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Abstract
The Low Energy Neutrino Astronomy (LENA) Project comprises of a 50 kt or-
ganic liquid-scintillator detector which is planned to be of cylindrical shape with
a length of 100 m and a radius of 15 m. The detector will contain about 13500
photomultipliers (PMTs) on the inner side of the cylinder that will detect the light
signals produced in the scintillator by particle events. In order to shield the detector
against high energetic components of the cosmic radiation, the detector has to be
built either in a deep underground laboratory or on a deep sea plateau. As of today,
the most probable future building site will be the finnish center for underground
physics in Pyhäsalmi (CUPP). Such a detector as LENA will only be limited in
the detection of ν events by its intrinsic radioactivity and its transparency whereas
the current energy threshold for water based Cherenkov detectors is several MeV.
The application area of LENA will be manifold, reaching from particle physics (e.g
proton decay, neutrinooscillations) to astrophysical questions (e.g solar neutrinos,
geothermal neutrinos, supernova- and diffuse supernova neutrinos).

Chapter 1 of this thesis gives a short introdutcion to the standard model of particle
physics and to the phenomenology of neutrino oscillations in vacuum and in matter.
Chapter 2 gives an overview of the history of neutrino physics and gives an overview
over other neutrino experiments.
Chapter 3 contains a brief introduction of the LENA project. The structure of the
detector is explained and possible building sites are discussed. The manifold physics
capabilities are discussed in detail.
Chapter 4 gives an introduction to the structure of the sun and a description of the
processes that take place within it. The phenomenon of solar matter density fluc-
tuations and their correlation to neutrino survival probabilities are also discussed.
Chapter 5 contains a phenomenological approach towards the detection of solar neu-
trinos in LENA, in special the estimation of event rates of the solar neutrinos from
the different fusion cycles, and the calculation of the corresponding electron recoil
spectra, such as would be seen in LENA. Additionally, the radioactive background,
which is the main background source for solar neutrinos, and its possible implica-
tions on the detection of low energetic solar neutrinos is analyzed. Another part of
this chapter is an analysis of 8B neutrinos. The goal is to investigate the detection
potential of LENA concerning the MSW-LMA solution of the MSW effect in the
region between 2 - 3 MeV. Another investigated topic is the fluctuation of the solar
neutrino flux due to the varying distance of the earth to the sun in the course of one
year and also due to the arth matter induced day/night-effect. Accoring to theo-
retical models, solar density fluctuations could also lead to a change of the neutrino
flux over time. A limit for the detectability of periodic neutrino flux oscillations in
LENA is presented.
Chapter 6 begins with an overview of different types of liquid-scintillators and gives
an introduction to the scattering of light in such liquid-scintillators. It follows the



description of the experimental setup for the measurement of scattering lenghts of
organic liquid-scintillators that are considered for a use in LENA. The measurements
were performed for different wavelengths and with different scintillators. The un-
derstanding of the optical properties of the liquid-scintillator that will finally come
to use in LENA is very important. The results of the scattering length measurement
will be used along with other properties of the liquid-scintillator for a Monte Carlo
simulation of LENA in the future.
Chapter 7 summarizes the results of this thesis.
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Chapter 1

The standard model of particle
physics and neutrino oscillations

1.1 The standard model

The standard model comprises of the unified theories of electroweak interaction
and quantum chromodynamics (QCD). In group theory this is expressed by the
SU(3)C ⊗ SU(2)W ⊗ U(1)Y group [Buc06].

Besides gravitation, there are three other interaction forces which are very similar in
their structure. The respective forces are exchanged via vector bosons with spin 1.
Table 1.1 shows the three forces of the standard model together with their properties.

Interaction force couples to exchange particle mass (GeV/c2)

strong color charge 8 gluons (g) 0
electromagnetic electric charge photon (γ) 0

weak weak charge vector bosons
W± (80.398± 0.25)
Z0 (91.187± 0.0021)

Table 1.1: The properties of the interactions in the standard model of particle physics
[Pov01]. All exchange particles are bosonic particles with spin 1.

Aside from the exchange particles, there exist other fundamental particles, the
quarks and leptons. They are spin 1/2 particles, fermions, and can be segregated
into three families. The three quark families are:(

u
d

)
,

(
c
s

)
,

(
t
b

)
In addition to the electric charge, the quarks and the gluons carry color charge, that
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in a quark-gluon system such as a hadron or meson, adds up to white [Pov01] in
color space. This property is called confinement. In contrast to photons, gluons
can couple with themselves. The upper elements of the quark families carry electric
charge +2

3
e 1, while the other elements carry -1

3
e. The gluons do not have an electric

charge.

The three lepton families are:

(
νe
e

)
,

(
νµ
µ

)
,

(
ντ
τ

)
The neutrinos are massless in this model and have no electric charge, while the
other leptons have mass and electric charge -1 e [Pov01]. The interaction particles
are the vector bosons, W+,W− and Z0. As the gluons, they also can couple to one
another. The theory of the electroweak force states that only left-handed particles
can participate in the weak force, carrying a weak isospin of 1/2. The right-handed
part carries weak isospin 0. Only the neutrinos, which are considered massless in
the standard model, do not have a right handed part. Consequently, antineutrinos
do not have a left handed part in this model.
However, with the upcoming of neutrino experiments (see chapter 2) this assumption
of the standard model was being questioned more and more, until an extension of the
standard model was inevitable, leading to the establishment of the model of massive
neutrinos and neutrino oscillations. The last remaining particle of the standard
model which has not yet been experimentally discovered is the Higgs boson wih spin
0 [Alt05a]. It is the mediator of the particle rest masses.

1.2 Extension of the standard model and neutrino

oscillations

1.2.1 Neutrino oscillations in vacuum

The following introduction to neutrino oscillations is based on [Scm97]. Neutrino
oscillation is a phenomenon that goes beyond the standard model of physics, be-
cause it requires the neutrinos to have a non-vanishing mass. It implies oscillatory
changes of the lepton flavour eigenstate Lα 6= Lβ (α, β = e, µ, τ) meaning a change
of the neutrino type of the form να ←→ νβ.
In the theory of weak interaction it can be shown that the flavour eigenvalues of
neutrinos suffice the following relations:

1e being the elementary charge e = 1.602 · 10−19C
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Lα|νβ〉 = δαβ|νβ〉; (1.1)

Lα|ν̄β〉 = −δαβ|ν̄β〉 (1.2)

In general these eigenstates do not have an exact defined mass, meaning they are
not eigenstates of the mass operator M:

〈να|M |νβ〉 6= 0 for α 6= β (1.3)

They rather are linear combinations of non-degenerate mass eigenstates |νi〉 with
fixed masses mi:

〈νi|M |νj〉 = miδij with mi −mj 6= 0 for i 6= j (1.4)

That is why the mass eigenstates |νi〉 develop with different phases throughout the
propagation of time. As a consequence, a well defined flavour eigenstate να can
be described as a time dependent mixing of different mass eigenstates thus being
detected with a certain (oscillating) probability as another neutrino flavour νβ (with
α 6= β).
Leaving aside the possibility of heavy neutrinos, it is known that there are exactly
three light neutrino flavour eigenstates and thus three mass eigenstates. In the the-
ory of Hilbert spaces one can find an unitary2 matrix U transforming the flavour
eigenstates into the mass eigenstates and vice versa:

|να〉 =
∑
i

Uαi|νi〉 (1.5)

|νi〉 =
∑
α

(U †)iα|να〉 (1.6)

Uαi is the Pontcorvo-Maki-Nakagawa-Sakata matrix [Kot05]. It can be written as:

U =

1 0 0
0 c23 s23

0 −s23 c23

 ·
 c13 0 s13e

−iδ

0 1 0
−s13e

−iδ 0 c13

 ·
 c12 s12 0
−s12 c12 0

0 0 1



=

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 (1.7)

where sij and cij (i = 1, 2, 3) stand for sin(θij) and cos(θij), respectively. θij are the
rotationary mixing angles and δ stands for a possible CP-violating phase.

2Unitary transformations suffice the constraint U† = U−1.
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The mass eigenstates |νi〉 have a time evolution given by3 ,4

|νi(t)〉 = e−iĤt|νi〉 = e−iEit|νi〉 (1.8)

with the energy eigenvalues given by the relativistic equation

Ei =
√
p2 +m2

i ≈ p+
m2
i

2p
≈ E +

m2
i

2E
(1.9)

for p� mi, whereas E ≈ p is the mean neutrino energy. A flavour eigenstate, that

is given for t= 0 as |να〉 =
∑
i

Uαi|νi〉, will thus develop through time into a state

|ν(t)〉 =
∑
i

Uαie
−iEit|νi〉 =

∑
i,β

UαiU
∗
βie
−iEit|νβ〉 (1.10)

The probability of a neutrino flavour change can then be calculated to 5

P (α→ β, t) = |A(α→ β, t)|2 = |〈να(t)|νβ〉|2 = |
∑
i

UαiU
∗
βie
−iEit|2 =∑

i,j

UαiU
∗
αjU

∗
βiUβje

−i(Ei−Ej)t

=
∑
i

|UαiU∗βi|2 + 2Re
∑
j>i

UαiU
∗
αjU

∗
βiUβje

−i∆ij (1.11)

with the phase difference

∆ij := (Ei − Ej)t =
∆m2

ij

2
· L
E
, with ∆m2

ij = m2
i −m2

j (1.12)

which implies that neutrino oscillations can only occur for non degenerate mass
eigenvalues. L denotes the distance between source and point of detection.

1.2.2 Neutrino oscillations in matter

In comparison to the two neutrinos νµ and ντ that can scatter on electrons only
via the exchange of a neutral current (Z0), the νe can additionally scatter via the
exchange of a charged current (W±). This leads to an additional potential V for the

3Neutrinos are assumed to be stable, thus Ei being a real eigenvalue
4For reasons of simplicity ~ = 1 = c
5Making use of the orthogonality relation 〈να|νβ〉 = δαβ
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electron neutrinos in matter6 which results in a change of the oscillation parameters
[MS85]. In case of constant matter density, the situation is essentially the same
as for the vacuum oscillations, only with different mixing angles [MS85]. In case
of a varying matter density however, there can occur a resonance effect, which can
enhance the transition probability maximally, and is referred to as the Mikheyev-
Smirnov-Wolfenstein (MSW) effect [Wol78]. This effect plays the key role in the solar
neutrino deficit [Bah03], and is also important for supernova neutrinos [Win07].
The survival probability for solar neutrinos is the probability of an electron neutrino
of the production mechanism K = pp, pep, 7Be, 13N, 15O, 17F, 8B (see chapter 4.2),
not to change its flavour when passing through the solar matter (Pee = Pνe→νe).
Here the LMA (Large Mixing Angle)7 solution is used, because the SMA (Small
Mixing Angle)8 solution was ruled out by solar neutrino experiments [Bah03]. The
survival probability Pee can be derived analytically [Hol04] to

Pee(〈VK〉) =
1

2
+

1

2
(1− δk) cos(2θm)〈VK〉 cos(2θ) (1.13)

where θ is the vacuum mixing angle. 〈VK〉 is the averaged value of the potential in
the production region for the neutrino sort K. The mixing angle in matter suffices
the equation

cos(2θm(V )) =
cos(2θ)− 2EV/∆m2

[(cos(2θ)− 2EV/∆m2)2 + sin2(2θ)]1/2
(1.14)

with V =
√

2GFne(x) being the additional potential for electron neutrinos, and
ne(x) being the number density of electrons in the point x. The correction term δK
is given through

δK =
3

2

(2E〈VK〉/∆m2)2 sin2(2θ)

[(cos(2θ)− 2E〈VK〉/∆m2)2 + sin2(2θ)]2
∆V 2

K

〈VK〉2
(1.15)

The values for
∆V 2

K

〈VK〉2
and 〈VK〉 for the neutrino from fusion process K are also taken

from [Hol04]. This is then used to calculate the survival probability for a neutrino
from the fusion chain K (see chapter 4.2) with respect to its energy. The survival
probability for the solar neutrinos of the different fusion chains is shown in Figure
2.1. As can be seen, the survival probability is high (0.55-0.57) for small neutrino
energies below ∼ 1 MeV. This is the energy regime where neutrino oscillations are
vacuum dominated. For energies higher than ∼ 10 MeV, the survival probability is
lower (0.31-0.35). The survival probability is different for the neutrinos from the

6Because regular matter contains only electrons, not µ±, τ± or positrons.
7sin2(2θ12,matter) ≈ O(10−3)[Kin99]
80.6 ≤ sin2(2θ12,matter) ≤ 1[Pet01]
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different fusion processes. This is because the mean potential 〈VK〉 is a function
of the density and the density depends on the radial distance to the core, which
is linked to the production region of the different neutrinos [Scm97]. This survival

Figure 1.1: Survival probability for the solar neutrinos from the different fusion
chains (symbolized with different colours) due to the MSW effect for the LMA solu-
tion, according to equation 1.15. It is plotted as a function of the neutrino energy in
MeV on a logarithmic scale. The different mean potential for a neutrino from the
production mechanism K = pp, pep, 7Be, 13N, 15O, 17F, 8B leads to different survival
probabilities. The three lines represent the two monoenergetic 7Be neutrino lines at
384 keV and 862 keV and the pep neutrino line at 1.442 MeV, respectively.

probability will be used to calculate the event rates of solar neutrinos in LENA in
chapter 5.1.
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Chapter 2

History of neutrino physics and an
overview of neutrino experiments

In the 1930s the neutrino first was postulated by Wolfgang Pauli out of physical
necessity (conservation of energy, momentum and spin) for the β decay. The impli-
cations of the neutrino on astrophysics and cosmology were difficult to imagine back
then. Nowadays neutrino astronomy has been well established and is an important
branch of physics which combines two major fields, elementary particle physics and
astrophysics. Until it got that far, neutrino physics had to undergo a long evolution.
When the neutrino was first experimentally detected in 1956 by Reines and Cowan
[RC56], almost nothing was known about this particle except that it was weakly
interacting and electrically neutral. That is why often in literature neutrinos were
referred to as ”ghost particles”. Only slowly more physical properties of the neu-
trino were revealed, such as that there are exactly three light neutrino flavours,
which could be derived from the decay of the Z0 Boson at the particle accelerator
LEP at CERN [Scm97].
It soon showed that these particles have very interesting properties which make them
a very good choice for particle experiments with an astrophysical background. As
an example, whenever a massive star collapses, neutrinos play a fundamental role
in this process. As was shown, 99 % of the total energy of a supernova explosion
is released via the emission of neutrinos [Scm97]. This massive neutrino flux is de-
tectable here on earth and delivers important insights that could lead to a better
understanding of supernova physics. Only one supernova explosion in the history of
neutrino physics was detected, the supernova 1987a in the great magellanic cloud.
However, experimental neutrino physics back then was not as sophisticated as it
has become today, thus the results are quite contradictory [Hir87] [Bio87] [Bra88]
[Hir88].
Supernova explosions throughout the history of the universe released so many neu-
trinos, that they form a so called diffuse supernova neutrino background (DSNB)
[Lun06] [Mal03] which might be detectable in a large liquid-scintillator detector.
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Another phenomenon that was for a long time unsolved are the so-called gamma
ray bursts (GRBs), that were first detected in the 1990s and have remained a mys-
tery for a long time [Mes06]. Newer observations have led to the conclusion that
there are two types of bursts: long ones, which have their cause in the collapse of
a massive Wolf-Rayet star9, and short ones, which could be caused by the merging
of two neutron stars or a neutron star and a black hole [Mes06]. For either of these
two processes neutrinos could deliver important information on the astrophysical
mechanisms involved [Sur08].
The detection of high energetic neutrinos from cosmic point sources in general, for

example from active galactic nuclei (AGN), requires a large detector volume because
of the very low fluxes (E2

νΦlim = 5.9 · 10−8 GeV cm2s−1 [Bec07]). Attempts to detect
such very high energetic neutrinos have been realised in large Cherenkov detectors
that use ice or water such as AMANDA [Ama05] and BAIKAL [Bai06], respectively.
As of now, no neutrino emitting point source could be identified yet.
Another experiment of this class which is almost finished and soon will start with the
aquisition of data is ANTARES in 2500 m depth offshore of Toulon, France [Age07].
Future detectors in this category are large km3 detectors such as IceCUBE [Kir08]
at the AMANDA site and KM3Net [Lyo08], which will be built like ANTARES in
the sea. They might have a large enough detection volume to identify high energetic
neutrinos from cosmological sources.
Another field where neutrinos can be used, is the study of radiochemical processes
that take place within the earth via geothermal neutrinos produced by the decay
of Uranium, Thorium and their decay products, and 40K. With this method, new
abundancies of radioactive isotopes within the earth could be estimated [Hoc07].
Atmospheric neutrinos have been used by the Super-Kamiokande detector to mea-
sure the oscillation νµ → ντ [Ash05], which was a major breakthrough for the
establishment of neutrino oscillations.
In order to investigate stellar dynamics and other astrophysical properties of a star
with neutrinos, the investigation of the nearest star, the sun, seems the best choice,
because of the very high solar neutrino flux here on earth of about 6 · 1010 s−1 cm−2.
The first neutrino experiment that attempted the detection of these solar neutrios
was the Homestake experiment of R. Davis in the early 1970s [Dav94], which showed
a significant deficit in the νe flux compared to the expactations predicted by the
standard solar model. Even the following experiments GALLEX/GNO [Alt05] and
SAGE [Abd02] made similar observations, which led to several theories that tried
to explain this deficit of electron neutrinos (e.g. non standard solar models or neu-
trino oscillations). With the results delivered by the SNO [Bou02] and the Super-
Kamiokande [Ahm02] experiments the neutrino oscillations were proven to be the
source for the missing solar neutrino flux.
Another solar neutrino experiment that has begun taking data only in 2007, is the
Borexino experiment situated at the Gran Sasso underground laboratory in Italy

9massive stars of over 20 solar masses and surface temperatures of (2.5− 5.0) · 104 K
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[Bx07a]. This detector is a liquid-scintillator detector based on Pseudocumene and
has a fiducial mass of 100 tons. Due to its extremely high radiopurity, the detector
is able to measure low energetic neutrinos in the regime below 1 MeV, which is im-
possible to achieve with Cherenkov detectors, due to their high detection threshold.
These factors made it possible to detect the first real time signal of the 7Be neu-
trino flux in August 2007 [Bx07a]. Only recently, the Borexino detector was able
to measure 8B neutrinos with the lowest threshold energy achieved so far (2.8 MeV)
[Bx08b]. With this measurement, for the first time the presence of a transition be-
tween the low energy vacuum dominated, and the high energy matter induced solar
neutrino oscillations was confirmed, in agreement with the MSW-LMA solution for
solar neutrinos [Bx08b].
Appearance and disappearance experiments have delivered hard proof for neutrino
oscillations, thus implying that neutrinos have a non vanishing mass. These results
were confirmed by the reactor antineutrino disappearance experiment KamLAND
[Egu03] and the accelerator experiment K2K [Yok05] for νe ↔ νµ and νµ ↔ ντ ,
respectively.
An appearance experiment that has already successfully collected data in a testrun,
is the OPERA experiment [Ope08] which is situated at the LNGS in Italy. Its aim
is the appearance detection of ντ from a beam of νµ which is generated at CERN
and sent to LNGS with a baseline of 730 km.
Another long baseline experiment which has recently published results [Ada08], is
the MINOS experiment at Fermilab, USA. It is a νµ disapperance experiment in
which the oscillation parameters for an oscillation to ντ is being investigated and
a new best fit for sin2(2θ23) and ∆m2

23 was released this year. Also oscillations of
the type νµ → νsterile can be excluded by MINOS. Table 1.1 shows the neutrino
oscillation parameters with todays accuracy: Currently, the best limit for sin2(2θ13)

Oscillation parameter value (90 % C.L.) source
sin2(2θ12) 0.86+0.03

−0.04 KamLAND [Yao06]
sin2(2θ23) ∼ 1.00 MINOS [Ada08]
sin2(2θ13) < 0.19 CHOOZ [Yao06]
∆m2

12 (8.0± 0.3) · 10−5 eV2 KamLAND [Yao06]
∆m2

23 (2.4± 0.13) · 10−3 eV2 MINOS [Ada08]

Table 2.1: The neutrino oscillation parameters as they are known today.

comes from the CHOOZ experiment [Apo03]. This was a reactor antineutrino dis-
appearance experiment at the Chooz nuclear power station in France. In order to
find a better limit for θ13, the experiment DOUBLE-CHOOZ was proposed and has
already entered the building phase in June 2008. After three years of measurement,
it will corner the value of sin2(2θ13) to 0.02 - 0.03 [Ard08].
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Besides the lacking knowledge of θ13, there are other unsolved questions concerning
the neutrino, for example if the neutrino is a Majorana particle (where ν̄ is a right-
handed ν state, which is equivalent to the violation of the lepton number) or if it is a
Dirac particle (ν̄ 6= ν). A possible experimental test for this question was proposed
by the Heidelberg-Moscow [Kla01] collaboration meaning that the existence of a
neutrinoless double beta decay should coincide with the neutrino being a majorana
particle [Scm97]. However, the results are not definite. The next generation exper-
iment to solve this question, GERDA, is currently being build at the Gran Sasso
Underground Laboratory [Bet07]. It will be based on 76Ge, but will have a higher
statistics than the Heidelberg-Moscow experiment.
Another question still to be solved is why the masses of the neutrinos are so much
smaller than the masses of the charged leptons. A possible solution to this question
might be the See-Saw-Mechanism [Fal06]. Also the mass hierarchy of the neutrinos
is still unknown, because only the squared mass differences of the neutrino mass
eigenstates can be measured experimentally up to now, not their absolut masses.
An experiment that will attempt to measure the νe mass via the decay reaction
3H →3 He + e− + ν̄e is KATRIN [KAT04]. A limit for the νe mass will be derived
by the shape of the β spectrum at the endpoint energy of 18.57 keV [KAT04].
Additionally there remains the question if there exists a sterile neutrino, which is a
right handed neutrino that is not participating in the weak interaction. There are
also more exotic theories that suggest mass-varying neutrinos which could strongly
affect cosmological parameters [Fra08]. As can be seen, many interesting challenges
are still offered in the field of astro-particle physics.

A large liquid-scintillation detector such as LENA (Low Energy Neutrino Astronomy)
would offer with its large 50kt volume the necessary prerequisites for a large vari-
ety of applications. Its low threshold of about 200 keV-250 keV, the high energy
resolution and the fast timing would allow real time spectroscopy of low energetic
neutrinos like geo- or solar neutrinos [Hoc07], while the large number of protons
in the scintillator would make the search for a hypothetical proton decay feasable
[Mar05]. Even the observation of DSN (Diffuse Supernova Neutrinos) would be pos-
sible due to the good background rejection [Wur05].
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Chapter 3

The LENA project

The LENA (Low Energy Neutrino Astronomy) project is part of the LAGUNA
(Large Apparatus for Grand Unification and Neutrino Astrophysics) network. A
study concerning the possibilities of LAGUNA in different fields, such as proton
decay or astro- and geoneutrino detection, can be found in [Aut07]. The LAGUNA
network consists of more than 20 institutes in 11 European countries. The other
proposed projects of the network besides LENA are MEMPHYS (MEgaton Mass
PHYSics), a 1 Mt water Cherenkov detector, and GLACIER (Giant Liquid Argon
Charge Imaging ExpeRiment), a 100 kt liquid argon detector [Aut07].

3.1 The LENA detector

3.1.1 Detector design

In the current stage of planning, the LENA detector is of cylindrical shape with a
diameter of approximately 30 m and a length of about 100 m (see Figure 3.1).
Within an underground cavern, for example at Pyhäsalmi (Finland) at a depth of
1450 m (4060 m.w.e.), large pressure forces act on the detector. For such an under-
ground site, recent studies have shown that a vertical setup might be more feasible
in terms of stability [Kal08]. In this study, the cavern is formed in an oval shape
in order to dissipate the pressure acting on the detector as good as possible. Stud-
ies (see [Wur07]) suggest the detector to comprise of an inner vessel with a length
of 96 m and a diameter of 13 m, which is filled with 50 kt of liquid-scintillator. It
is surrounded by a 2 m wide, water filled shielding, that serves as a muon veto as
well as a shielding against external radioactivity. Depending on the measurement
channel and the radiopurity, the fiducial volume of the detector is in the range of
18 kt - 30 kt.
The surface of the inner vessel is equipped with about 13.500 PMTs, that collect the
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scintillation light and yield a surface coverage of 30 %. Beginning from the outside

Figure 3.1: Two schematic views of the cylindrical detector LENA which show the
components of the detector. New results indicate that a vertical setup is more feasible
in terms of pressure forces that act on the detector [Kal08].

of the schematic view in Figure 3.1, the outermost layer is the cavern, in which the
detector is placed. Next is the myon veto, which comprises of 100 kt of ultra pure
water and 1500 photomultipliers. Muons will then be detected by the Cherenkov
light they emit when passing through the water. Also the water lowers the back-
ground from fast neutrons. The next layer is the steel cylinder, which contains 70 kt
of organic liquids. The first layer of the interior is the buffer that shields the target
volume from external radioactivity. It contains a non-scintillating organic liquid and
has a thickness of 2 meters. The innermost part of the detector is the target volume
which is separated from the buffer by a nylon vessel and contains 50 kt of liquid-
scintillator. Here the actual neutrino detections takes place. As was mentioned,
the fiducial volume is not fixed yet, but for this thesis, it was set to 18 kt for all
calculations, in order to have the most conservative estimate.
The detector is aimed at a detection threshold of 200 keV - 250 keV, yielding 24 - 30
photoelectrons at threshold, respectively [Mar06]. This corresponds a light yield of
120 photoelectrons per MeV.
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3.1.2 Detector location

As for the site of the detector, many have been proposed throughout the whole of
Europe. A complete collection of the possible sites can be found in [Win07]. The
prerequisite for sufficient shielding against atmospheric muons is an underground
site or a site in the deep sea. One of the proposed sites is on a deep sea plateau
off the shore of Pylos, Greece in 4000 m - 5000 m depth [Mar06]. The other suitable
site would be at the Center for Underground Physics in Pyhäsalmi (CUPP) [Wur07]
which would provide a shielding of 4060 m water equivalent. Both detector sites are
far off nuclear power plants which limits the ν̄e flux to 1.9·105 cm−1s−1 for Pyhäsalmi
and 1.1 · 105 cm−1s−1 for Pylos, respectively [Win07].

3.1.3 Liquid-scintillator

The organic liquid-scintillator which is considered for a use in a detector of such
magnitude as LENA, has to suffice several demands. For one thing it should offer
an attenuation length which lies in the order of the detector radius (See chapter
6.1) so that photons which are emitted in the center of the detector can reach the
PMTs. Also aspects like the light yield, the fluorescence decay time, the chemical
long term stability and the radiopurity are of major concern for the right choice of
the liquid-scintillator. In terms of safety, the flash point and the toxicity are being
regarded as well. The costs are also a major factor for the choice of the right liquid-
scintillator.
A liquid-scintillator comprises usually of a solvent (mainly hydrogen and carbon)
with one or more fluors, which act as wavelength shifters. They are added in a
concentration of a few g/l. Without the addition of those wavelength shifters, the
excitation caused by a passing particle in the solvent would be captured through
to a chain of absorption and reemission processes in the UV range, thus no light
would be detected by the PMTs. There can also be added secondary wavelength
shifters so that the scintillation light is shifted overall from the UV range to the
blue part of the visible spectrum. Fluors that are currently being investigated are
2,5-Diphenyloxazole (PPO), para-Terphenyl (pTP), 1-Phenyl-3-Mesityl-2-Pyrazolin
(PMP), and 1,4-bis-(o-methylstyryl)-benzole (bisMSB).
Solvents under investigation are Phenyl-o-Xylylethane (PXE) and different sorts of
Linear Alkylbenzene (LABp500, LABp550, LABp550q). There is also the possibility
of adding linear hydrocarbons (dodecane or tetradecane) in order to increase the
ratio of free protons to carbon in the solvent. In chapter 6.1, the investigated liquid-
scintillators for the scattering experiment will be discussed in more detail.
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3.2 Physics capabilities

Because of its low energy threshold, the LENA detector could detect neutrinos
from very different sources. The main sources of interest for the LENA detector
are Solar Neutrinos, which make up the first part of this thesis, supernova and
diffuse supernova neutrinos (DSN), terrestrial neutrinos and atmospheric neutrinos.
Because of the large amount of atoms in the scintillation volume, the detector would
also be suitable for the detection of the proton decay, which is predicted by several
grand unified theories [Wie04]. A short overview of the different reaction channels
in LENA is given in Table 3.1.

CCR
channel nr. reaction channel Ethr [MeV]
1 ν̄e + p→ n+ e+ 1.8
2 ν̄e + 12C→ 12B + e+ 14.39
3 νe + 12C→ 12N + e− 17.34
4 νe + 13C→ 13N + e− 2.22
NCR
channel nr. reaction channel Ethr [MeV]
5 νx + 12C→ 12C∗ + νx 15.11
6 νx + p→ p+ νx -
7 νx + e− → e− + νx -
8 νx + 13C→ 13C∗ + νx 3.68

Table 3.1: The possible neutrino detection reaction channels in LENA. They can be
divided into charged current reactions (CCR) and neutral current reactions (NCR).
Ethr is the threshold energy of the reactions.

3.2.1 Solar neutrinos

Solar neutrinos are a fundamental probe for the interior of the sun, because the
neutrino fluxes are correlated with properties like density and temperature of the
solar core. The fluxes are well predicted through the standard solar model [Bah05].
Super-Kamiokande [Ash05] and SNO [Bou02] measured the solar spectrum above
a threshold of 5.5 MeV. Gallium based experiments like GALLEX [Alt95], GNO
[Alt05] and SAGE [Abd02] were only sensitive to the integrated neutrino flux, but
with a lower threshold than water Cherenkov detectors.
As will be shown in Chapter 5, LENA would be able to detect the monoenergetic
7Be neutrinos via elastic neutrino electron scattering with a rate of ∼ 5400 events
per day for a conservative fiducial volume of 18 kt. The monoeregetic pep neutrinos
will induce an event rate of ∼ 370 d−1. The CNO neutrino event rate has been
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calculated to ∼ 1250 d−1. The 8B neutrinos would be detected additionally to the
elastic neutrino electron scattering via the CC capture of νe by 13C. The event rates
are ∼ 27900 yr−1 for the elastic channel and ∼ 680 yr−1 for the CC capture channel,
respectively (see chapter 5.2). The rate of hep-ν has been calculated to ∼ 58 yr−1.
Because 14C is very abundant in an organic liquid-scintillator, the pp-flux cannot be
measured directly. But using the measurements of the pep neutrino flux, which is
correlated to the pp neutrino flux, the well-known solar luminosity and ν-oscillation
parameters, the pp-flux could be determined to an accuracy better than 0.5 %.
Spectroscopy of the pep neutrinos could be used to investigate the MSW effect in
the transition region regime from vacuum to matter induced flavour oscillations at
1-2 MeV (See Figure 1.1). In the regime between 2-3 MeV, 8B neutrinos would be
best suitable for an analysis of the MSW-LMA curve. An analysis of the MSW-LMA
curve with 8B neutrinos in this energy regime is performed for LENA in chapter 5.3.
Due to the very high event rates in the detector, LENA is able to look for fluctuations
in the neutrino fluxes. Besides from fluctuations with a periodicity of one year due
to the excentricity of the earth orbit, magnetic driven density fluctuations of the
solar medium (G modes, see [Bur03a] [Kum99]) might also lead to fluctuations of
the neutrino flux. This is analyzed in further detail in chapter 5.4. Some models
suggest additionally a slight seasonal variation of the neutrino flux caused by the
non-spherical symmetry of those modes [Bur03c]. A day-night asymmetry of about
1 % of the 7Be − ν, because of the earth matter effect, might also lie within reach
of detection [MS85] [Wol78] [Akh93]. The detectability of oscillatory fluctuations
of the solar neutrino flux at the scale of the earth matter effect is investigated in
chapter 5.5.2.

3.2.2 Supernova neutrinos

An 8 M⊙10 star, that explodes in a supernova in the centre of the galaxy (10 kPc
distance), will induce a signal rate of ∼ 2 · 104 events in LENA. Both νe and ν̄e are
produced in a supernova, they could be discriminated by charged current reactions,
antineutrinos via inverse beta decay and neutrinos via interaction with 12C. In this
way LENA will deliver information on the νe and ν̄e flux and on the spectrum. The
neutral current reactions are sensitive to all neutrino flavours and would thus deliver
the total flux [Obe05].
Because of the high event rate for supernova neutrinos, the statistics are very good,
so that a time resolved neutrino-flux rate could be measured for different neutrino in-
teractions. This would deliver new results on astrophysical models for the dynamics
of supernova explosions.

101 M⊙ = 1 solar mass = 1.99 · 1030 kg
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3.2.3 Diffuse supernova neutrinos

It is assumed that all the supernova explosions throughout the history of the universe
have produced a massive neutrino flux which resulted in a background of diffuse
supernova neutrinos (DSN). These neutrinos provide information about supernova
mechanisms, as well as the stellar formation rate (SFR). Currently the best limit
for the DSN-flux comes from the Super-Kamiokande Experiment, giving an upper
limit of 1.2 cm−2s−1 for νe with an energy threshold of 19.3 MeV [Mal03]. Through
a better background rejection, LENA will be able to detect DSN-ν through inverse
beta decay ν̄e + p → n + e+ in an energy window of 10-25 MeV [Win07]. The
limits are given by the flux of neutrinos from nuclear power plants and atmospheric
neutrinos. The accuracy for the detection of DSN-ν is thus extremely dependant on
the detector location.

3.2.4 Terrestrial neutrinos

A very promising way of investigating processes that take place within the earth, is
through the detection of geo or terrestrial neutrinos. They are constantly produced
within the earth mantle and crust through the decay of radioactive isotopes such
as 40K, 232Th and 238U. The thermal energy created by the decay chains of these
isotopes contributes to more than half of the thermal energy flow of the earth of
about 60 mW m−2 [Hoc07]. The other part is thought to be emitted by latent heat
through geochemical processes [GO05]. Electron antineutrinos, which are produced
in these decays, could deliver valuable information about the amount of the radioac-
tive materials within the earth. In 2005 KamLAND was able to detect geo neutrinos
for the first time [Ara05].
LENA would detect terrestrial neutrinos via the inverse beta decay channel ν̄e+p→
n+ e+. The threshold of 1.8 MeV would only allow ν̄e from Uranium and Thorium
to be detected. Because the main background in this energy region is produced by
nuclear power plants, the detector location is essential for the measurement of geo
neutrinos. An event rate between ∼ 500 yr−1 and ∼ 1000 yr−1 has been estimated
for a detector location at Hawaii or Pyhäsalmi, respectively [Hoc07].

3.2.5 Proton decay

Grand Unification theories that attempt to unify the four fundamental forces, predict
that the proton decays with a large lifetime [Wie04]. Currently the experimental
limit of the lifetime is τp > 2.3·1033 yr at 90 % C.L. for the decay channel p→ K++ν̄
[Kob05] and τp > 5.4·1033 yr at 90 % C.L. for the decay channel p→ e++π0 [Hak05].
About 40.7 proton decay events would be observed in LENA after a measuring time
of 10 years with about 1.1 background events for the decay channel p → K+ + ν̄
[Mar05]. If no signal is seen within this timespan for this channel, the lower limit
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of the proton lifetime will be raised to τ > 4 · 1034 yr at 90 % C.L. This lies within
the order of theoretical predictions of (∼ 1030 − 1035) yr, depending on the model
[Rab02].

3.2.6 Long baseline experiments

A beam of neutrinos, produced in artificial sources like particle accelerators, could
be directed towards LENA. The high statistics of LENA would offer the possibility
to investigate the values of the neutrino oscillation parameters such as θ13, a possible
CP-violating phase, or the influence of the earth matter on neutrino oscillations.

3.2.7 Dark matter detection

Another possibility that could be offered by LENA, is the detection of a certain
type of dark matter. Besides the lightest supersymmetric particle (neutralino),
there could also be lighter particles as candidates for the dark matter [Boe04] in
the mass region of 10-100 MeV. The signature would result from the annihilation
of this kind of dark matter via χχ → νν̄ throughout our galaxy. Due to the good
energy resolution and the clear signature of ν̄e in LENA, the detector will be able
to detect these particles [Mar08].
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Chapter 4

Properties of the sun

4.1 The structure of the sun

Figure 4.1: Schematic view of the sun [Ifa08].The structure of the sun can be divided
into several layers: the core, the radiative zone, the convective zone, the photosphere,
the chromosphere and the corona.

The sun can be segregated into different layers as can be seen in Figure 4.1. Be-
ginning from the interior, there is the core where the density is the highest at a
temperature of approximately 1.56 · 107 K [Scm97]. It has a radius of ∼ 0.2 R⊙.
Next is the radiative zone (∼ 0.2R⊙− 0.7R⊙), where the gas is an ionized plasma
and the energy transport is achieved entirely through radiation. The next layer is the
convective zone. Here the solar plasma is not dense and hot enough to transfer the
energy of the interior outward via radiation. As a result, thermal convection occurs
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as thermal columns carry hot material to the surface of the sun. Once the material
cools off at the surface, it plunges back downward to the base of the convection
zone and receives more heat from the top of the radiative zone. The convective zone
stretches from ∼ 0.7R⊙ up to the surface, the photosphere. The photosphere is
the border from where visible sunlight is free to propagate into space and its energy
escapes the sun entirely. The change in opacity is due to the decreasing amount of
H− ions, which absorb visible light to a high extent. Below the photosphere the gas
is opaque. Above the photosphere is the chromosphere, a thin layer of the Sun’s
atmosphere just above the photosphere, ∼ 104 km deep. It has a red colour due to
the Balmer H − α emission line, which is the origin of its name. The outermost
layer is the corona, where the gas is heated to temperatures beyond 106 K through
a mechanism that has not been fully understood yet, but two theorys seem most
plausible: the wave heating theory and the magnetic reconnection theory [Asc04]
[Alf47]. Some important facts about the sun are listed in Table 4.1.

Parameter Value
Age 4.6 · 109 yr
Radius R� 6.96 · 105 km
Mass M� 1.99 · 1030 kg
Mean density 1.41 g cm−3

Densitiy at center 148 g cm−3

Temperature at center 1.56 · 107 K
Surface temperature 5.78 · 103 K
Luminosity 2.41 · 1039 MeV sec−1

Composition ( % of mass)
Hydrogen H 73.46 % [Edd79]
Helium He 24.85 % [Edd79]
Heavy elements (Z > 2) 1.69 % [Edd79]
Mean distance to earth 1.496 · 108 km
νe flux density on earth 6.52 · 1010 cm−2 sec−1 [Bah05]
Total νe flux produced in the sun 1.87 · 1038 sec−1

Table 4.1: The solar parameters [Scm97]

The dynamics of the sun is described through the so called Standard Solar Model
(SSM) [Bah05]. It takes the fusion processes into account and assumes a thermal
equilibrium (energy production = energy radiation) within the sun. It treats the
sun as an ideal gas using the four equations of stellar dynamics [Scm97].
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4.2 The solar fusion cycles

An overview over all fusion reactions and the corresponding neutrino energies and
fluxes is given in the Table 4.2. All values are based upon BS05(OP) (Bahcall-
Serenelli model 2005 with new solar opacities, see [Bah05]).

Process short neutrino energy νe flux on earth
notation after BS05(OP)

Eν [MeV] [1010 cm−2 sec−1]

p+ p→ 2H + e+ + νe pp ≤ 0.420 5.99± 0.06
p+ e− + p→ 2H + νe pep 1.442 (1.42± 0.03) · 10−2

3He + p→ 4He + e+ + νe hep ≤ 18.773 (7.93± 1.27) · 10−7

7Be + e− → 7Li + νe
7Be 0.862(90 %); 0.384(10 %) (4.88± 0.53) · 10−1

8B→ 8Be + e+ + νe
8B ≤ 14.6 (5.69± 0.91) · 10−4

13N→ 13C + e+ + νe
13N ≤ 1.199 (3.07± 0.01) · 10−2

15O→ 15N + e+ + νe
15O ≤ 1.732 (2.33± 0.01) · 10−2

17F→ 17O + e+ + νe
17F ≤ 1.740 (5.84± 0.01) · 10−4

Total 6.60± 0.07

Table 4.2: The different fusion chains in the sun, using the values of the BS05(OP)
solar model from Bahcall-Serenelli, see also Figure 4.3

4.2.1 pp chain

98.4 % of the suns energy radiation (the other 1.6 % are produced by the CNO cycle)
is produced via the exothermic thermonuclear fusion reaction of hydrogen to helium
in the reaction

4p→ 4He + 2e+ + 2νe (4.1)

In this reaction a netto energy of 26.73 MeV is set free. The mean energy of the two
released neutrinos is only 2〈Eν〉 = 0.59 MeV, while the rest is thermal energy, which
is transported via charged particles or photons. There are two reactions of the pp
chain producing νe:

p+ p→ 2H + e+ + νe (pp) (4.2)

p+ e− + p→ 2H + νe (pep) (4.3)
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The first reaction produces the pp neutrinos, which have the highest flux on earth
(see Table 4.2). Because there are three products, the energy is continuously dis-
tributed, resulting in a spectral energy shape of the neutrinos (see Figure 4.3).
The second reaction produces the pep neutrinos, which are monoenergetic with
Eν = 1.442 MeV. Due to only two products of the reaction, the products of the
reaction have discrete energies. Almost the whole neutrino flux on earth consists of
the pp neutrinos (5.94 · 1010 cm−2 sec−1). The flux of the pp neutrinos is well known
(the uncertainty is below 1 %, because it depends weakly on the core temperature
(Φ(νpp) ∼ T−1.2)).

4.2.2 hep, 7Be and 8B chains

The three reactions

3He + p→ 4He + e+ + νe (hep) (4.4)

7Be+ e− → 7Li + νe (7Be) (4.5)

8B→ 8Be + e+ + νe (8B) (4.6)

are sub-cycles of the pp chain. After the pp neutrino flux, the 7Be reaction de-
livers the second highest neutrino flux. As the pep neutrinos, the 7Be neutrinos
are monoenergetic. As can be seen in Table 4.2, the 7Be neutrinos consist of two
monoenergetic parts, one with Eν = 0.862 keV, which makes up 90 % of the 7Be
neutrino flux, the remaining part with Eν = 0.384 keV11 . The hep and 8B chains
reach up to higher neutrino energies of 14.6 MeV and 18.773 MeV, respectively, but
they have significantly lower fluxes. Figure 4.2 shows their relation to the pp cycle.

11The two energy values for the 7Be neutrinos derive from the ground state and the excited state
of 7Li
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Figure 4.2: The pp cycle and the relation to the hep, 7Be and 8B chains, from [MPK]

4.2.3 CNO chain

The CNO-I cycle (the CNO-II,CNO-III and CNO-IV subcycles play only a role in
very massive stars) consists of several reactions of which three produce neutrinos:

13N→ 13C + e+ + νe (13N) (4.7)

15O→ 15N + e+ + νe (15O) (4.8)

17F→ 17O + e+ + νe (17F) (4.9)

This cycle makes up to only ∼ 1.6 % of the suns energy production. Theoretical
models show that the CNO cycle is the dominant source of energy in stars heavier
than the sun at temperatures above 1.8 · 107 K [Mei08]. The proton-proton chain is
more important in stars with the mass of the sun or less. Figure 4.3 illustrates the
CNO-I cycle.
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Figure 4.3: Schematics of the CNO-I cycle [Mei08].

Figure 4.4 shows the energy dependant flux of the solar neutrinos of all fusion
reactions combined into one plot according to calculations based on the Standard
Solar Model.
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Figure 4.4: The solar neutrino spectrum based upon calculations from Bahcall and
Serenelli (2005) [Bah05]

4.3 Solar matter density fluctuations

4.3.1 P modes and helioseismology

Solar matter density fluctuation is a phenomenon, that has already been known
since the 1960s and has been studied by several experiments [Gon] [DG89]. These
so called pressure modes have their origin within the convective zone of the sun.
They are excited due to acoustic waves, which are emitted by turbulent convection.
They reach throughout the convective zone up to the surface. There they can be
analyzed by measuring the velocity field of the gas on the solar surface by means
of doppler spectroscopy. The modes have periods of about 3-12 minutes and a life-
time of days to sometimes months. Pressure waves can be viewed as standing waves
within the sun, where the sun acts as a resonance body. The individual normal
modes of the sun are identified by three numbers, analogous to the energy states of
the hydrogen atom. These are the spherical harmonic degree l, azimuthal order m,
and the number of modes in the radial direction, n. Figure 4.5 shows the velocity
field of the sun for a P mode oscillation with l=20, m=16 and n=14.

These oscillations can be used to gain additional insight into the solar structure and
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Figure 4.5: A graphical illustration of a P mode oscillation with l=20, m=16 and
n=14 as it would occur in the sun [Ifa08]

can be viewed as a good test for the Standard Solar Model (SSM). They have been
found to be in excellent agreement with the theoretical expectations. Thus, helio-
seismology, together with neutrino detection, is a good tool for the investigation of
the interior of the sun. Much of the knowledge about the structure of the sun is
based upon helioseismological observations. According to [BBM98], the P modes
however do not have the necessary prerequisites to affect the neutrino survival prob-
ability via the MSW effect, because they have a too small amplitude.

4.3.2 Magneto-gravity modes

Another possible process which leads to the creation of density fluctuations in the
sun are so called magnetic driven gravity modes (G modes). In contrast to the
previously mentioned P modes, it is thought that they have their origin in a strong
magnetic field within the radiative zone of the sun [Bur03c]. The strength of this
magnetic field is unknown, but an upper limit is set, because as was already stated by
Chandrasekhar, the field energy should be less than the gravitational energy [Bur03c]
(which corresponds to Brad.zone ≤ 104 T). The implication on neutrino physics is,
that for a given oscillation length and amplitude, they could have a significant impact
on the MSW flavour conversion in the sun, which could be measured in neutrino
detectors. A complete deduction of the eigenfrequencies of G mode oscillations can
be found in [Bur03a]. An exponential density profile of the form ρ0(r) = ρc ·exp(−rH )
is being assumed, with ρc being the density in the center of the sun, ρ0 the average
radial density and H the density height scale (here H = const ∼ 0.1R⊙). The
eigenmode problem is solved using the four equations for stellar hydrodynamics
in presence of magnetic fields for small perturbations of several percent above the
average matter density [Bur03b].

In order to have an effect on the MSW neutrino flavour conversion, the G modes
should have a wavelength or correlation length (Lcorr) in the order of the MSW
resonance length [Bur03a]:
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Loscres =
250km( E

MeV
)

∆m2

10−5eV 2 sin(2θ)
∼ Lcorr (4.10)

For a 10 MeV 8B neutrino for example, the resonance length for νe → νµ is ∼ 337 km.
As can be seen in figure 4.6, a field of approximately 10 T, would yield a correlation
length of about 300 km for ∼ 0.15 and ∼ 0.5 solar radii, respectively. The radiative
zone stretches, as was mentioned, from 0.2 to 0.7 solar radii, thus a 1 Tesla field at
0.5 solar radii would deliver the necessary correlation length in order to alter the
MSW-LMA survival probability in a significant way.
G modes could also lead to changes of the temperature at the production region of
neutrinos [Bur03b]. These would result in a change of the neutrino production rate
and thus in an oscillation of the neutrino flux. Such fluctuations of the neutrino
flux are analyzed in chapter 5.4 with 7Be neutrinos in LENA, because they offer the
best statistics. Figure 4.7 shows the effect of G modes on the MSW-LMA survival
probability of neutrinos produced in the sun in dependance of the amplitude of the
modes.

Figure 4.6: The wavelength or correlation length of G modes depends on the strength
of the magnetic field in the radiative zone and on the radial distance z from the center
of the sun. For a 10 MeV 8B neutrino, a wavelength of 337 km would be needed, which
is approximately sufficed for a field of 10 T in the radiative zone at ∼ 0.5 solar radii.
From [Bur03b]
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Figure 4.7: The effect of random solar matter density fluctuations on electron neu-
trino survival probability for MSW-LMA oscillations and a correlation length L0 =
100 km. The amplitude of the fluctuations at the position of neutrino resonance is
zero in the left panel, and is 4 % and 8 % of the mean density of the solar matter in
the middle and right panels, respectively [Bur03b]

Already for an amplitude of 4 % of the mean density, a significant alteration of the
MSW-LMA curve takes place. The higher the amplitude, the more the large mixing
angle survival probability differs from the non perturbed MSW-LMA solution. Such
a changed survival probability would have a significant impact on the event rates in
a neutrino detector. A detector as LENA with its high statistics should be able to
set very precise limits for the oscillation parameters of such G modes. In Chapter
5.4, the possible implications of G modes on the 7Be neutrino flux with its high
event rates is studied and limits for the amplitude and cycle duration of G modes
are presented.
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Chapter 5

Measurement of solar neutrinos
with LENA

As was already mentioned in chapter 3, the measurement of solar neutrinos with a
detector such as LENA would offer a very statistics, and thus enable very accurate
precision measurements of solar neutrino fluxes, which are strongly correlated with
the solar parameters of the standard solar model. In the first section of this chap-
ter, the event rates for the solar neutrinos from all the different fusion chains will
be calculated. After that, the energy spectra of the solar neutrinos, as will be seen
in LENA are presented and possible background contributions from diverse sources
are discussed and the background rates for the most relevant sources are calculated.
Also, factors such as quenching and a qualitative plot with the different background
contributions in a large PXE based liquid-scintillator will be discussed. The next
section covers an analysis of the influence of the MSW effect on 8B neutrinos in
LENA, with the goal of investigating the effectivity of LENA for proving the ex-
istence of the MSW curve in the 2-3 MeV regime, then a discussion of the results
follows. The last analysis will be the detectability of possible fluctuations of the 7Be
neutrinos caused by magneto gravity modes in the radiative zone of the sun (see
chapter 4), and an exclusion plot will be shown which corners the detectable regions
of such flux variations for LENA.

5.1 Estimation of event rates for solar neutrinos

in LENA

5.1.1 Reaction rate

The reaction rate for elastic neutrino scattering off electrons is given by
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Relectron = n · Φ ·
∫ ∞

0

dT

∫ ∞
Eν

dE ′ν · λ(E ′ν) · Pee(E ′ν) ·
dσ(E ′ν , T )

dT
(5.1)

where n is the amount of target particles, in this case electrons within the fiducial
volume of LENA (n = 1.45 ·1034 [Mar05]), Φ the solar neutrino flux on earth, Eν the

energy of the incoming neutrino, T the kinetic recoil energy of the electron, dσ(Eν ,T )
dT

the differential cross-section for elastic neutrino-electron scattering, Pee the neutrino
survival probability and λ(Eν) is the spectral shape of the neutrino flux (See Fig.
4.4). The reaction rate itself depends on the recoil energy of the electron and on the
energy of the incoming neutrino. This is also the formula needed when calculating
the recoil spectra later on.

Differential cross-section

The differential cross section ist given by [Fer02]

dσ

dT
(Eν , T ) =

G2
FMe

2πE2
ν

[(cV + cA)2E2
ν + (cV − cA)2(Eν − T )2 − (c2

V − c2
A)MeT ] (5.2)

where GF is the Fermi coupling constant, Me is the mass of the electron, and cV
and cA are the vector- and the axialvector coupling constants of the weak interaction
theory. For νe + e− scattering they are given by cV = 1; cA = 0.5, and for νµ,τ + e−

they are given by cV = −0.02; cA = −0.5 [Per].
Thus, the cross section differs for the channel νe + e− and νµ,τ + e−.
The total cross sections for νe and νµ,τ are linear to the neutrino energy [Cad02]:

σνe = 9.2 · 10−45 E

MeV
cm2 (5.3)

σνµ,τ = 1.57 · 10−45 E

MeV
cm2 (5.4)

The ttal cross section for νe is 5.86 times higher than for νµ,τ
12 , thus the rate of

µ- and τ -neutrinos is supressed. This was also considered for the calculation of the
event rates.
Because the elastic scattering of a neutrino off an electron follows the same principle
as compton scattering of a photon with an electron, the kinetic recoil energy of the
electron suffices the constraint

T ≤ 2E2
ν

Me + 2Eν
(5.5)

12Because electron neutrinos can additionally interact via charged current
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The neutrino energy then must exceed the threshold

Eν ≥ (2T ±
√

4T 2 + 8TMe) ·
1

4
(5.6)

with the minus sign being ignored, because it could deliver negative neutrino ener-
gies. This condition will be used when calculating the event rate and recoil spectrum
using (5.2).

Survival probability and MSW effect

As was shown in chapter 2.2.2, the MSW effect changes the survival probability of
an electron neutrino produced in the sun dependant on the energy (see figure 1.1).
If the νe which is produced in the sun, does not change its flavour due to the MSW
effect, the rate is given by

Relectron,νe = n · Φ ·
∫ ∞

0

dT

∫ ∞
Eν

dE ′ν · λ(E ′ν) · Pee(E ′ν) ·
dσ(E ′ν , T )e

dT
(5.7)

with the cross section for νe + e− scattering.
In case of an oscillation νe → νµ,τ , the event rate becomes

Relectron,νµτ = n · Φ ·
∫ ∞

0

dT

∫ ∞
Eν

dE ′ν · λ(E ′ν) · (1− Pee(E ′ν)) ·
dσ(E ′ν , T )µ,τ

dT
(5.8)

with the cross section for νµ,τ + e−.
The spectra λ(Eν) for the 13N, 15O, 17F, 8B, hep and pp neutrinos were taken
from [SNS], they are also based upon the BS05(OP) solar model and are publically
accessible.

5.1.2 Results for the event rates

The channel νe,µ,τ + e− → e− + νe,µ,τ

All the following results were calculated for 18 kt fiducial volume and are shown in
the Table 5.1. The rate for νe and νµ,τ were calculated separetely and then added to
get the total event rate. For the calculation of the values, an integration over T and
Eν was done (with the constraints (5.5) and (5.6)) using the survival probability,
the neutrino spectra, the differential cross sections, the restriction for the recoil
energy of the electron, the overall neutrino flux and the number of electrons in
the fiducial volume of LENA. The threshold energy of LENA is aimed at 200 keV-
250 keV. Thus the calculation was performed for 200 keV and 250 keV, respectively.
The uncertainties are also from the BS05(OP) model.
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Ethr = 200 keV
Neutrino sort Total Event Rate (νe,µ,τ )
7Be (5.391± 0.566) · 103 d−1

pep (389± 6) d−1

pp (844± 8) d−1

8B (2.8399± 0.4544) · 104 yr−1

hep (60± 10) yr−1

CNO (656± 1) d−1

Ethr = 250 keV
Neutrino sort Total Event Rate (νe,µ,τ )
7Be (4.763± 0.500) · 103 d−1

pep (368± 6) d−1

pp (25± 0) d−1

8B (2.8076± 0.4492) · 104 yr−1

hep (60± 10) yr−1

CNO (585± 1) d−1

Table 5.1: Expected event rates R for solar neutrinos in LENA for a threshold energy
of Ethr = 200 keV, 250 keV,respectively, for the elastic neutrino-electron scattering
channel

The 13C channels

For neutrino energies above Ethr = 2.22 MeV, the channel ν̄e+
13C→13N+e− be-

comes relevant, especially for the detection of 8B-ν. Above Ethr = 3.68 MeV,
νx+

13C→13C∗ + νx plays an additional role. In order to estimate the event rate,
the number of 13C atoms in the fiducial volume of LENA has to be calculated.
The natural abundance of 13C is 1.1 % [Hol95]. The number of protons bound in
12C in 18 kt volume is 1.22 · 1034 [Mar05]. Thus, the number of 13C is n13C =
1
6
· 0.011 · 1.22 · 1034 = 2.03 · 1031. With the cross section for this reaction, taken

from [Ian05], the event rate can be calculated. The result is (R = 610± 98) yr−1 for
Ethr = 200 keV and the same for Ethr = 250 keV, as the intrinsic threshold of the
reaction channels is 2.22 MeV and 3.68 MeV, respectively.

5.1.3 The electron recoil spectra

The electron recoil spectrum is described by the differential form of equation (5.1),
which can be written as

dR

dEνdT
= n · Φ · λ(Eν) · Pee(Eν) ·

dσ(Eν , T )

dT
(5.9)

A physical detector however, has a finite energy resolution. The energy resolution
of LENA can be approximated to be

√
180pe

180pe
= 7.45 % at 1 MeV [Mar05]. This can
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also be approximated as σ(E)
E

= 0.1 · ( E
MeV

)−
1
2 [Nef05]. This however, is only an

estimation, and the actual resolution in the finished detector could differ from that
value. In order to calculate the recoil spectrum with the energy resolution of LENA,
the differential rate has to be convoluted with a gaussian function of the form:

G(T − Eν) =
1√
2πσ

exp

(
−1

2
· T − Eν

σ2

)
=

1

0.1 ·
√

2Tπ
exp

(
−1

2
· T − Eν

(0.1)2T

)
(5.10)

The differential rate for the calculation of the electron recoil spectrum with the
energy resolution of the detector is given through

dR

dEν
= n · Φ

∫ ∞
−∞

dT · λ(E ′ν) · Pee(E ′ν) ·G(T − E ′ν) ·
dσ(E ′ν , T )

dT
(5.11)

The results for all solar neutrinos are shown in figure 5.1. It was summarized over
the event rates of all neutrino flavours, and the total event rate is drawn also. The
first plot covers the whole spectrum up to recoil energies of 16 MeV, for the high
energetic hep-ν channel. The higher energetic solar neutrinos were already measured
in detail, thus the interesting lower energy region up to 2 MeV is drawn separately.
The spectrum files were taken from [SNS].

5.2 Background sources

The main background sources for solar neutrinos in LENA are radionuclides. A part
of them are myon-induced radionuclides13 such as 11C and 10C, which are the main
cosmogenic background for solar neutrinos. The other part are radionuclides from
the Uranium and Thorium decay chains, which are abundant in the surrounding
rock, and also radionuclides that are abundant in the liquid-scintillator itself, for
example 14C or decay products of Radon.

13Cosmogenic radionuclides
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Figure 5.1: The whole electron recoil spectrum from solar neutrinos up to 16 MeV in
the upper plot, and up to 2 MeV in the lower plot, respectively, as would be seen in
LENA (fiducial volume 18 kt). The event rates for the different neutrino channels
are the sum of all neutrino flavours νe,µ,τ and the red line represents the overall rate
for all neutrino channels.

36



5.2.1 Reactor antineutrinos and atmospheric neutrinos

A possible background source are for example atmospheric neutrinos. The lowest en-
ergetic atmospheric neutrinos begin at about 14 MeV with fluxes of ∼ 1 MeV−1 yr−1

[Wur05], while only the highest energetic solar neutrinos are in this energy regime.
Thus this background source can be neglected.
Another possible background source are reactor-antineutrinos, that are constantly
produced in nuclear power plants. The integrated rate for LENA at Pyhäsalmi has
been estimated to (7.56±1.06)·103 (18 kt)−1 yr−1 and (4.14±0.58)·103 (18 kt)−1 yr−1

for Pylos, respectively [Wur05] for the reaction channel ν̄e + p→ n+ e+ (See Table
3.1).
The shape of the reactor-antineutrino, and of the atmospheric neutrino spectrum is
shown in figure 5.2. By the delayed coincidence of the positron and the neutron in
this reaction, this background can be identified clearly. Additionally, the fluxes are
significantly lower than the fluxes of solar neutrinos. Thus, this background can be
neglected.

Figure 5.2: Athmospheric neutrino and reactor-antineutrino background in LENA
(for a 50 kt volume), from [Wur05].
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5.2.2 Background from radionuclides

There are several radionuclides abundant in a liquid-scintillator or in the detector
volume itself. In order to minimize the background levels, so that the signal to
background ratio is improved, a high radiopurity is necessary for such a detector.
Purification methods can be found in [Ang05]. The main radionuclides in a liquid-
scintillator detector that contribute to the background are enlisted in Table 5.2, the
data is for the Borexino detector and is also taken from [Ang05]. The values for
PXE and PC are based upon data aquired by the counting test facility (CTF).

Isotope Source Typical Concentration Tolerable Level
14C radiogenic 1.2 · 10−12 g/g in 3 · 10−18 g/g (PC) [Ang05]

living organic material
9 · 10−18 g/g (PXE) [Hag00]

222Rn air, emanation from 150 Bq/m3 at LNGS 0.1µBq/m3 (PC) [Ang05]
materials

210Bi 210Pb 5 · 102 ev/d/T 0.5 ev/d/T [Ang05]
210Po
238U suspended dust 2 · 10−5 g/g in dust < 1 · 10−15g/g (PXE) [Hag00]
232Th
40K dust or fluor 2 · 10−6g/g < 10−14g/g in scintillator [Ang05]

contamination
39Ar air 0.1 Bq/m3 in air 0.1µBq/m3 (PC) [Hag00]
85Kr

Table 5.2: The main radioactive background sources in a liquid-scintillator detector,
taken from [Ang05]. The values for PXE and PC are based upon data taken by the
Borexino Counting Test Facility (CTF) [Hag00]

5.2.3 Cosmogenic radionuclides

Cosmogenic radionuclides are constantly produced by atmospheric muons in a de-
tector. When an atmospheric muon hits the surrounding material of the detector, an
electromagnetic or hadronic cascade is produced, mainly consisting of γ-rays, elec-
trons, neutrons, protons and π mesons. By interacting with the scintillator mass,
the muon and its secondaries can produce radioactive nuclides within the detector.
The main cosmogenic radionuclides of interest are 10C and 11C, which are produced
by neutron capturing.
The myon flux at Pyhäsalmi is ΦLENA

µ = (1.1± 0.1) · 10−4 m−2 s−1. This value was
taken from [Enq05]. The mean energy of a muon at Pyhäsalmi can be estimated to
〈ELENA

µ 〉 = 304 GeV assuming a water equivalent of 4 km and standard soil [Kud03].
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In order to get the neutron production rate for LENA, the well known neutron pro-
duction rate of Borexino was scaled up to the volume of LENA.
The mean muon energy at LNGS where Borexino is situated (3800 m.w.e) is 〈EBX

µ 〉 =
320±4stat.±11sys. GeV [Hag00]. The muon flux is ΦBX

µ = (3.2±0.25) ·10−4 m−2 s−1.
Thus, the neutron production rate which is directly proportional to the abundance
of 10C and 11C, can be estimated for LENA using the Borexino data through

R(11C & 10C, BX)

R(11C & 10C, LENA)
∼

ΦBX
µ · 〈EBX

µ 〉0.7 ·MBX

ΦLENA
µ · 〈ELENA

µ 〉0.7 ·MLENA

(5.12)

=⇒ R(11C & 10C, LENA) = R(11C & 10C, BX) ·
(

1.1
3.2

)
·
(

304
320

)0.7 ·
(

18kt
0.1kt

)
=

59.7 ·R(11C & 10C, BX) = 59.7 · (29± 1) d−1 = (1732± 60) d−1 (5.13)

5.2.4 Background rates

The background rates for the relevant radionuclides are listed in Table 5.3. The
values for LENA were upscaled with the assumption that LENA would have a
similar radiopurity like Borexino, using the values from [Bx08a] and [Smi08].

Isotope Rate in Borexino Estimated rate in LENA
14C 2.0 · 106 d−1 (0.1 kt)−1 3.6 · 109 d−1 (18 kt)−1

210Po (882± 3) d−1 (0.1 kt)−1 (1.5876± 0.0054) · 105 d−1 (18 kt)−1

210Bi+CNO (23± 2) d−1 (0.1 kt)−1 (4140± 360) d−1 (18 kt)−1

85Kr (25± 3) d−1 (0.1 kt)−1 (4500± 540) d−1 (18 kt)−1

214Pb 0.92 d−1 (0.1 kt)−1 166 d−1 (18 kt)−1

10C 4 d−1 (0.1 kt)−1 239 d−1 (18 kt)−1

11C (25± 1) d−1 (0.1 kt)−1 (1493± 60) d−1 (18 kt)−1

Table 5.3: The total background rates for the main radionuclides that are relevant
for solar neutrinos. The data was taken from [Smi08], [Bx08a], and the values for
LENA are upscaled on its fiducial volume of 18 kt. For the cosmogenic radionuclides
(10C and 11C), the production rate was estimated using further knowledge of the
myon flux and average myon energy at Pyhäsalmi.

Figure 5.3 shows the summarized solar neutrino spectrum together with the radioac-
tive background. The decay spectra were calculated using the upscaled values of
the Borexino data (see Table 5.3), the decay energies of the isotopes, and the type
of decay. In order to plot the spectrum with background, another effect in liquid-
scintillators has to be taken into account, which is the quenching. The quenching is
described through the semi-empirical Birks’ formula [Win07]:

39



dEequiv
dx

=
A · dE

dx

1 + k · dE
dx

(5.14)

with
dEequiv
dx

being the light output per unit length with respect to an electron,
dE
dx

the energy loss according to the Bethe-Bloch law, A the absolute scintillation
efficiency and k a factor that relates the density of ionisation centres to dE

dx
. PXE

has k = 0.015 cm/MeV, while for PC it is k = 0.017 cm/MeV ([Smi08]), thus the
quenching is higher for PC than for PXE. This was also considered for LENA,
meaning that the background curves are qualitatively shifted to the right by the
factor 0.017

0.015
in comparison to PC. The data was then scaled up to the mass of LENA

using again the data from [Smi08].

Figure 5.3: This plot shows qualitatively the estimated background rates in LENA for
one day of measurement time, assuming a similar radiopurity as in Borexino, and a
similar quenching mechanism as in PC. The black curve represents the summarized
solar neutrino spectrum. The data was taken from [Smi08], in the case of 210Bi from
[Mer08].

Because 210Po decays via α-decay, a pulseshape discrimination14 can reduce the
background from this source by about ≥ 95 % [Bx07a]. Although the emitted α
paricles are monoenergetic, the shape of the pulse is widened due to the detector’s
energy resolution. Because of the relatively short half-life of 138.4 d, most of the
210Po has decayed after a few years (This is only sufficed if the contamination with

14The mean decay time of the light intensity in an organic liquid-scintillator is different for α
and β particle events, which allows a separation of the two events.
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210Pb is very low in the scintillator, because 210Po is a decay product of 210Pb. Re-
sults from Borexino show that the 210Po background rate has decreased about one
order of magnitude within one year [Bx08b], see also chapter 5.4). The β− emitters
85Kr and 210Bi cannot be distinguished from a neutrino signal, they have to be sta-
tistically subtracted. It is therefore crucial to know the abundancies and reaction
rates of radionuclides in an organic liquid-scintillator detector.

5.3 8B-ν Analysis with LENA

The new measurement of 8B neutrinos by the Borexino detector delivered only re-
cently for the first time proof of the MSW-LMA solution in the regime between
vacuum driven and solar matter induced neutrino oscillations [Bx08b]. The moti-
vation for this analysis is to investigate the potential of the LENA detector on this
topic.
For the analysis, the threshold rate was set to 250 keV, but even for 200 keV, the
event rates are only insignificantly higher (See Table 5.1), so the choice of the thresh-
old energy almost does not affect this analysis at all. As of today, the MSW prob-
ability curve is known only for low energies (below 1 MeV) or high energies (above
7 MeV) and the interesting part in the middle part is still unconfirmed. Figure 5.4
shows a plot of the MSW-LMA curve with the data that has already been taken by
Gallex/GNO and Sage as well as Borexino for the 7Be neutrinos, and for the higher
energetic region, which was measured with great accuracy by the water cherenkov
detectors. The data of SNO was implemented into this plot. Additionally to the
usual MSW-LMA curve, the MSW-LMA-NSI curve has been implemented, which
would result if there were additional non-standard interactions (NSI) of neutrinos
with matter. Non-standard interactions are based upon the assumption that the
interaction of neutrinos with matter involves physics beyond the standard model
[Gro95]. The MaVaN prediction is the probability curve one would obtain, if there
were mass-varying neutrinos. As can be seen, the MSW curve has been confirmed
in these energy regions, but a confirmation in the energy regime of around 2-3 MeV
would be very rewarding. This region is particularly interesting, because the regime
around 2 MeV is the transition region between vacuum dominated and matter in-
duced neutrino oscillations by the MSW effect in the sun. With a detector such
as LENA, a much higher statistics than for example in Borexino could be achieved
in order to deliver another proof for the MSW-LMA curve. For this purpose, an
analysis was performed for the 8B neutrinos in LENA, using a statistical χ2 method.
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Figure 5.4: This is the MSW-LMA survival probability as it has been confirmed
today by different detectors, in comparison to the MSW-LMA-NSI (non standard
interactions) and the MaVaN (mass varying neutrinos) curves. In the lower ener-
getic regime, the data by Gallex/GNO, Sage and Borexino confirm the MSW-LMA
curve. In the higher energetic regime, the curve is proven by the data of SNO. Yet,
a confirmation of the curve in the middle energy regime of around 2-3 MeV would
be very rewarding. In this chapter the potential of LENA for a confirmation of this
curve will be analyzed. The plot was taken from [Sco08].

5.3.1 Influence of the MSW effect on the 8B spectrum

Figure 5.5 shows the analytical 8B neutrino recoil spectrum for LENA, one curve
representing the existence, the other one representing the absence of the MSW
effect. The integrated event rate with MSW effect is the value from Table 5.1
((2.8076±0.4492) ·104 yr−1 (18kt)−1). Without MSW effect, the rate is significantly
higher, namely (3.7911± 0.6066) · 104 yr−1 (18kt)−1.

5.3.2 χ2 analysis

In order to analyze the significance of LENA’s statistics concerning the MSW effect
in the transition regime between matter and vacuum dominated oscillations, a χ2-
analysis of the 8B spectrum was performed for different runtimes. The analysis will
be performed for a threshold energy of 2.0 MeV and 2.8 MeV, respectively, because
of the cosmogenic background in this regime (see Figure 5.3). The background will
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Figure 5.5: This plot shows the influence of the MSW effect on the neutrino spectrum
for a runtime of 1 year. The green curve represents the absence of the MSW effect,
where only vacuum neutrino flavour oscillations can occur, and the blue curve rep-
resents the existence of the MSW effect, where additionally matter induced flavour
oscillations take place.

be discussed in more detail in chapter 5.3.3.
Figure 5.6 shows the spectrum of the 8B neutrinos with and without the MSW effect
for the runtime of 1 year. The number of randomly generated events15 equals to the
number of events for the whole energy spectrum, which is 2.9369 · 104 yr−1 (18kt)−1

for the existence of the MSW effect and 3.9558 · 104 yr−1 (18kt)−1 for the absence
of the MSW effect, respectively. The drawn through lines represent the analytical
result. The statistical error is proportional to

√
N , N being the number of events

per energy bin (100 keV/bin). The energy resolution in the regime around (2.0-
2.8) MeV, where the analysis was performed, is in the range of 5.27 %-4.45 %. This
corresponds to 105 keV and 126 keV, respectively. The binning should therefore be
of the same order, which was also considered for this analysis. The χ2 distribution
is given by

χ2 =
n∑
i=1

(
xi − νi
σi

)2

(5.15)

15For every bin a random number is generated from a gauss function with the mean being the
value of the bin and the statistical error given by

√
N .
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Figure 5.6: This plot shows a simulation of the 8B neutrino spectrum with and
without the MSW effect after a 1 year runtime in LENA. The drawn through lines
represent the analytical results. The error bars represent the statistical error which
is proportional to

√
N .

whereas xi is the measured random value, νi the expectation value, thus the value
of the analytical calculated spectrum, and σi the error for each data point.

5.3.3 Results and discussion

The analysis was performed with a Monte Carlo simulation using the ROOT toolkit
from CERN [Cer]. The results for the reduced χ2 value and their corresponding
confidence level can be seen in Table 5.4.

For each runtime, 5 simulations were performed in order to decrease the statistical
fluctuation. The χ2/NDF value in the right column is the mean of the values from
the 5 simulations.
The analysis was performed for two different threshold energies, 2.0 MeV, and 2.8 MeV,
as in the Borexino MSW analysis [Bx08b]. The analysis for the lower threshold is
based on the assumption that the 10C background can be statistically subtracted
from the measurement. It is the main background source in this energy regime
(See Figure 5.3), and is cosmogenic, thus created by atmospheric myons. It is a β+
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6 months
Ethr = 2.0 MeV Ethr = 2.8 MeV

Measured ⇐⇒ Expected χ2/NDF C.L. χ2/NDF C.L.

MSW ⇐⇒ MSW 2.2286 < 0.5 % 2.0665 < 0.5 %
no MSW ⇐⇒ no MSW 2.1605 < 0.5 % 2.2308 < 0.5 %
MSW ⇐⇒ no MSW 28.3498 < 0.5 % 27.6908 < 0.5 %
no MSW ⇐⇒ MSW 38.99038 < 0.5 % 38.07178 < 0.5 %

12 months
Ethr = 2.0 MeV Ethr = 2.8 MeV

Measured ⇐⇒ Expected χ2/NDF C.L. χ2/NDF C.L.

MSW ⇐⇒ MSW 1.0373 25 % 1.1185 10 %
no MSW ⇐⇒ no MSW 1.1223 10 % 1.1314 10 %
MSW ⇐⇒ no MSW 27.8762 < 0.5 % 26.9760 < 0.5 %
no MSW ⇐⇒ MSW 36.4116 < 0.5 % 36.8180 < 0.5 %

18 months
Ethr = 2.0 MeV Ethr = 2.8 MeV

Measured ⇐⇒ Expected χ2/NDF C.L. χ2/NDF C.L.

MSW ⇐⇒ MSW 0.6299 99 % 0.6449 97.5 %
no MSW ⇐⇒ no MSW 0.6976 97.5 % 0.6723 97.5 %
MSW ⇐⇒ no MSW 27.5321 < 0.5 % 26.6070 < 0.5 %
no MSW ⇐⇒ MSW 36.0019 < 0.5 % 35.0857 < 0.5 %

24 months
Ethr = 2.0 MeV Ethr = 2.8 MeV

Measured ⇐⇒ Expected χ2/NDF C.L. χ2/NDF C.L.

MSW ⇐⇒ MSW 0.5524 99.9 % 0.5469 99.9 %
no MSW ⇐⇒ no MSW 0.5331 99.9 % 0.5519 99.9 %
MSW ⇐⇒ no MSW 27.4180 < 0.5 % 26.5575 < 0.5 %
no MSW ⇐⇒ MSW 35.8063 < 0.5 % 35.4626 < 0.5 %

Table 5.4: This table summarizes the values of χ2/NDF for different runtimes.
NDF is the value for the degrees of freedom of the fit, in this case corresponding the
number of bins. The analysis was performed for a threshold of 2 MeV and 2.8 MeV,
respectively [Bx08b]. The values over 9 MeV were neglected for this analysis because
they are too close to zero.

emitter with a lifetime of τ = 19.3s. Because of the short lifetime, a method for
discriminating the 10C background from actual neutrino events would be to ignore
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all events that occur within a time window of 3τ − 5τ 16 after a myon enters the
detector, which can be identified by the myon veto. If the dead time from this
method exceeds 50 %, another method is more desirable. It should also be possible
to veto a cylindrical volume around the track of every muon that is registered by
the muon veto. With this method the 10C background could be eliminated and the
threshold could thus be set lower without having this dead time. Below 2.0 MeV
there are too large contributions from 11C, also a cosmogenic radionuclid, but with
a greater lifetime of τ = 20.38 min. The method of myon-tagging would not work
with 11C, because of the long lifetime there would remain no timeframe to measure
actual neutrino events. There are efforts ongoing to tag 11C events in Borexino,
but at the moment a threshold under 2.0 MeV is not feasible for the 8B analysis.
However, there still remain two background components over 2.8 MeV, the first be-
ing 214Bi, which belongs to the 238U chain, and 208Tl from the 232Th chain [Bx08b].
214Bi can be rejected event by event with an efficiency of 89 % [Bx08b], the residual
contamination can be neglected. 208Tl can be statistically subtracted by measuring
the delayed coincidences of its branching competitor, 212Bi-212Po [Bx08b].
As was already mentioned, the quenching in PC is about 1.13 times higher than in
PXE, so the threshold in LENA will be higher, but for this analysis the values of
Borexino were used.
The runtimes which were simulated are 6 months, 12 months, 18 months and 24
months, and each runtime was simulated 5 times in order to increase the statistics.
The NDF (Degrees of freedom) value equals 71 for 2.8 MeV and 64 for 2.0 MeV,
respectively. For higher energies, the event rates are too close to zero. Therefore
the analysis is only performed up to 9 MeV. There are four χ2/NDF values for each
runtime:

• One for the case that the MSW data points are fitted with the MSW curve (MSW
⇐⇒ MSW)

• One for the case that the non-MSW data points are fitted with the non-MSW
curve (no MSW ⇐⇒ no MSW)

• One for the case that the MSW data points are fitted with the non-MSW curve
(MSW ⇐⇒ no MSW)

16This time is needed so that the myon induced 10C background has decayed to a high extent.
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• One for the case that the non-MSW data points are fitted with the MSW curve
(no MSW ⇐⇒ MSW)

As can be seen, for a runtime of 6 months the fit for either of the 4 scenarios and the
two threshold energies is not statistically significant. For a runtime of 12 months, the
fits (MSW ⇐⇒ MSW) and (no MSW ⇐⇒ no MSW) have a better χ2/NDF , but
the C.L. is still below 25 % and 10 % respectively, a too small value to be considered
statistically significant. After 18 months of runtime, the first statistically significant
fits can be obtained. The MSW data points can be fitted with the MSW curve on
a 99 % C.L. for a threshold of 2.0 MeV. This result would be already considered as
proof for the MSW-LMA survival solution. The other fits are slightly worse, but
this is due to statistical fluctuations. After 24 months of runtime, the MSW-LMA
survival probability could be already proven on a 99.9 % C.L. As can be also seen for
all four runtimes, the fit of the MSW data points with the non-MSW curve and vice
versa delivers very high χ2/NDF values. Thus, the scenario of wrongly interpreting
the data as the MSW-LMA solution, although the non-MSW-LMA exists, is below
0.1 %. The reason why the χ2/NDF value for the (MSW ⇐⇒ no MSW) scenario
is lower than (no MSW ⇐⇒ MSW), is the following: The error of the MSW data
points is lower than the error for the non-MSW data points. Because the χ2 function
is proportional to

∑
i

1
σi

, the χ2 function has a higher value for a fit with lower errors,
which is the case for the fit of the non-MSW curve with the MSW data points.

5.4 Periodic oscillations of the 7Be neutrino flux

The following section analyzes periodic oscillations of the 7Be neutrino flux due to
the excentricity of the earth orbit, the day/night-effect, and possible oscillations of
the 7Be neutrino production rate due to G modes in the sun (see chapter 4.3.2). The
7Be-ν flux seems the best choice for analysis of periodic neutrino flux oscillations
because of the very high statistics with ∼ 4800 events/day above a threshold energy
of 250 keV and ∼ 5400 events above a threshold of 200 keV, respectively (see Table
5.1). Although the pp − ν have a higher flux, they cannot be detected due to the
abundance of 14C in the detector below a threshold of 200 keV-250 keV, which is
several orders of magnitude higher than the neutrino flux.
The main background source for the 7Be-ν signal is 210Po, which is in PXE nearer
to the energy regime of the 7Be ”shoulder”. The 210Po peak in Borexino is at lower
energies than in PXE, because PC has a higher quenching factor. Nevertheless
this background should not pose a threat to the measurement, because it can be, as
already mentioned, reduced by almost two orders of magnitude by means of the α−β
discrimination. Additionally 210Po has a lifetime of τ = 138.4 d, so that already after
a year the background signal should be lowered by a factor of 6. After 5 years only
0.01 % of the primarily abundant 210Po in the detector would remain, and would thus
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not contribute to the 7Be-ν background any more. This is again under the premise
that no 210Po is produced by abundant 210Pb as was already mentioned in section
5.2.4. However, the 85Kr background supresses a measurement of the 384 keV line,
because it surpasses the neutrino events by one order of magnitude (see Figure 5.3).
Therefore only the 862 keV line, that makes up 90 % of the total 7Be neutrino flux
was considered for this analysis.
The following plot shows a simulation of the statistical distribution of 7Be neutrino
events in the LENA detector, after 1 day and after 10 days, respectively. The binning
was set to 50 keV/bin, because the energy resolution of LENA at the 7Be ”shoulder”
is about 8.3 %, thus about 67 keV.
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Figure 5.7: The plot shows the expected 7Be neutrino events in LENA after 1 day
and 10 days of measurement, respectively. The data points are drawn with a binning
of 50 keV/bin for both plots which is in the order of the energy resolution of LENA
in this energy regime. For comparison the analytical curve is shown also. As can
be seen the statistics have improved significantly after 10 days compared to 1 day of
data aquisition.
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5.4.1 Periodic oscillations of the 7Be neutrino flux due to
Kepler motion

The following analysis was performed for a threshold energy of 200 keV.
The first effect that has to be taken into account, is the periodic oscillation of the
neutrino flux due to the changing distance of the earth to the sun in the course of
one year. Thus, the flux becomes a function of time Φ = Φ(t), and accordingly also
the measured neutrino event rates on earth should change. The motion of the earth
around the sun follows a Kepler trajectory (effects of general relativity are too small
and can thus be neglected for this analysis):

r(Θ) =
p

1 + ε · cos(Θ)
(5.16)

with the excentricity of the earth orbit ε = 0.0167 and the parameter
p = rmin(1 + ε) = 1.496 · 108 km (see Table 4.1). The angle Θ follows the relation

Θ = 2π · t
T

with T=365 days. The flux suffices the relation Φ(t)
Φ

=
(
r(t)
r0

)2

and thus

it can be obtained

Φ(t) = Φ0 ·

(
r0 ·

1 + ε · cos
(

2π·t
T

)
p

)2

p=r0
= Φ0 ·

(
1 + ε · cos

(
2π · t
T

))2

(5.17)

with Φ0 = 4.86 ·109 cm−2 s−1 the mean 7Be-ν flux on earth. The event rate in LENA
is now a function of the neutrino flux dN

dE
= dN(Φ(t))

dE
. As can be verified, the order

of the effect is about 6.8 %. Figure 5.8 shows the analytical result of the oscillation
of the event rate in the course of one year which was aquired by integration of the
recoil spectrum over the whole energy range. The green points represent the Monte
Carlo simulation. They were generated using a gaussian distribution of the measured
values around the analytical curve with σ =

√
N , N being the number of events.

The binning was chosen to be 1 day, with an average of about 5400 events/day, high
enough statistics for this analysis.
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Figure 5.8: This plot shows the seasonal 7Be-ν flux variation in the course of one
year due to the changing distance of the earth to the sun, which is described through
the Kepler Law. The green data points represent the Monte Carlo simulation with
σ =

√
N , the red line is the analytical curve. One bin is the eqivalent of 1 day of

measuring time.

As can be seen in Figure 5.9, the statistical significance of the seasonal effect is
very high. In the left plot, the seasonal curve is fitted with a functon of the form
of equation 5.17, which would be seen if the flux would change over time. The
χ2/NDF value is for this case 0.99, so the data matches the fit function. The right
plot shows the same seasonal flux variation fitted with a linear curve, for the case of
no variation. As can be seen, the χ2/NDF for this fit is much larger, 3.85, so that
this case can be excluded on a 99.9 % C.L.
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Figure 5.9: The two plots show a fit for the seasonal flux variation due to the Kepler
motion of the earth. The upper plot fits the data with the expected curve (χ2/NDF =
0.99), and the lower is a fit for a constant time dependence of the flux. As can be
seen, the right fit can be excluded on a 99.9 % level, with a χ2/NDF = 3.85.

5.4.2 Periodic oscillations of the 7Be Neutrino Flux due to
the day/night-effect or G modes

In addition to the seasonal variation of the neutrino flux due to the Kepler motion
of the earth around the sun, which could be detected in LENA after one year as
was shown on a 99.9 % C.L., there could be additional fluctuations in the neutrino
signal. The motivation to search for further oscillations in the flux is due to the
prediction that there is a day/night asymmetry of the signal in the order of 1 % of
the signal. This difference comes from the conversion of solar νe → νµ

17 because

17νe → ντ is also possible, but not as probable, because sin2(2Θ13) < 0.19 in the current limit
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of the earth matter, analogous to the MSW effect in the sun.
As was shown, solar gravity modes could have in addition a significant impact on
the survival probabilities of solar neutrinos, and could also lead to an oscillation of
the neutrino production rates in the sun. Therefore, there is the possibility of oscil-
lations in the neutrino flux that are superimposed over the seasonal flux variations.
The next plot shows hypothetical flux oscillations with an amplitude of 4 % of Φ0,
a cycle duration of 30 days and a fixed phase φ = 0 d.

Figure 5.10: This plot shows the 7Be-ν flux variation due to oscillation modes,
superimposed with the ordinary flux variation due to the motion of the earth around
the sun. For this plot, the amplitude of the modes was set to 4 % of Φ0 , the cycle
duration T to 30 days and the phase was fixed to φ = 0 d.

In order to verify the detectability of such periodic oscillations of the 7Be neutrino
flux with cycle durations in the order of hours to months, two χ2 analysises are
performed. The first analysis simulates the data taking of the detector in steps of
one day for 365 days. In order to also include oscillations on shorter time scales in
the order of hours or days, another analysis is performed with bins of one hour.
The analysis is performed for different combinations of cycle duration and ampli-
tude of the oscillations. The flux oscillations have in general three parameters, the
amplitude A, the cycle duration T and a phase φ. A Monte Carlo simulation was
written again using the ROOT toolkit from CERN, which was used to generate a
set of data for a given A and T which were both changed in small steps. Next, the
phase was also varied.
Then, for every generated data set, two cases were fitted: The case of no additional
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mode oscillations, but only seasonal variations of the flux, and the case of the same
fluctuations as was used for the generation of the data set, which always delivered
a good fit value. Then, the χ2/NDF value for every data set was fitted with no
oscillations, retrieved and plotted into a three dimensional histogramm, where the
x- or y- axis is A, T or φ, respectively and the z-axis is χ2/NDF . The resulting
histogramm now shows the distribution of the χ2/NDF for the fit of the gener-
ated mode with only the seasonal oscillation. The fit of the mode with the same
oscillation delivers a very good χ2/NDF , the fit of the mode with no oscillations
delivers a bad χ2/NDF . Thus, a fit of an oscillation mode which delivers a good
fit value for a fit with no oscillations can be excluded from detection, because no
conclusion can be drawn regarding the existence of an oscillation. Every point in
the 2D plane of A, T or φ now has exactly one χ2/NDF value. Additionally, the
χ2/NDF value is an indicator for the confidence level of the measurement. This fit
has exactly 365 − 3 = 362 degrees of freedom (NDF ), because every bin contains
data from one day, and there are three fit parameters. In χ2 tables, such as in [Har],
the confidence level for a given χ2 can be obtained for different degrees of freedom.
The hypothesis that will be tested is that there are no oscillations. If a fit is good,
it will be excluded, because this means that even for the existence of an oscillation,
the fit with the scenario of no oscillation delivers a good fit value.

5.5 Results and discussion

5.5.1 Analysis of oscillations with 1 day binning

In this analysis A was changed from 0 % up to 6 % of the total flux Φ0 in steps of
0.005 %, and T from 1 day up to 365 days in steps of 1 day. The phase was also
varied in steps of one day. The exclusion limit for NDF = 362 is χ2/NDF ≤ 1.101
on a 90 % C.L. On a 99 % or 3σ C.L., the exclusion limit for 362 degrees of freedom
is χ2/NDF ≤ 1.189 [Har]. If the χ2/NDF fit value is above the respective C.L., it
can be excluded, thus an oscillation can be clearly identified. If the value is below
the respective χ2/NDF limit, the value cannot be excluded, thus the detection of
an oscillation is not possible.
The next three plots show different combinations of the three fit parameters with
their respective χ2/NDF values in a topographic 3 dimensional plot. The possible
combinations are 〈A, T, χ2/NDF 〉, then 〈A, φ, χ2/NDF 〉 and 〈T, φ, χ2/NDF 〉. For
the plot with varying A and T, the phase was fixed to φ = 0 d. In the next case, for
varying A and φ, T was set to 120 days. In the last case, the amplitude was fixed to
1.5 % of Φ0. The first plot (Figure 5.11) shows the dependance of the cycle duration
with respect to the amplitude. The left picture shows the 3 dimensional distribution
of χ2/NDF whereas the right plot shows the projection of the left plot onto the A-T
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plane. The purple region of the plot has low χ2/NDF values. These regions can be
excluded from detectability because a fit with an oscillation mode to the case of no
oscillations still delivered a good fit result, so no conclusion can be drawn regarding
the existence of additional oscillations beside the seasonal variation.

Figure 5.11: The upper image shows the 3 dimensional distribution of the χ2/NDF
value from every fit with a fixed phase of zero days, and varying A and T. The
amplitude was changed in steps of 0.005 % of Φ0 from 0 % to 6 %, and the cycle
duration was changed in steps of one day beginning from one day up to one year.
The lower image shows the projection of the left image onto the A-T plane. It can
be seen that the measurable amplitude is dependant from the cycle duration. Purple
regions indicate a good fit and thus a bad detectability.

Figure 5.12 shows the same distribution, but now a point was filled into the his-
togramm for every fit up to the threshold of χ2/NDF ≤ 1.101 for a 90 % C.L. and
χ2/NDF ≤ 1.189 for a 99 % C.L. Above these thresholds, the fits can be excluded
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with the respective confidence levels, thus a detectability of additional oscillations
with the respective condidence levels is possible in these regions. The exclusion
contour lines were also drawn into the histogramms. This is the final result for the
sensitivity of the detector of additional oscillations.
What can be seen is that for a fixed phase, with for example φ = 0 d, additional
oscillations with an amplitude of more than ∼ 1.5 % could be detected for large
cycle durations of over 300 days on a 99 % C.L. For very small cycle durations in
the order of days, the detectability seems to improve towards an amplitude of 1.4 %
of Φ0. The reason is that for small cycle durations, the oscillation is in the order of
the binning of the analysis. The Nyquist-Shannon sampling theorem [Nyq28] from
informaion processing theory sates that if the sampling rate of a test funtion is in
the order of the binning, the test function is not determined. For this analysis, low
cycle durations seem to lead to a better detectability because the oscillation function
becomes a step function for T = 1 day, which leads to a high degree of scattering of
the generated data points. Therefore low cycle durations in the regime of 1−10 days
can be neglected in the exclusion plot because the seemingly better detectability is
not a physical but a numerical effect from the simulation. Figure 5.13 shows the
χ2/NDF dependance of the amplitude for a small cycle duration of three days and
a fixed phase φ = 0 d in order to illustrate this effect.
With increased cycle durations, the detectability gets worse until it reaches its max-
imum at ∼ 120 d. This behaviour is illustrated in Figure 5.14.

For larger cycle durations of up to one year, the detectability increases again, because
with the fixed phase, the additional oscillation leads to a constructive interference
with the seasonal variation curve, which makes the fit worse and leads to a better
detectability. This is demonstrated in the three plots of Figure 5.15. The exclusion
plot for the amplitude and the phase shows that the χ2 value does not depend on
the phase of the oscillation mode. This is shown in the 3 dimensional histogramm
of Figure 5.16 for a fixed cycle duration of T=120 days. The phase was changed in
steps of one day from φ = 0 d to φ = 365 d.
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Figure 5.12: These two plots show the sensitivity of the detector for a fixed phase
of zero days, and variable A and T with the same binning as in Figure 5.11. The
region on the left is excluded from detection with the respective confidence level, while
the white region on the right marks the detectable area. It can be seen that for a
cycle duration of ∼ 120 d, the detectability of additional oscillations is the worst,
whereas large cycle durations are better detectable. The seemigly better detectability
of small cycle durations is a numerical effect (Nyquist-Shannon theorem [Nyq28])
because the binning is in the order of the cycle duration. Cycle durations below 10 d
can therefore be neglected.
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Figure 5.13: This series of plots demonstrates the behaviour of the χ2/NDF value
for φ = 0 d, T=3 d and a varying amplitude (from up to down 0.5 %, 1.5 %, 2.5 %,
respectively). The χ2/NDF values are 1.091, 1.703 and 2.633, respectively. The
black curve is the seasonal variation without additional oscillations and the red curve
represents the analytical oscillation curve from which the data points are generated in
a gaussian distribution. The Nyquist-Shannon sampling theorem [Nyq28] states that
a test function is not determined if the sampling rate is in the order of the binning
of the function. Therefore low cycle durations in the order of 1 − 10 days can be
neglected for this analysis because the seemingly better detectability is a numerical,
not a physical effect.
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Figure 5.14: This series of plots demonstrates the behaviour of the χ2/NDF value
for φ = 0 d, T=120 d and a varying amplitude, which is again changed from 0.5 % to
1.5 % to 2.5 % from up to down. The χ2/NDF values are 1.075, 1.552 and 2.457,
respectively. As can be seen, the fit is better than for smaller cycle durations with
the same amplitude, which implies a worse detectability. The oscillation lies within
a detectable range down to ∼ 2.7 % of the amplitude on a 1σ level or ∼ 2.8 % on a
3σ level, respectively. This fit is better than for larger cycle durations of one year,
because the oscillation function intersects more often with the seasonal variation
function. Therefore the generated points lie in average nearer to the black seasonal
variation curve which leads to a better χ2/NDF .
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Figure 5.15: This series of plots demonstrates the behaviour of the χ2/NDF value
for φ = 0 d, T=365 d and a varying amplitude, which is changed from 0.5 % to
1.5 % to 2.5 % from up to down. The χ2/NDF values are 1.068, 1.728 and 2.750,
respectively. As can be seen, the fit gets worse again than for cycle durations of 120
days with the same amplitude, which leads to a better detectability. The oscillation
lies within a detectable range down to ∼ 1.5 % of the amplitude on a 1σ level or
∼ 1.6 % on a 3σ level, respectively. 60



Figure 5.16: These plots show the χ2/NDF distribution in dependance of the am-
plitude and the phaseshift for a fixed cycle duration of 120 days. The purple and
blue regions mark good fits. As can be seen, the phaseshift has no influence on the
goodness of fit.

As can be seen, the amplitude shows no dependance from the phase. For a phaseshift
of zero days which is the same as 365 days, there is a constructive interference of
the mode with the seasonal variation, thus enlarging the difference of the data set
to the curve of only seasonal variations. For a non zero phaseshift, the goodness of
fit is not afflicted.
This behaviour is illustrated in the next plots (Figure 5.17 and 5.18), which show
three different examples for a data set with fixed T=120 d, A=0.5 % and A=2.5 %,
respectively, and a changing phase. The phase is changed in steps of 90 days from
φ = 0 d to φ=270 d.

Figure 5.18 shows the same variation of φ, but with an increased amplitude of 2.5 %,
here also no significant dependance of the χ2 value from the phase is detectable.
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Figure 5.17: This series of plots demonstrates the behaviour of the χ2/NDF value for
a fixed T=120 d, a fixed amplitude A=0.5 %, and a varying phase in steps of 90 days.
The oscillation lies for this case within a detectable range for all three phaseshifts.
The χ2/NDF values are 1.068, 1.023 and 1.073, respectively, all three well within
the exclusion threshold for a 1σ exclusion, thus the phase has no significant influence
on the goodness of fit.
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Figure 5.18: This series of plots demonstrates the behaviour of the χ2/NDF value
for a fixed T=120 d, a fixed amplitude A=2.5 %, and a varying phase in steps of
again 90 days. All three data sets can be excluded on a 1σ and 3σ level. The
χ2/NDF values are 2.664, 2.632 and 2.612, respectively.
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As can be seen, the phaseshift does not afflict the χ2/NDF value in a significant
way. It lies well within the statistical fluctuation of the χ2/NDF value due to
statistical fluctuations. The same conclusion can be drawn for the combination of
cycle duration and phase. Here also, no significant dependance of the cycle duration
from the phase can be seen. The amplitude was fixed to 1.5 % of Φ0 (Figure 5.19).

Figure 5.19: The χ2/NDF distribution for a fixed amplitude A=1.5 %, and varying
phase and cycle duration. As can be seen a very small dependance for the goodness
of fit from the cycle duration and the phaseshift can be seen, but not on a statistical
significant level. The blue areas mark good fits, whereas the green areas represent
bad fits. On a 90 % C.L. or a 99 % C.L., respectively, no dependance can be seen.

The last series of plots demonstrates this behaviour (Figure 5.20). Again, as in
the previous case, the phase does not affect the χ2/NDF more than statistical
fluctuations alone would. This is illustrated for a fixed phase of φ=180 d, A=2.5 %
and a varying cycle duration T. If the same procedure is applied to small amplitudes
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Figure 5.20: This series of plots demonstrates the behaviour of the χ2/NDF value
for a fixed amplitude A=2.5 %, fixed phase φ = 180 d and varying cycle duration T
in steps of 90 days. All three data sets can be excluded on a 99 % C.L. The χ2/NDF
values are 2.621, 2.632 and 2.553. respectively.
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in the range of 1.5 %, which is just at the border of detectability, it can be seen that
the varying cycle duration does not affect the goodness of the fit in a significant way
for a fixed amplitude and phase. Finally, it can be concluded that the detectability of
oscillations of the 7Be neutrino flux lie within an amplitude range of ∼ 1.4 %−2.8 %
of the initial neutrino flux Φ0 on a 99 % C.L. Also, it can be concluded from the
analysis that the phase (relative to the seasonal variation due to the elliptical orbit
of the earth) does not influence the detectability of additional modes. In order to
investigate the detectability potential for the day/night-effect, an analysis on shorter
timescales is performed in the following section.

5.5.2 Analysis of oscillations with 1 hour binning

Because the binning of the first analysis was set to one day, oscillation modes in
the order of hours could not be analyzed. This will be done in this section. With
an estimated mean event rate of ∼ 5400 events per day for a 200 keV threshold,
LENA would be able to detect 225 7Be events per hour. The systematics of the
analysis follows the same procedure as for the first analysis, but with a binning
of one hour. The maximal time scale was set to 365 days. This makes a total of
365 · 24− 3 = 8757 degrees of freedom for the χ2 analysis. The confidence levels for
an exclusion of the fit with NDF = 8757 can be calculated from the χ2 probability
density function [Har]. The result is χ2/NDF ≤ 1.0194 for an exclusion on a 90 %
C.L. and χ2/NDF ≤ 1.0355 for a 99 % C.L.
Because of the increased NDF by a factor of 24, the amplitude was now changed
in steps of 0.07 % (up to 2.1 % of Φ0) instead of 0.005 % in order to reduce the
computing effort. As was discussed in the previous section, the phase has no impact
on the goodness of fit for a fixed cycle duration. The same can be seen for a fixed
amplitude and a variable cycle duration and phase. Therefore the phase is now
fixed to φ = 0 h. Figures 5.21 and 5.22 show the obtained exclusion plots for the
amplitude and the cycle duration for a fixed phase. Here, as in the case of a 1
day binning, the Nyquist-Shannon theorem [Nyq28] leads to the fact that low cycle
durations (1 h− 10 h) can be neglected in this analysis.
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Figure 5.21: These plots show the sensitivity range for the detection of oscillations
at a 90 % C.L. and a 99 % C.L., respectively. The region on the left marks the
area where additional oscillations beside the seasonal variation cannot be detected,
while the white are on the right marks the area where the sensitivity is sufficient to
measure these oscillations (with the respective C.L.). T was changed in steps of one
hour up to 365 · 24 = 8760 hours, and the amplitude was changed in steps of 0.07 %
up to 2.1 % of Φ0. As can be seen, oscillations down to ∼ (1.0 − 1.3) % are in the
possible detection range for certain cycle durations.

67



Figure 5.22: These two plots are the same as in Figure 5.21, with T up to 100 hours.
Here, as in the case of a 1 day binning, the Nyquist-Shannon theorem [Nyq28] leads
to the fact that low cycle durations (1 h-10 h) can be neglected in this analysis. At
T = 24 h, the detectable amplitude is 1.2 % of Φ0 on a 90 % C.L. and 1.35 % on a
99 % C.L. A detection of the day/night-effect might lie within reach.
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As can be seen, an amplitude of the order of 1 % is well within reach for an analysis
with bins of 1 hour and a measurement duration of 365 days. Although the amount
of 7Be events per bin is far lower as in the case of bins of 1 day (225 events instead
of 5400 events), the increased degrees of freedom compensate this effect and lead to
a detectability of periodic oscillations of the 7Be flux to ≥ 1 %. As can be seen, for a
cycle duration of 24 hours, which would be seen for the day/night-effect, a detection
down to 1.2 % of Φ0 is possible on a 90 % C.L. and down to 1.35 % on a 99 % C.L.
A detection of the day/night-effect thus lies within reach.
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Chapter 6

Scattering Length Measurement

In a liquid-scintillator detector of the scale of LENA, the optimization of the optical
parameters of the used liquid-scintillator is crucial for the performance of a future
detector. One parameter for example is the fluorescence time that has already been
analyzed for different scintillators [Mar08]. This parameter is essential for a good
time resolution and event separation. The other essential optical parameter is the
attenuation length, which should be of the order of the detector radius so that
the scintillation light of an event can reach the PMTs. A high attenuation length
results in a high light yield of the detector. The attenuation length consists of the
scattering length and the absorption length of the scintillator. A large scattering
length is desirable for a good timeresolution and spatial event reconstruction. In
this thesis, an experiment was set up to measure the scattering length (for the
measurement of the attenuation length, see [Wur05]). As will be shown, the optical
properties vary greatly for different liquid-scintillators. In the first section there will
be given an overview over liquid-scintillation physics, and the different solvents and
fluors. Then, the scattering theory is discussed. After that, the experimental setup
and the electronic data aquisition system is presented. The last section will show
the results of the scattering length measurements for all used scintillators and will
be discussed.

6.1 On liquid-scintillators

A liquid-scintillator has the property of emitting light when hit by an incident parti-
cle. The liquid-scintillator serves both as a target and as a source of light emission,
which then is detected by the photomultiplier tubes on the inner surface of the de-
tector. The very short fluorescence time of the order of 10 ns allow a distinction
of events happening within a very short time window. Moreover an organic liquid-
scintillator has a low energy threshold (which is limited by the abundance of 14C),
and allows a good energy resolution due to its high light yield of ∼ 104γ/MeV.

71



A liquid-scintillator consists of an aromatic hydrocarbon compound containing benzene-
ring structures. The energy deposited by a passing particle excites the quasi-free (π
orbitals) electrons of the benzene ring. When the valence electrons transit from the
excited state to the ground state, scintillation light is emitted. The excited state
comprises of a singlet and a triplet state. The singlet state decays faster, thus the
scintillation light has a fast component 3-4 ns and a slow component (∼ 20 ns).

6.1.1 The solvent

If only the solvent alone would be used as scintillator, the light would not reach
the PMTs because the emitted light would be absorbed by the solvent itself, as
the solvents emission band has a large overlap with its absorption band in the UV
range. In order for this not to happen, wavelength shifters (fluors) are added so
that the emitted wavelength is shifted towards larger wavelengths where the solvent
is transparent (∼ 430 nm) and enable the light to reach the detector surface. They
usually are added in concentrations of a few g/l.
One of the most likely candidates that would come to use in LENA is Phenyl-o-
Xylylethane (C16H18), short PXE, which is shown in following Figure 6.1. The PXE
used in the scattering experiment is from the Dixie Chemical Group. The mean
absorption and emission wavelengths of PXE are 270 nm and 290 nm, respectively
[Mar08].

Figure 6.1: The chemical structure of PXE.

As can be seen, the PXE molecule consists of two connected benzene rings, with
three methyl structures. In comparison with other liquid-scintillator candidates,
PXE as a solvent is attractive for several reasons. First it has a high light yield.
Second its density of 0.985 kg/l is very similar to the density of water. Thus, water
could be used as a myon veto and as a buffer liquid around the inner vessel which
would be filled with PXE thus avoiding buoyancy forces. In terms of safety, PXE
has a relatively high flash point of about 145◦C, and a low toxicity (See [Dix05]).
The PXE used in the measurement of the scattering experiment is produced by
the Dixie Chemical Company 18 . A disadvantage of PXE is for one thing the low

18300 Jackson Hill, Houston, 77007 Texas, USA.
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attenuation length of only 4 meters. In order to increase the attenuation length to
an order of the diameter of LENA, a purification method with an Al2O3 column has
been investigated and delivered good results [Bx07b] with an increased attenuation
length of up to 10 meters. The attenuation length can further be increased by the
addition of Dodecane (C12H26) to the solvent. The structure of Dodecane can be
seen in the Figure 6.2.

Figure 6.2: The chemical structure of Dodecane.

Another benefit from the addition of Dodecane would be the significant increase of
the number of free protons (not bound in a nucleus), which means hydrogen atoms,
in the same volume. This would enhance the sensitivity for detection of low ener-
getic electron antineutrinos via the channel ν̄ + p → n + e+. But as the density of
a mixture Dodecane-PXE is lower than for PXE alone (ρDodecane = 0.749 kg/l), the
number of protons in the whole scintillator (with the bound protons in the carbon
nucleus included) decreases. This would lessen the sensitivity at the search for an
eventual proton decay. Also the flash point of Dodecane is with 74◦C lower than for
PXE. But the main arguments against the use of Dodecane are a decrease of the
light yield compared to PXE and the high costs. Two Dodecane samples from dif-
ferent manufacturers were used in the scattering experiment. One being from from
Sigma-Aldrich19 , the other one from the Chinese manufacturer Alway Chem20.

Another liquid-scintillator that could be considered for LENA is Linear Alcylben-
zene (LAB, C9H12 + (CH2)m, m ∈ [7, 8, 9, 10]). The chemical structure is shown
in Figure 6.3. The mean absorption wavelength of LAB is 260 nm, while the mean
emission wavelength is 283 nm [Mar08].

The density of LAB is 0.863 kg/l and the attenuation length is above 10 metres.
LAB is a quite new solvent which is not only interesting for a use in LENA because
of its high transparency, but also because of its high light yield and its low prize.
Also, like PXE, LAB is non-hazardous and has a high flash point of 128◦C. For the
scattering experiment, the LAB was from Petresa21 .

193050 Spruce Street, St.Louis, MO 63103.
20No.51 Taiping Road, Qingdao, China 266001.
21Campo de las Naciones, Avda del Partenon 12, 28042 Madrid, Spain.
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Figure 6.3: The chemical structure of LAB.

6.1.2 The fluors

As was already mentioned, the addition of fluors to the solvent enables the travers
of the light through the scintillator without being absorbed and reemitted numerous
times. Fluors that are considered for a use in the LENA detector are currently 2,5-
Dimethyoxazole (PPO), 1,4-bis-(o-methylstyryl)-benzol (bisMSB), para-Terphenyl
(pTP) and 1-Phenyl-3-Mesityl-2-Pyrazolin (PMP). The chemical structure of all
four fluors is shown in Figure 6.4.

Figure 6.4: The chemical structure of PPO.

PPO has an absorption length of 303 nm and emits at 365 nm. In order to shift
the wavelength into a region above 400 nm, for example bisMSB could be added,
because it absorbs at 345nm and emits at 420 nm. Thus, bisMSB is a so called
secondary fluor. PMP is an interesting fluor, because it shifts the wavelength from
294 nm to 415 nm, thus it already combines the wavelength shifting capacity of the
two combined fluors mentioned before. Such a fluor is referred to as a high Stokes
shift fluor. Finally, pTP is a fluor that absorbs at 275 nm and emits at 339 nm.
Thus, PPO, PMP and pTP are primary fluors.
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6.2 Scattering and absorption of light in a liquid-

scintillator

The light propagation in a liquid-scintillator can be described by two processes:
Absorption and Scattering. The absorption processes are due to the fact that light
emitted by the scintillator can be again absorbed by the scintillator itself with a
certain probability that depends on the amount of fluors and impurities contained
in the scintillator. The light can then be reemitted into a random direction with a
certain probability (absorption- reemission process) or not22 , in which case the light
is lost for the detection with the PMTs. The other process is the scattering which
can be divided into Rayleigh scattering (scattering of light on bound electrons) and
Mie scattering (scattering of light on spherical particles of a diameter in the order of
the wavelength of the light). If absorption and scattering are trwated as independent
processes, the intensity of the light can be described by a procuct of exponential
decays:

I(x) = I0 · e−x/LAbs · e−x/LScat = I0 · e−x/LAtt (6.1)

With LAbs being the absorption length, LScat the scattering length, and LAtt being
the attenuation length. LScat is measured in the scattering length experiment for
this thesis. As can be seen, the knowledge of two of the three optical lengths is
sufficient to calculate the third.

6.2.1 Scattering theory

The scattering length can be derived from the particle density of the liquid-scintillator
and the scattering cross section to

LScat =
1

n · σtot
(6.2)

with σtot being the total cross section for the scattering process [Wur05].

Rayleigh scattering

Rayleigh scattering is in general the elastic scattering of light or other electromag-
netic waves on bound electrons ( particles with r << λ), in this case the electrons
of the liquid-scintillator atoms which are bound in molecules. This effect dominates
in a liquid-scintillator with a high degree of purity. The scattering cross section for
Rayleigh scattering is [Zin98]

22In this case the excited molecule descends to the ground state via a radiationless transition
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dσ

dΩ
= r2

e

ω4

(ω2
0 − ω2)2

1 + cos2(θ)

2
(6.3)

with re = e2

4πε0mec2
= 2.9fm being the classical electron radius, θ the scattering angle,

ω the angular frequency of the light, and ω0 the resonance frequency of the system.
For air molecules, as well as liquid-scintillators, it lies in the ultraviolet regime. As
can be seen, at θ = π/2 the light is completely polarized parallel to the scattering
direction and the intensity of the light is only half of the intensity at θ = 0 or θ = π.
This effect will be essential for the scattering experiment as will be described later.
An integration over the whole solid angle Ω delivers the total Rayleigh cross section,
which simplifies for ω << ω0 to

σtot =
8π

3
r2
e

(
ω

ω0

)4

=
8π

3
r2
e

(
λ0

λ

)4

(6.4)

This is the well known ω4 dependancy of the Rayleigh scattering amplitude. An
estimation of the scattering length can now be calculated using equation 6.2. The
result for PXE can be found in [Wur05] LScat,PXE = 35 m. The scattering length
for LAB can be calculated analogous, using the molecular weight of LAB Mmol =
240g/mol, the density ρLAB = 0.863g/cm3 and the mean absorption wavelength
λ0 = 260 nm [Mar08]:

σtot =
8π

3
(2.9 fm)2

(
260 nm

430 nm

)
= 10.16 fm2 (6.5)

at a wavelength of 430 nm. The particle density can be calculated by

nLAB =
ρLAB ·NA

MLAB

= 2.17 · 1021 cm−3 (6.6)

Using equation 6.2, the scattering length can be obtained: LScat,LAB = 45 m.

Mie scattering

Mie scattering describes the scattering of electromagnetic waves on spherical par-
ticles that have a diameter in the order of the wavelength of the electromagnetic
wave or higher. A detailed description of the theory can be found in [Bor06]. This
theory develops the scattering process into a progression of spherical Bessel fun-
tions (because only spherical scattering particles are considered). The scattering is
highly depending on the dielectricity coefficient of the scattering particle and on its
diameter. In contrast to Rayleigh scattering, the light is preferably scattered into
forward direction. The differential cross section can be described empirically by the
Henyey-Greenstein formula:

dσ

dΩ
∝ 1− g2

(1 + g2 − 2g · cos(θ))3/2
(6.7)
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The asymmetry factor g describes the difference of the cross section relative to the
Rayleigh case in respect to the diameter of the scattering particles and the wave-
length. The light from this scattering process can be partially polarized, whereas
the polarization as well as the angular distribution depend heavily on the particle
size. The impurities in the measured samples could contribute to the Mie scattering,
but there is no evidence in the data that suggests this (see also chapter 6.4.1). The
conclusion which can be drawn, is that the samples probably have a low level of
contamination with impurities.

Absorption and reemission processes

The absorption and emission bands of the solvent molecules overlap, as has been
stated before. Thus the probability is high that the light which was generated by
the excitation of the solvent molecule by an incident particle, is absorbed again by
another solvent molecule. Organic impurities abundant in the liquid-scintillator can
also absorb the light, usually the absorption bands are at higher wavalengths than
the absorption bands of the solvent molecules. The absorption probability is highest
at the mean absorption frequency. The absorption excitates the molecule and by
the transition to the ground state, light is being emitted randomly into a 4π solid
angle. The wavelength of the emitted light lies in the region of the emission band of
the solvent molecule. This process can take place numerous times successively. The
light generated by the absorption and reemission processes is unpolarized.

6.3 Experimental setup

The goal of the experiment is to measure the scattering lenghtes of different liquid-
scintillators at different wavelengths. The scattering length is the length that a
photon with a certain wavelength can travel on average within the scintillator until
being scattered. The scattering length is a function of the wavelength of the photon.
In order to measure the scattering length, the number of scattered photons Nscat

has to be measured and set into relation to the number of photons which passed
the sample without being scattered Ntrans = N0−Nscat. N0 is the initial number of
photons that is emitted by the light source. In the experiment, the polarized and
the unpolarized part of the light is being segregated and investigated separately.

6.3.1 Arrangement of the experiment

In order to shield it from external light, the whole setup is in a black box, which was
covered from the inside with black felt. The experiment was mounted on a massive
optical bench. Figures 6.5 illustrates the experimental setup, Figure 6.6 shows a
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photograph of a sample in the experimental setup.

Figure 6.5: A schematic view of the experimental setup. The light which is emitted
by the LED passes a narrowband pass filter. After that, it hits the target and if it is
scattered into the right direction, it is being detected by the PMT B after it passes a
polarizer and two apertures. If it passes the target, it passes 7 grey filters in order to
lessen the light intensity to such an extent that it can be detected by PMT A without
aggravating the PMT.

The light is being emitted by an LED of a certain wavelength. Two LEDs were used
in the experiment, both from Roithner Laser Techik23 . The first LED with the
description LED395-01V emits at 395 nm wavelength. It was used for the lower end
of the wavelength area which was covered in the experiment. The other LED has
the description LED430-06U, which emits with 430 nm. The light which is emitted
by the LED then passes a narrow-band interference filter which only lets light of a
certain wavelength pass. For the experiment four such filters from Edmund Optics24

were used, thus the scattering length was measured for four different wavelengths:
396 nm, 415 nm, 430 nm and 442 nm.
After the light has passed the interference filter, it hits the target liquid-scintillator
which is contained within an ordinary cylindrical glass with a diameter of 6.1 cm
and a glass thickness of 1.1 mm. Glass begins to absorb in the ultraviolet range,
so for this experiment it is still suitable, because the shortest wavelength of 396 nm
was still optically visible. The scattered light then passes a polarizing filter which

23Wiedner Hauptstrasse 76, 1040 Vienna, Austria.
24Zur Giesserei 19-27, 76227 Karlsruhe, Germany.
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Figure 6.6: A photograph of a sample in the experimental setup. In the foreground
there is the LED and the interference filter which is covered with felt. Then, the
sample can be seen which is filled into a cylindrical glass and covered in order to
keep it clean from dust particles. To the left, the PMT that detects the scattered
light is covered with felt, as is the PMT in the background which detects the light
that passed the sample.

is mounted between two apertures. Aperture 1 with 1 cm x 6 cm is mounted in front
of the polarizer. Aperture 2 with 1 cm x 2 cm is mounted directly n front of the
PMT. The two apertures are used to define the field of view of the PMT and to
avoid seeing spots of diffuse reflection where the beam enters or leaves the glass
in which the sample is contained. The used linear polarizer is also from Edmund
Optics. The polarizer alignment is horizontal and vertical and is changed after every
measurement. This is done in order to separate the polarized Rayleigh scattered
fraction of the light from the unpolarized part. Absorption and reemission processes
do not change the polarisation of the light. Then, after passing the polarizer and
the aperture, the light hits a PMT of type 9305 KB (Serial 4803) from Electron
Tubes Limited25 which is connected to the data aquisition system (see Figure 6.7).
This PMT is mounted in such a way, that the observation angle can be adjusted in
steps of 15◦ from 60◦ to 120◦. In this way, the angular distribution of the polarized
light can be examined. The light that passes the glass without being scattered (or
through being absorbed and reemitted into the forward direction) then passes five
grey filters which have the purpose to lessen the light intensity to a factor of about
1/16000 so that the light intensity is not too high for the PMT of the same build

25100 Forge Way, Unit F, Rockaway, NJ 07866, USA.
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which is also connected to the data aquisition system. Both PMTs are shielded from
external magnetic fields by a coverage of µ-metal foil.

Electronics

Figure 6.7: A block diagram of the electronics which was used for the data aquisition
in the experiment.

The blockdiagram of the electronics is shown in Figure 6.7. The Wavetek 166 gen-
erates pulses of 25µs length. These pulses are then transmitted to the LED. The
Agilent Acqiris26 data aquisition system is connected to the pulse generator and is
triggered by the synchronous output of the pulse generator whith a 25µs timegate.
The PMTs are operated at a voltage of 1.4 kV. Then the signals are sent directly
to the data aquisition system. The Aquiris data aquisition system is a fast wave-
form digitizer that is recording the analog pulses. A PC with a customized program
in National Instruments LABView 7.027 is analyzing the recorded pulses for the
number of photons by counting voltage peaks. Each peak corresponds to a detected
photon. The sampling rate for the experiment was set to 2 Gigasamples/s which
corresponds to one sample every 0.5 ns or 50.000 samples per pulse. For one point
of data aquisition (a certain angle with a certain liquid-scintillator and one of the
two polarizer settings), 25.000-50.000 pulses were measured in order to decrease the
statistical uncertainty.

265301 Stevens Creek Blvd, Santa Clara, CA 95051, USA.
2711500 N Mopac Expwy, Austin, 78759-3504 Texas, USA.
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6.4 The measurement

A list of all the examined liquid-scintillator solvents together with their refractive
indices can be found in Table 6.1.

Liquid-scintillator Manufacturer Refractive index

PXE Dixie Chemical Group 1.569
PXE purified with Al2O3 Dixie Chemical Group 1.569
LABp500 Petresa 1.482
LABp550 Petresa 1.482
LABp550q Petresa 1.482
Dodecane Sigma-Aldrich 1.422
Dodecane Alway Chem 1.422
Cyclohexane (CH) Merck28 1.426
Pseudocumene (PC) Merck 1.505

Table 6.1: A list of all liquid-scintillator solvents which were used for the experiment
together with their refractive indices and the production companies.

In addition to the measurement of the different liquid-scintillators, the scattering
length of destilled water was also measured. This had the purpose to subtract the
background when light is scattered off the glass from the actual scattering off the
liquid-scintillator. Because water has a high scattering length in the order of more
than 80 m [Shi99], very little scattering will take place when the glass is filled with
water. If the glass was not filled with destillated water, but simply with air, the
large difference between the refractive index of air (n = 1.0003) and of the glass
(n = 1.52) would lead to a high degree of refraction and of light trapping in the
glass by total reflection, thus changing the result to a high extent. However, with
water (n = 1.333), the difference of the refractive indices is significantly smaller,
and the refraction is lessened.
The purified PXE, the standard PXE, the Cyclohexane and the Dodecane from
Sigma-Aldrich were measured for 4 different wavelengths, as was the water in order to
subtract the background for every wavelength. This was necessarey as the scattering
length is a function of the wavelength. The other samples were measured only
for three different wavelengths (415 nm, 430 nm and 442 nm). Every sample was
then measured for each wavelength at 5 different angles and two polarizer settings
(horizontal or vertical). As was later discovered, the angle of 60◦ delivered ratios
that were too high, meaning that too much light was scattered and registered in
PMT B. Through the use of a laser pointer it could be found that this was due to a

28Frankfurter Str. 250, 64293 Darmstadt, Germany.
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refraction reflex which occured in this direction. Therefore the angle of 60◦ was left
out of the analysis for the scattering length calculation. The goal of the experiment
was to calculate the scattering lengthes of the different samples and to examine the
dependence of the scattering length from the used wavelength.
The essential value which is obtained from the measurement is the ratio between
the value of the signals from PMT B to PMT A, which is a measure for how much
light was scattered in the sample.

6.4.1 Calculation of the scattering lengths

The value that is measured in the experiment is the ratio of I(PMT B)/I(PMT
A), which is the ratio of the registered PMT intensities. The PMT B registers the
scattered light, the PMT A registers the transmitted light. The differential loss of
light intensity passing through a medium can be written as

dI = −α · I0 · dr =⇒ I(r) = I0 · e−α·r; (6.8)

A comparison with equation 6.1 then yields

α =
1

LAbs
+

1

LScat
=

1

LAtt
(6.9)

Because in this experiment the scattered light fraction is measured, the scattering
length instead of the attenuation length is the relevant parameter. But α is also a
measure for the ratio of the differential scattered intensity to the initial intensitiy:
α = dIScat/I0. Thus, a link between the ratio of the intensities and the scattering
length is established. This α however, is an effective value, which is modified by the
setup of the experiment. Several effects have to be taken into account. The ratio
which is registered by the PMTs in the experiment, αexp, is the ratio between the
light intensities of the scattered light, and of the light in the beam of the LED:

αexp =
Is,exp
Ib,exp

(6.10)

Now a correction must be done in order to retrieve the ratios of the scattered beam
to the initial beam, before passing the glass. Three quantities change this ratio. The
first is the PMT efficiency, which is not the same for both PMTs, and is additionally
dependent of the angle:

ε(θ) =
εb
εs
· f(θ) (6.11)

Through changing the PMTs and comparing the obtained values, a value of εb/εs =
0.7 ± 0.0747 was obtained. By rotating the experiment in steps of 15◦ from the
initial direction to the perpendicular direction, f(θ) could be measured. The values
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of f(θ) (See Table A.1 of Appendix A) show no clear correlation and are thus set
as a limit for the uncertainty of the efficiency, see chapter 6.4.2. The transmission
ratio of the filters has also to be taken into account, it is given by

t =
tg
tp

(6.12)

tg is the combined transmission of the greyfilters, tp is the transmission of the polar-
izer. The values for the transmission of the greyfilters and of the polarizer together
with the uncertainties, in dependance of the four wavelengths is shown in Table A.2
of the Appendix A.
The last quantity is the reflection, which is the amount of reflected light. Two re-
flections take place, the first when the light beam hits the glass surface, and the
second time when it has traversed through the sample and hits the surface when it
exits the glass. The fraction of the reflected light when hitting the glass surface for
the first time is given by [Zin98]:

r =

(
n− 1

n+ 1

)2

(6.13)

and the second time it hits the glass surface, it is given by

r =

(
1−

(
n− 1

n+ 1

)2
)
·
(
n− 1

n+ 1

)2

· e−D/LScat (6.14)

The scattering length LScat is much larger than the diameter of the glass D = 6.8 cm,
so that the factor e−D/LScat delivers a value between 0.99−1.00 29 . The light fraction

that is not reflected the first time 1 −
(
n−1
n+1

)2
, passes the sample and is then being

reflected a second time, which is expressed by equation 6.14. Combined, the effects
of both reflections and of the scattering when passing through the sample, deliver a
reflected light fraction of r ≈ (8.0−9.0) %, differing slightly for the different samples.
All previously mentioned effects together (PMT efficiency, transmission of the filters
and reflection off the glass filled with the respective sample (ri)) lead to the corrected
ratio

αi,c = αi,exp · t · ε · ri (6.15)

with i = PXE, LAB, Dodecane, CH, PC. After the correction for these three quanti-
ties, the next step is to substract the contribution generated by the background, that
means scattering that takes place by scattering off the glass itself. In order to achieve
this, the glass was filled with very clean water and the scattered light was measured.
Water has a high scattering length compared to the measured liquid-scintillators
(Lw = (88.5±11.5) m from [Shi99]) and because of its refractive index which is more

29LScat is in the order of 10 m and more, at the least a factor 100 higher than D, so that
e−D/LScat ≈ (0.99− 1.00)
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similar to the glass than for air alone (nwater = 1.33, nair = 1.0003, nglass = 1.52),
optical refractions are in this way limited. The ratio of the background αbg has also
to be corrected like αc. αbg consists of the measured background ratio αbg,exp, the
transmission ratio of the filters, the efficiency of the PMTs ε, and the reflection rbg
off the glass filled with water:

αbg = αbg,exp · t · ε · rbg (6.16)

The factors t and ε are the same as for αc, whereas the reflection has now to be
calculated using the refractive index of water and the scattering length of water.
Now the remaining ratio αrm is the ratio which remains after subtraction of the
difference of the corrected background ratio αbg to the calculated ratio for water αw.
This difference is the ratio of the part which was scattered off the glass.

αrm = αc − (αbg − αw) (6.17)

The intensity ratio of water, αw, can be obtained by:

αw =
Ωw,1m · Lw,sim

Lw,real
(6.18)

where Ωw,1m is the solid angle which was simulated for water as well as different
samples in a Monte Carlo simulation for the experimental setup. The scattering
length in the simulation was set to Lw,sim = 1.0 m, therefore it has to be divided
through the real scattering length Lw,real to obtain the ratio αw. The intensity
ratio of water can be divided into two contributions, assuming that only Rayleigh
scattering takes place in the volume, αw,V and αw,H wich add up to αw:

αw = αw,V + αw,H (6.19)

This relation together with the angle dependance of equation 6.3 yield

αw,V = αw ·
1

1 + cos2(θ)
; αw,H = αw ·

cos2(θ)

1 + cos2(θ)
(6.20)

These relations are also satisfied for the other samples:

αi = αi,V + αi,H (6.21)

with i = PXE, LAB, Dodecane, CH, PC.
The solid angle is the quotient of photons that were scattered into the direction of
the aperture of the PMT B divided through the initial number of generated pho-
tons, and is of the order of 10−5 for all target materials. The solid angle Ωi was, as
already mentioned, determinded by a Monte Carlo simulation (which was performed
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by Martin Hofmann) of the experimental setup with GEANT4. This was done for
water, but also for the different liquid-scintillators (PXE, Dodecane, CH, LAB),
each with a scattering length set to 1 m. Therefore the intensity ratio for each sam-
ple can be obtained through equation 6.15. CH has refractive index very similar to
Dodecane, thus the solid angle is considered to be the same for both samples, with
the same approximation made for PC and LAB. For the Monte Carlo simulation,
the dimensions of the experiment were taken into account and photons were gener-
ated, that were either reflected off the glass surface, or scattered in the sample, or
passed the target volume without interaction. This procedure was done for angles
between 0◦ and 90◦ in steps of 12.5◦. Then the mean value of the solid angle from the
MC-simulation was used for the calculation of the scattering length. The number of
generated photons was in the order of 108. Figure 6.8 shows the solid angle depen-
dance of the angle for the example of PXE, which was obtained from the simulation.

Figure 6.8: The solid angle Ω together with the respective statistical uncertainties
(=
√
N) ∆Ω for the example of PXE obtained by a Monte Carlo simulation. Red

represents the unpolarized, blue the polarized Rayleigh scattered part.

If one compares Rayleigh and unpolarized scattering at a fixed scattering length (in
this case 1 m), more photons will be scattered at the investigated angles (75◦−120◦)
for unpolarized than for Rayleigh scattering. The effective solid angle is therefore
larger, ΩU(θ) > ΩR(θ), which can be seen in Figure 6.8.
In order to get the ratio αw of water with the assumed scattering length (Lw =
(88.5± 11.5) m, see [Shi99]), the solid angle Ωw,1m of water with a scattering length
1 m was calculated. It is the ratio between the scattered photons which are scattered
into the aperture of PMT B to the number of photons that were generated (1.6 ·
108).The reflection off the water was also estimated using the simulation.
The simulation of the solid angle included the Rayleig scattering. When integrating
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over the angle θ, it has to be considered that the simulated solid angle dependance
is of the form

ΩR(θ) = Ω · 1 + cos2 θ

2
(6.22)

whereas the unpolarized part has no angular dependance. Summarized over all
angles, the intensity must be the same, as the loss of beam intensity also remains
the same. An integration thus delivers ΩR = Ω · 3

4
π and ΩU = Ω · π. Thus the ratio

of the Rayleigh to unpolarized solid angle is

ΩR

ΩU

=
3

4
· 2

1 + cos2(θ)
(6.23)

This effect will be taken into account later on.
Now the remaining ratio αrm has to be divided by the solid angle from the Monte
Carlo simulation. Therefore, the corrected ratio is

ai =
αi
Ωi

(6.24)

whereas i stands for the different liquid-scintillator samples that were measured, see
Table 6.1. In order to obtain the scattering length, a χ2 fit was performed. 4 fit
curves were generated RV , RH , UV and UH , that stand for the horizontal and vertical
parts of the rayleigh scattered and the unpolarized components, respectively. Now
these parameters were obtained by fitting to the experimental values of aV and aH .
The vertical and the horizontal part of the Rayleigh fit parameter have the following
parametrisation:

RH = R · cos2(θ)

2
; RV =

R

2
(6.25)

The unpolarized part consists of

UV = UH =
U

2
(6.26)

The minimum of the χ2 distribution now delivers the values for R and U. From
the ratio of the rayleigh and the unpolarized solid angles (equation 6.19), it can be
followed that the unpolarized parameter U is increased by a factor of 4/3, which
results in the decreasement of the unpolarized scattering length. U and R suffice
the following condition for the scattering length:

LR =
1

R
; LU =

1
4
3
U
−→ LScat =

1

R
+

1
4
3
U

(6.27)

The Monte Carlo simulation was done for Rayleigh scattering and by comparing
the fitted experimental to the Monte Carlo value, the scattering length could be
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retrieved. The results for the different liquid-scintillators are listed and discussed in
section 6.6.

6.5 Uncertainty contributions

Different uncertainties were analyzed and taken into account. For one thing there
are statistical uncertainties, such as the uncertainty of the ratio of the PMT inten-
sities, the satistical uncertainty of the Monte Carlo simulation for the solid angle,
uncertainties due to the anisotropy of the glass surface 30 and uncertainties due
to the finite precisement of the measured angle. On the other hand there are the
systematical uncertainties from the filters and the efficiency of the PMTs. There can
also be made the distinction between uncertainties that influence all measurements
in the same way (correlated), and uncertainties that differ for every measurement
(uncorrelated). The light intensity of the LED is not constant over time, but does
not contribute to the uncertainty, because what enters the calculation of the scat-
tering lenghts is the ratio between the two PMT channels. Thus, fluctuations of the
intensity cancel themselves out. The error of the measured ratio αexp can be given
through the gaussian error distribution because the error of the filter ratio t is of
statistical nature, also the efficiency of the PMTs ε. The error of the reflectivity of
the glass was set to r = 0, because it should cancel itself roughly out for both light
paths. Therefore, the error of the corrected ratio αc, can be written as:

∆αc =

√(
∂αc
∂αexp

∆αexp

)2

+
(
∂αc
∂ε

∆ε
)2

+
(
∂αc
∂t

∆t
)2

=

=

√
(t · ε · r)2 ∆αexp + (αexp · t · r)2 ·∆ε+ (αexp · ε · r)2 ·∆t (6.28)

The errors from αexp, ε and t will be discussed in detail.

6.5.1 Correlated uncertainties

Contribution to ∆αexp from the photon pile-up

Within a timewindow of 200 samples (100 ns), two incoming photons cannot be dis-
tinuished from one another. This has the effect that the LABView 7.0 software,
which counts the photons in every pulse, delivers an error for the ratio of the PMT
channels (channel3/channel1). The probability for a photon being in the timewin-
dow of another photon is τ

T
, T being the length of the whole pulse (25µs) and τ

30impurities, oil films or deformations of the glass
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being the timeframe of 100 ns. If 〈N〉 = N
T

is the mean rate of photons being reg-
istered within a pulse, and N the number of measured photons, the error can be
written as31 ∆ = 〈N〉 · τ · N = N

T
· τ · N

T
· T = τ

T
· N2. This error is automatically

calculated by the LABView 7.0 software, and enters the ratios accordingly.

The uncertainty of the efficiency of the PMTs ∆ε

The whole experimental setup was rotated in steps of 15◦ from the initial setup
position to a perpendicular position in order to test the influence of the earth’s
magnetic field on the efficiency of the PMTs. Table A.1 lists the obtained values.
No significant dependance of the efficiency from the angle θ could be found. The
uncertainty which could be derived from Table A.1 is ∆ε = 0.0747. The efficiency of
the PMTs was measured by switching the position of the PMTs, and the uncertainty
of the efficiency was set to be the standard deviation σ of the values obtained by
rotating the setup.

The uncertainty of the filters ∆t

The transmission of the filters and the knowledge of their uncertainty is crucial for
the calculation of the scattering lengths, because the absorption ratio of the filters
t = tg/tp enters the scattering length LScat linearly (see equations 6.12 and 6.15).
The complete results for the measurement of the filter transmission for the four dif-
ferent wavelengths can be found in Table A.2. In order to measure the transmission,
a measurement with the respective filter in front of PMT A was conducted, and
in a second measurement the LED light intensitiy without the respective filter was
measured. In order to lessen the light intensity of the LED to an amount suitable
for the PMT, the other filters were in the beam while the respective filter was mea-
sured. The quotient of the measured intensities gives the fraction of transmitted
light. The filter transmission was measured twice within the experimental setup.
In order to check this method, another measurement series was conducted using a
HR2000CG-UV-NIR spectrometer from Ocean Optics32 . However, the spectrom-
eter delivers ∼ 20 % lower results for the transmission of the filters than for the
experimental setup. Because as of this point it is not known what effect causes this
deviation, an uncertainty of 20 % was estimated for the transmission of the filters,
directly entering the scattering length. A similar effect was measured for the po-
larizing filter. A more precise knowledge of the filter transmission is desirable and
further measurements are ongoing.
The FWHM of the narrow bandpass filters used for defining the incident wavelength
(see Figure 6.5) is, according to the manufacturer Edmund Optics, 10 nm [Edm].

31The summarized probability is the mean rate of additional photons per timeframe of 100 ns
for every registered photon, and N photons are registered.

32830 Douglas Ave., Dunedin, FL 34698, USA.
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The uncertainty of the solid angle correction ∆Ω

The solid angle (the field of view of PMT B) of the experiment has been derived
by a GEANT 4 Monte Carlo simulation of the setup. The uncertainty for the solid

angle Ω is statistical, it is given by ∆Ω =
√
N
N

, where N is the number of photons
registered by PMT B in the simulation. N is of the order of 10−6 to 10−7. The
dependance of the solid angle from the scattering angle is shown in Figure 6.8 for
the example of PXE.

The uncertainty of the background ratio ∆αbg

Starting from equation 6.13, the uncertainty can be derived analogous to ∆αc (see
equation 6.28). This leads to the uncertainty

∆αbg =

√
(t · ε · rw)2 ∆αw + (αw · t · r)2 ·∆ε+ (αw · ε · rw)2 ·∆t (6.29)

The uncertainty ∆αw can be derived from equation 6.18 also through gaussian eror
propagation:

∆αw =

√(
∂αw
∂Ω

∆Ω
)2

+
(
∂αw
∂Lw

∆Lw

)2

=

=

√(
1 m

Lw
∆Ω

)2

+

(
Ω · 1 m

L2
w

∆Lw

)2

(6.30)

6.5.2 Uncorrelated uncertainties

Anisotropy of the glass surface and impurities ∆αglass

This uncertainty was retrieved through multiple measurements in the same setting,
with the glass being rotated every measurement slightly around its axes. The vari-
ation of the results corresponds to the uncertainty which is caused by either dirt
on the glass surface or anisotropies of the glass thickness itself. The uncertainty is
about 4 %.

Accuracy of the measured angle

The contribution from this effect is about 1 % and is independent of the wavelength.
This, together with the uncertainty from the glass surface contribute to the total
uncertainty a value of

√
(4 %)2 + (1 %)2 ∼ 4 %.
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6.6 Results

The obtained scattering lengths together with the uncertainties and the χ2/NDF
values from the fit procedure (see equations 6.25-6.27) are listed in Table 6.2. Scat-
tering lengths with a high χ2/NDF value are not as significant as scattering lengths
with a χ2/NDF of ∼ 1 or lower. There were two measurement series conducted,
the first one with a glass of slightly smaller diameter (6.6 cm). During the course of
the measurements, the glass surface became too scratched, requiring a replacement
of the glass. This glass had a slightly larger diameter (6.8 cm). By comparison of
measurements of the same samples in the two series show that the resulting scat-
tering lengths were not affected. The timespan between the first and the last series
of measurements was nine months. The first series was only conducted for a fixed
wavelength of 430 nm, whereas the second series was conducted at four different
wavelengths: 396 nm, 415 nm, 430 nm, 442 nm (except for PC, which was not mea-
sured at 396 nm).
As can be seen, the scattering length of PXE in the first measurement series signif-
icantly lower than the calculated value of LScat = 35 m (see section 6.2.1). This is
mainly due to the fact that there is additionally a contribution of the unpolarized
scattering (absorption-reemission processes) to the Rayleigh scattering, which lowers
the scattering length. It is not clear how large the contribution from Mie scatter-
ing on impurities is, because Mie scattering is only partially polarized, and cannot
be segregated from the other scattering processes. The scattering length of PXE
from the first measurement series is in good agreement with the scattering length
of the second measurement series. The scattering lengths of the three LAB samples
are similar within the uncertainties in the first series of measurements. LABp550
was additionally measured at a wavelength of 396 nm, whith the result of a very
low scattering length. The reason is probably the higher absorption of LAB in this
wavelength regime. Here again the measured value is significantly lower than the
calculated value of LScat = 45 m from section 6.2.1. As in the case of PXE, the
absorption-reemission processes contribute to the scattering process and lead to a
lower scattering length. The two Dodecane samples from different manufacturers
have almost the same scattering length. Cyclohexane has the highest scattering
length of all samples. In the second series of measurements, PC was analyzed in
order to check the result with the value from a measurement of the scattering length
of PC performed by the Borexino Collaboration [Bx00]. The obtained results are in
good agreement33 with the values from [Bx00].

Because of the contribution from absorption-reemission processes to the scattering,
the samples do not show a clear Rayleigh LScat ∝ λ4 dependance. This behaviour
would be observed if only Rayleigh scattering took place within the sample. How-
ever, it could be shown that the measured scattering lengths are in agreement with

33LScat,PC,Borexino = 8.2 m at 436 nm.
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Liquid-scintillator Series Wavelength [nm] Scattering length [m] χ2/NDF

PXE 1 430 (12.52± 4.08) 1.22
LABp500 1 430 (24.33± 8.58) 1.07
LABp550 1 430 (21.83± 5.99) 1.17
LABp550q 1 430 (22.68± 8.02) 0.75
Dodecane (Sigma-Aldrich) 1 430 (33.20± 12.21) 0.86
Dodecane (Alway Chem) 1 430 (33.15± 12.26) 0.72
Cyclohexane 1 430 (43.42± 16.86) 0.67
PXE 2 396 (0.14± 0.05) 0.40
PXE 2 415 (11.51± 3.58) 0.44
PXE 2 430 (10.50± 3.41) 1.63
PXE 2 442 (9.8± 3.18) 0.79
PXE 2 396 (15.03± 5.43) 6.49
purified with Al2O3

PXE 2 415 (28.26± 9.68) 0.69
purified with Al2O3

PXE 2 430 (21.07± 8.04) 3.29
purified with Al2O3

PXE 2 442 (51.17± 26.62) 1.04
purified with Al2O3

Cyclohexane 2 396 (11.49± 3.73) 1.27
Cyclohexane 2 415 (49.49± 17.36) 0.29
Cyclohexane 2 430 (42.45± 16.41) 2.20
Cyclohexane 2 442 (38.75± 15.75) 1.10
Dodecane 2 396 (9.68± 3.18) 3.04
Dodecane 2 415 (34.70± 11.66) 0.50
Dodecane 2 430 (35.88± 13.55) 2.38
Dodecane 2 442 (56.47± 25.44) 0.74
Pseudocumene 2 415 (8.80± 2.73) 0.43
Pseudocumene 2 430 (6.81± 2.16) 1.35
Pseudocumene 2 442 (7.54± 2.41) 0.32
LABp550 2 396 (0.14± 0.04) 0.37

Table 6.2: These are the results from the scattering length experiment. There were
two measurement series conducted, the first one with a different glass then the second
one which had 2 mm smaller diameter. It was changed due to the increased number
of scratches on the surface during the course of the experiment. The time between
the first measurement of series one (unpurified PXE) and the last measurement of
series 2 (purified PXE) was 9 months.
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other experiments [Bx00] (for PC). This suggests that the other scattering lengths
are within the range of validity. However, as of now, the scattering lengths still have
large uncertainties. Efforts are ongoing to reduce this uncertainty by measuring the
filter transmission with a better precision. First results of these measurements show
that the transmission of the filters is closer to the value obtained by the measure-
ment with the HR2000CG-UV-NIR spectrometer, than to the value obtained in the
experimental setup.
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Chapter 7

Summary and outlook

The first part of this thesis has been dedicated to the observation of solar neutrinos
in the future large volume liquid-scintillator detector LENA. The Borexino detector
has proven with its recent successes that even a spectroscopy of solar neutrinos
with energies below 1 MeV is possible, with the first realtime detection of solar 7Be
neutrinos [Bx07a]. Also, a spectroscopic measurement of 8B neutrinos in the energy
regime above 2.8 MeV confirmed the MSW-LMA solution in the transition regime
from vacuum to matter dominated neutrino oscillations [Bx08b]. As LENA would
provide a much higher statistics than Borexino. LENA would therefore allow a
precision measurement of neutrino fluxes both contributing to the understanding of
solar fusion processes and of neutrino properties.
For this thesis, the fiducial mass of LENA was set to 18 kt, which is a conservative
estimate because the fiducial mass of the finished detector could be higher. In the
first step, the event rates for solar neutrinos were calculated for the elastic neutrino-
electron scattering channel, which are summarized in Table 7.1.

The calculated total event rate for the 13C reaction channels is (R = 610± 98) yr−1

for Ethr = 200 keV and the same for Ethr = 250 keV, as the intrinsic threshold of
the reaction channels is 2.22 MeV 3.68 MeV, respectively. The threshold energy is
limited by the natural abundance of 14C in the liquid-scintillator.
Besides from the event rates, the eletcron recoil spectra were calculated and drawn
in Figure 5.1. The potential of LENA is strongly dependant of the level of radiop-
urity achieved for both the detector materials and the liquid-scintillator. There-
fore an analysis of the radioactive background was performed. The background
rates for LENA were estimated by scaling up the values of the Borexino detector
to the fiducial mass of LENA. The production rate of the two cosmogenic radio
nuclides 10C and 11C with respect to Borexino, were estimated with the result of
59.7 · R(11C & 10C, BX). This is only 1/3 of the production rate of cosmogenic ra-
dionuclides in Borexino, scaled down to its fiducial mass of 100 t. The background
rates for radionuclides were estimated for the Pyhäsalmi site in Finland, the pre-
ferred detector location of LENA. The results are shown in Table 7.2.
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Ethr = 200 keV
Neutrino sort Total Event Rate (νe,µ,τ )
7Be (5.391± 0.566) · 103 d−1

pep (389± 6) d−1

pp (844± 8) d−1

8B (2.8399± 0.4544) · 104 yr−1

hep (60± 10) yr−1

CNO (656± 1) d−1

Ethr = 250 keV
Neutrino sort Total Event Rate (νe,µ,τ )
7Be (4.763± 0.500) · 103 d−1

pep (368± 6) d−1

pp 25 d−1

8B (2.8076± 0.4492) · 104 yr−1

hep (60± 10) yr−1

CNO (585± 1) d−1

Table 7.1: Expected event rates R for solar neutrinos in LENA for a threshold energy
of Ethr = 200 keV, 250 keV, for the elastic neutrino-electron scattering channel. The
threshold energy is limited by the natural abundance of 14C in the liquid-scintillator.

Isotope Rate in Borexino Estimated rate in LENA
14C 2.0 · 106 d−1 (0.1 kt)−1 3.6 · 109 d−1 (18 kt)−1

210Po (882± 3) d−1 (0.1 kt)−1 (1.5876± 0.0054) · 105 d−1 (18 kt)−1

210Bi+CNO (23± 2) d−1 (0.1 kt)−1 (4140± 360) d−1 (18 kt)−1

85Kr (25± 3) d−1 (0.1 kt)−1 (4500± 540) d−1 (18 kt)−1

214Pb 0.92 d−1 (0.1 kt)−1 166 d−1 (18 kt)−1

10C 4 d−1 (0.1 kt)−1 239 d−1 (18 kt)−1

11C (25± 1) d−1 (0.1 kt)−1 (1493± 60) d−1 (18 kt)−1

Table 7.2: The total background rates for the main radionuclides that are relevant
for solar neutrinos. The data was taken from [Smi08], [Bx08a], and the values for
LENA are upscaled on its fiducial volume of 18 kt. For the cosmogenic radionuclides
(10C and 11C), the production rate was estimated using further knowledge of the
myon flux and average myon energy at Pyhäsalmi.
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Other background sources were also analyzed, for example reactor antineutrinos or
atmospheric neutrinos, but they both van be neglected for solar neutrinos (see chap-
ter 5.2.1).
Following the new measurement of 8B neutrinos down to an energy of 2.8 MeV by the
Borexino collaboration [Bx08b],an analysis of the detectability of the MSW-LMA
solution for 8B neutrinos was performed for LENA. The lower threshold is given
by cosmogenic 10C and radioactive background. Especially the low energy regime
is interesting, because there the transition from vacuum dominated to matter dom-
inated neutrino oscillations takes place. A χ2 analysis was applied to simulated
Monte Carlo 8B spectra for LENA including or neglecting the MSW-LMA neutrino
oscillations. This was done for a threshold energy of 2.0 MeV and 2.8 MeV, respec-
tively, depending on the level of background discrimination of 10C. The analysis
shows, that for a measurement time of 24 months, LENA is able to prove the MSW-
LMA solution on for the two threshold energies on a 99.5 % C.L (see Table 5.4).
A second analysis investigated the potential discovering periodic oscillations of the
7Be neutrino flux. Besides from the seasonal induced variation of the solar neutrino
flux in the order of 6.9 % due to the excentricity of the earth orbit, the earth matter
induced day/night-effect and solar G modes could lead to periodic oscillations of the
neutrino flux. For a data aquisition time of one year and a binning of one day, it
could be shown (a Monte Carlo simulation was written for this purpose) that peri-
odic oscillations of the flux can be detected down to 1.4 %-2.7 % (depending on the
cycle duration T of the oscillations) of the average flux Φ0 on a 99 % C.L. Smaller
variations cannot be distinguished from the case without additional oscillations. The
final exclusion plot is shown in Figure 7.1.

For a shorter binning of one hour, and a data aquisition time of one year, oscillations
down to 0.7 %-1.4 % can be detected on a 99 % C.L. For a cycle duration of 24 hours,
a detection down to 1.2 % of Φ0 is possible on a 90 % C.L. and down to 1.35 % on a
99 % C.L. A detection of the earth-matter induced day/night-effect, which is in the
order of 1 % of total flux, thus lies within reach.

The second part of the thesis describes an experimental setup which was used to
measure the scattering lengths of different organic liquid scintillators. Besides the
attenuation length LAtt and the absorption length LAbs, the scattering length LScat
is the third relevant optical parameter for an organic liquid-scintillator. For a given
attenuation length, the scattering length has a large impact on the time- as well as
spatial resolution of the detector. In the laboratory experiment, a light beam emitted
by a LED at a defined wavelength (four wavelengths were measured: 396 nm, 415 nm,
430 nm and 442 nm) was scattered on a liquid-scintillator sample. The scattered
light together with its polarization was detected by a PMT which could be set to 4
different scattering angles (75◦, 90◦, 105◦, 120◦), and then compared to the intensity
registered by a second PMT in the light beam. From this ratio, together with
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Figure 7.1: This plot shows the sensitivity of the detector (for the detection of peri-
odic oscillations) depending on the amplitude A and the cycle duration T (fixed phase
φ = 0 d). In the left region, a fit function without oscillations except the seasonal
one would still reproduce the MC data, therefore it is excluded from detectability at
a 99 % C.L. The right region marks the area where the sensitivity is high enough to
measure such oscillations. A detection of oscillation amplitudes down to 1.4 % of
Φ0 and 2.7 % can be achieved after one year of data aquisition and a binning of one
day on a 99 % C.L..
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several corrections (see chapter 6.4.1), the scattering length could be retrieved by
fitting the experimental data to the expected behaviour of both Rayleigh scattering
and absorption-reemission processes. As was shown (see table 6.2), no dependance of
the scattering length from the wavelength of the form LScat ∝ λ4 could be obtained
for the samples. This is due to the fact that in addition to Rayleigh scattering,
absorption-reemission processes contribute to the scattering process, lowering the
scattering length. The contribution of Mie scattering to the process is hard to
disentangle, due to the property of Mie scattered light that it is only partially
polarized. Table 7.3 shows the main results of the scattering lengths for a wavelength
of 430 nm. This is the most important of the measured wavelengths, because the
wavelength shifters emission is peaked in this regime.

Liquid-scintillator Series Scattering length [m]

PXE 1 (12.52± 4.08)
LABp500 1 (24.33± 8.58)
LABp550 1 (21.83± 5.99)
LABp550q 1 (22.68± 8.02)
Dodecane (Sigma-Aldrich) 1 (33.20± 12.21)
Dodecane (Alway Chem) 1 (33.15± 12.26)
Cyclohexane 1 (43.42± 16.86)
PXE 2 (10.50± 3.41)
PXE 2 (21.07± 8.04)
purified with Al2O3

Cyclohexane 2 (42.45± 16.41)
Dodecane 2 (35.88± 13.55)
Pseudocumene 2 (6.81± 2.16)

Table 7.3: These are the results from the scattering length experiment for λ =
430 nm. PC is a reference measurement and was compared with a measurement
from the Borexino Collaboration [Bx00]. The value of (6.81 ± 2.16) is well within
agreement of LScat,PC,Borexion = 8.2 m at λ = 436 nm from [Bx00]. This suggests the
validity of the other measured scattering lengths.

A reference measurement was conducted with PC and compared to a measurement
from the Borexino Collaboration and was found to be in good agreement. This
leads to the conclusion that the other scattering lengths are within the range of
validity. However, the uncertainty of the measured scattering lengths is still large
because of the large uncertainty of the measurement of the filter transmission, which
enters the scattering length linearly. Two measurement series were conducted, one
using the initial experimental setup, the second one using a HR2000CG-UV-NIR
spectrometer from Ocean Optics. Efforts are ongoing to measure the values more
precisely, reducing the uncertainty of the scattering lengths and leading to a better
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knowledge of this important optical parameter. First results of these measurements
show that the transmission of the filters is more compatible with the results from
the measurement with the spectrometer.
In the future, further investigations of the physical properties of liquid-scintillators
will be performed. Further MC-simulations and phenomenological research will
contribute to the understanding of the detector. A detector of such magnitude
could yield physical results on many fields (see chapter 3) and is within the scope
of technological feasibility.
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Appendix A

Tables of measurements

Angle Θ [◦] PMT ch1 intensity PMT ch3 intensity

0 1.474± 0.085 0.00634± 0.00082
15 1.541± 0.085 0.00562± 0.00069
30 1.360± 0.081 0.00530± 0.00048
45 1.392± 0.082 0.00662± 0.00066
60 1.462± 0.084 0.00469± 0.00055
75 1.621± 0.088 0.00442± 0.00053
90 1.626± 0.088 0.00453± 0.00048

Table A.1: The PMT efficiency shows no clear correlation in respect to the rotation
angle. The intensity values from PMT ch3 are lower and vary more, therefore the
uncertainty of the efficiency is set to be the standard deviation σ of the values from
PMT ch1, σ = ∆ε = 0.0747

I



Wavelength [nm] 396 415

Greyfilter 2x nr.1 0.485± 0.081 0.515± 0.086
Greyfilter 2x nr.2 0.481± 0.080 0.500± 0.083
Greyfilter 4x 0.175± 0.030 0.190± 0.032
Greyfilter 10x nr.1 0.050± 0.008 0.073± 0.012
Greyfilter 10x nr.2 0.051± 0.008 0.073± 0.012
Greyfilter 10x nr.3 0.049± 0.008 0.070± 0.012
Total attenuation factor (2.009± 0.401) · 105 (5.458± 1.092) · 104

Polarizer 0.028± 0.003 0.172± 0.040

Wavelength [nm] 430 442

Greyfilter 2x nr.1 0.526± 0.088 0.483± 0.081
Greyfilter 2x nr.2 0.509± 0.085 0.478± 0.080
Greyfilter 4x 0.226± 0.038 0.244± 0.041
Greyfilter 10x nr.1 0.090± 0.015 0.095± 0.016
Greyfilter 10x nr.2 0.089± 0.015 0.096± 0.016
Greyfilter 10x nr.3 0.072± 0.012 0.095± 0.016
Total attenuation factor (3.190± 0.638) · 104 (1.961± 0.392) · 104

Polarizer 0.191± 0.027 0.229± 0.030

Table A.2: The filter transmission as a function of the wavelength. The notation
2x, 4x, 10x indicates the attenuation factor as given by the manufacturer, Edmund
Optics. As can be seen, all filters including the polarizing filter, have the strong
tendency to absorb a higher fraction of light at smaller wavelengths. The polariz-
ing filter for example absorbs 96.64 % of the light at 396 nm, and only 75,77 % at
442 nm. The total attenuation factor is the factor by which the light from the LED is
lessened when traversing through all 6 filters. Between 396 nm and 442 nm, there is
a factor ∼ 10 difference. In addition, the measured total attenuation factor strongly
differs from the manufacturer’s value of 2 ·2 ·4 ·103 = 1.6 ·104 for lower wavelengths.
The uncertainty3 of the greyfilters is 20 % of the absorbed light fraction for every
filter, respectively. This was estimated by measuring the filter transmission (greyfil-
ters and polarizer) twice in the experimental setup, and twice with a spectrometer
(HR2000CG-UV-NIR from Ocean Optics).
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