ν) =  1011 a >> Sonnenalter 

u  CNO-Zyklus nie im Gleichgewicht 

u  13N-Neutrinoemission bei R/RO~0.16  
hängt von 12C(p,γ)13N-Rate ab 
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Daten zur 12C(p,γ)13N-Reaktion 
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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. 

u  Weitere Voraussetzung dafür sind präzise Daten zu 
den Kernreaktionen in der Sonne, wie sie auch am 
zukünftigen Felsenkeller-Beschleuniger in Dresden 
gewonnen werden können. 


