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Abstract

This thesis is concerned with the characterisation of a testing facility to investigate
PMTs. The purpose of this testing facility is to have complementary and validating
measurements to a PMT mass testing system. This mass testing system is build into
shipping containers and is able to test and characterize 20 inch PMTs, which will be
mounted in the Jiangmen Underground Neutrino Observatory (JUNO).
Therefore at first the used electronic devices will be characterised and then different
measurements with a 2 inch PMT will be relised. As light source different LEDs and a
laser with a pulse width of the order of picoseconds will be used. The measurements show
that the testing facility delivers the expected results with a few exceptions. This will be
shown with the help of TTS and coincidence measurements. Moreover the light sources,
which are part of the PMT mass testing system, will be examined. For this purpose again
coincidence measurements are used to show e.g. the LED’s linearity and the intensity
distribution of a batch of LEDs. TTS measurements are also used to characterize the
light sources and to look into their usability to create a delay time spectrum.
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Zusammenfassung

Diese Arbeit beschäftigt sich mit der Charakterisierung eines Teststandes zur Unter-
suchung von PMTs. Der Zweck dieses Teststandes ist es, ergänzende und bestätigende
Messungen zu den Messungen eines PMT-Massentestsystems durchzuführen. Dieses Sys-
tem ist in Schiffscontainern integriert und ist in der Lage, 20 Zoll PMts zu testen und
zu charakterisieren, die in das Jiangmen Underground Neutrino Observatory (JUNO)
eingebaut werden sollen.
Dafür wird zuerst die benutzen Elektronikgeräte charakterisiert und dann verschiedene
Messungen mit einem 2 Zoll PMT realisiert. Als Lichtquelle fungieren verschiedene LEDs
und ein Laser mit einer Pulsweite in der Größenordnung von Pikosekunden. Die Messun-
gen zeigen, dass der Testsand die erwarteten Ergebnisse mit ein paar wenigen Ausnahmen
liefert. Das wird mithilfe von TTS- und Koinzidenzmessungen gezeigt. Außerdem wer-
den die Lichtquellen, die auch ein Teil des PMT-Massentestsystems sind, untersucht.
Für diesen Zweck werden erneut Koinzidenzmessungen benutzt, um beispielsweise die
Linearität einer LED und die Intensitätsverteilung von einer Charge LEDs zu zeigen.
TTS-Messungen werden auch genutzt, um die Lichtquellen zu charakterisieren und ihren
Nutzen in der Erstellung eines Verzögerungszeitspektrums zu untersuchen.
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1 Introduction

The purpose of particle physics evolves around the description and modeling of the
elementary particles and their interactions. By now the StandardModel (SM) of particle
physics has been established as a successful theory to describe the reality in many aspects
accurately. This can be seen in the high agreement of simulations based on theories and
the measurements e.g. at the big particle colliders like the Large Hadron Collider
(LHC).
Nevertheless reality provides some hints for physics beyond the SM. For example the
SM assumes neutrinos to be massless, but since the discovery of neutrino oscillations it
is known that neutrinos need to have masses. This raises the question of the absolute
mass of the different neutrino flavours, since they are so light that their masses cannot be
determined directly. Their masses together with the properties of neutrino oscillations
are parameters, which are still not fully known and which still demand a determination.
To measure these parameters precisely many experiments with different approaches are
built.
One of them is a 20kt liquid scintillator detector named Jiangmen UndergroundNeutri-
no Observatory (JUNO). Basically JUNO consists of an acrylic sphere filled with the
liquid scintillator and equipped with 18,000 20 inch Photo Multiplier Tubes (PMTs)
and 25,000 3 inch PMTs for an optimum of optical coverage to detect even the smallest
amount of light. This is needed, because JUNO is supposed to have a very high en-
ergy resolution of about 3%/

√
E(MeV) to resolve small subdominant structures in the

observed reactor antineutrino flux spectrum.
Because of the high demanded energy resolution all of the 20 inch PMTs, which will be
build into the detector, have to be tested in many different parameters like dark count
rate, Transit Time Spread (TTS), detection efficiency and peak to valley ratio. This
testing happens in a mass testing system, which is built into several shipping containers
by the members of the working group, in which this thesis is created. Therefore the
installation of this testing system is also part of this thesis.
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1 Introduction

To have complementary and validating measurements to the ones of the mass testing
system one can build a testing facility in the laboratory, which was done before the
beginning of this thesis. The goal of this thesis is to further characterise the testing
facility and probe its functionality with several different measurements. A other task is
to test parts of the PMT mass testing system during its build, as well as measurements
of the magnetic shielding of the used containers for the testing system.
The structure of this work is the following: In the first chapter the neutrino will be
discussed, whereby it will be described in the scope of the SM to give an idea what
kind of particle a neutrino is. Furthermore the sources of neutrinos will be presented,
followed by their interactions with matter to show, where the neutrinos measured by
JUNO are coming from and how they interact within the detector. Then the mechanism
of neutrino oscillations and the open questions in neutrino physics will be discussed,
because they are essential to understand the motivation for JUNO.
To reach an understanding of the JUNO project, the second chapter covers the motiva-
tion, the detection principle, the design and the backgrounds of JUNO.
Since the characterisation of the testing facility is done with a PMT, the third chapter
describes the structure and the characterising parameters of PMTs. Furthermore the
behaviour of PMTs in magnetic fields will be described.
In chapter 4 the mass testing system will be presented. Points that will be discussed are
its requirements, its structure and its performance because some measurements in this
thesis have the purpose to improve the testing system’s performance.
Chapter 5 shows the various measurements to characterise the testing facility and to
little extent also the testing system. There will be measurements concerning different
light sources and different parameters to give examples.
A summary of the results and an outlook will then be given in chapter 6.
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2 Neutrino physics

The following sections describe the parameters and the characteristics of neutrinos, their
origins and their interactions. Furthermore, the mechanism of neutrino oscillations and
the mass hierarchy together with other open questions of neutrino physics will be dis-
cussed.

2.1 Neutrinos in the Standard Model

The following section based on reference [1] describes neutrinos in the Standard Model
(SM) of particle physics, which is a highly successful theory to describe the interaction of
all known elementary particles with help of exchange particles. All fundamental particles
contained in the SM are shown in figure 2.1 with their masses, spin and charge.
Neutrinos exist in three flavours belonging to the charged leptons (electron, muon and
tau neutrino). The number of these light neutrino generations follows from the decay
width of the Z0 boson as measured by the detectors at the Large Electron-Positron
(LEP) Collider [2, 3]. The latest combination of data from the four LEP experiments
yields a number of neutrino generations of Nν = 2.92±0.05 [4].
It is unclear, whether the neutrinos are Majorana or Dirac particles. In the SM neu-
trinos are described as Dirac particles, which means that every neutrino flavour has an
antineutrino flavour with equal quantum numbers and masses but with changed helic-
ity1. As a Majorana particle the neutrino would be its own antiparticle as it is described
in models beyond the SM.
The neutrinos are leptons with spin sν = 1

2 without an electromagnetic or colour charge.
Therefore they only interact via the weak force in the SM.2 The weak interactions
can be divided into neutral current (NC) and charged current (CC) events. While

1The term helicity will be further discussed in section 2.1.1.
2Outside of the SM the neutrinos also feel the gravitational force, but because of the small mass this
can be neglected in this thesis.
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2 Neutrino physics

the Z0 is the gauge boson for the NC, the CC is mediated via the W± boson. The
masses of the gauge bosons of the weak force mW = (80.385±0.015)GeV [4] and mZ =
(91.1876±0.0021)GeV[4] are the reason for the short range of 10−18 m for weak inter-
actions, which results in small cross sections. This will be further discussed in section
2.3.

Figure 2.1: All elementary particles of the SM with mass, charge and spin [5]. The
shadowed areas indicate the interaction of the gauge bosons and fermions.

One of the flaws of the SM is the description of neutrinos as massless particles. Since
the discovery of neutrino oscillations, whose theory will be discussed in section 2.4, it
is known that neutrinos need to have masses, although the absolute masses are not
determined yet. One of the latest limits on the sum of the neutrino masses stems from
cosmology and is ∑αmνα < 120meV (95% CL) with α = e,µ,τ [6].
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2.1 Neutrinos in the Standard Model

2.1.1 Helicity and chirality

The following section is based on reference [7]. To understand the term helicity or
chirality it is necessary to introduce the Dirac equation as description of a free particle.
Here the representation with use of Einstein’s summing convention is shown:

iγµ∂µψ−mψ = 0 . (2.1)

ψ is a spinor with four components, m is the mass of the particle and ∂µ is the covariant
derivative:

∂µ = ∂

∂xµ
=


∂t

∂x

∂y

∂z

 . (2.2)

The γµ are the so called 4× 4 Gamma matrices, which can be written with respect to
the 2×2 Pauli matrices σi:

γ0 =


1

1
−1

−1

 , γ
i =

 0 σi

−σi 0

 , γ5 = iγ0γ1γ2γ3 =


0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

 . (2.3)

γ5 will be needed later, but is no part of the Dirac matrices.
An example solution of the Dirac equation is the following spinor describing a parti-
cle with positive spin, momentum in +z-direction pz, energy E and mass m with the
normalization N :

u(pz) =N


1
0
pz

E+m
0

 . (2.4)
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2 Neutrino physics

Helicity

The helicity operator λ̂ is given by:

λ̂=
~S ·~p
|~p||~S|

= 1
2|~p||~S|

~σ~p 0
0 ~σ~p

 with ~S = 1
2

~σ 0
0 ~σ

 . (2.5)

~S denotes the spin operator, ~p the three component momentum vector and ~σ the vector
consisting of the three pauli matrices. For a particle moving in the positive z-direction
this can also be written as:

λ̂z =


1
−1

1
−1

 . (2.6)

When this operator is applied to the spinor given in equation (2.4), this results into:

λ̂zu(pz) = +u(pz). (2.7)

This means the spinor is an eigenstate of the helicity operator with the eigenvalue +1
(−1), which is given, when the momentum and the spin point in the same (opposite)
direction. Because the helicity is depending on the momentum of the particle, it is also
depending on the reference system in which the particle is observed.

Chirality

The chirality operators are:

PL = 1
2(1−γ5) and PR = 1

2(1 +γ5). (2.8)

The L (R) in the index denotes the left- (right-) handed chirality operator, which can
now be applied to the spinor with positive helicity given in equation (2.4) to yield the
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2.2 Sources of neutrinos

left- (uL) or right-handed (uR) fraction of the spinor u(pz):

uL = PLu(pz) = 1
2(1−γ5)u(pz) = 1

2N
(

1− pz
E+m

)


1
0
−1
0

 , (2.9)

uR = PRu(pz) = 1
2(1 +γ5)u(pz) = 1

2N
(

1 + pz
E+m

)


1
0
1
0

 . (2.10)

In the case of neutrinos very low masses are given in comparison to their energy. There-
fore, it is necessary to look a the expressions (2.9) and (2.10) in the ultra-relativistic
limit with E�m and E ≈ p.
This results into PLu(pz)→ 0 and PRu(pz)→ u(pz). Thus a particle with positive (neg-
ative) helicity and therefore with spin in the same (opposite) direction to its momentum
is right- (left-) handed in the ultra-relativistic limit.
Because the weak interactions only couple to the left-handed fraction of a particle or the
right-handed fraction of an antiparticle, the massless neutrino in the SM can only be
detected as left-handed particle. These leads to the phenomenon of sterile right-handed
neutrinos, which will be described in section 2.5.1.

2.2 Sources of neutrinos

Since neutrinos originate from various processes throughout the universe, it is important
to know the possible origins to interpret experimental results. Furthermore, one can learn
such things like process rates and energies of the sources with the neutrino as messenger
particle. In figure 2.2 one can see the different neutrino sources and their corresponding
neutrino energies and fluxes. Typically Neutrinos occur in energies from µeV up to EeV
from the different origins, whereas the fluxes go from about 10−28 cm−2 s−1 sr−1 MeV−1

to about 1022 cm−2 s−1 sr−1 MeV−1. In the following section every major neutrino source
will be discussed in the succession of their energy starting with the lowest. The focus is
thereby on those origins, which will be investigated with JUNO (see chapter 3.1).
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2 Neutrino physics

Figure 2.2: Neutrino fluxes and energy spectra from different sources [8].

2.2.1 Cosmic Neutrino Background

The Cosmic Neutrino Background (CNB or CνB) is the neutrino counterpart to the
Cosmic Microwave Background (CMB) and stems from the very early universe. The
neutrinos coming from the CNB can also be named cosmological neutrinos, as it happens
in figure 2.2, where they are represented via the light blue line.
Due to the fact that neutrinos only interact via the weak force with the matter the
decoupling of neutrinos from matter was much earlier than the decoupling of photons
from matter [9, 10]. The time, when the decoupling of neutrinos occurred, can be derived
by the comparison of the expansion rate of the universe with the interaction rate with
matter. This approach yields a decoupling time of t≈ 1s [9].
The decoupling temperature is about T = 1010 K, while today the neutrinos of the CNB
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2.2 Sources of neutrinos

have an average temperature of TCNB = 1.95K [9], which corresponds to a neutrino
energy of about 200 µeV to 300 µeV dependent on the assumed mass of the neutrinos.

2.2.2 Sun

The so called solar neutrinos originate from the fusion processes of the sun. They
have an energy of about 1keV to 1MeV and are depicted as a yellow line in figure
2.2. They are of great interest because they can give insight to the processes within
the sun directly after their emission. This is due to the fact that they only interact
weakly whereas the produced photons need several million years to reach the sun’s
surface [11]. Furthermore solar neutrinos travel through the matter of the sun, where
they undergo the MSW effect (see section 2.4.2). Thus they are capable to confirm
the Mikheyev–Smirnov–Wolfenstein-effect (MSW) effect, as shown by the Sudbury
Neutrino Observatory (SNO) [12].
Even more important is the so called “Solar Neutrino Problem”. In 1968 the Homes-
take experiment reported a flux of 8Bsolar electron neutrinos3 lower than theoretically
expected by the Standard Solar Model (SSM) [13, 11]. Kamiokande could confirm this
with the result that only 45 % of the expected flux was detected [11]. The Gallium
EXperiment (GALLEX) measured a flux, which corresponds to 60% of the theoret-
ical predicted flux, whereas later the Soviet-American Gallium Experiment (SAGE)
detected a flux of 59% of the prediction [11].
The solution to the solar neutrino problem was given via the idea of neutrino oscillations,
which will be discussed in chapter 2.4.
The two major ways of fusion in the sun (pp-chain and CNO-cycle), which can be seen
in figure 2.4, will be discussed in the following passage. For both of them the reaction
with respect to the energy production looks like this [14]:

2e− + 4p→ 4He + 2νe+ 26.73 MeV. (2.11)

In respect to the emitting reaction each type of electron neutrino has its own energy
spectrum, as one can recognise in figure 2.3, in which the fluxes and the energy of the
different neutrino varieties is depicted. The neutrinos of all decaying isotopes, which are
shown in figure 2.3 were already measured by Borexino [15] except the neutrinos from

3The neutrinos stemming from the sun are entitled in respect to the isotope, in whose decay they are
emitted.
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2 Neutrino physics

the decay of 13N, 15N and 17F. These isotopes are coming from the CNO-cycle and were
not observed yet.

Figure 2.3: Energy and fluxes of the solar neutrinos [16].

The pp-chain

The proton proton-chain (pp-chain) is the fusion process, which is named after its initial
reaction of fusing two protons to 2H. Approximately 99 % of the sun’s energy is produced
in the pp-chain [14]. In figure 2.4 (a) one can see a schematic picture of the pp-chain
with the reaction probabilities. The light blue boxes indicate reactions, in which electron
neutrinos are emitted with the indication of the label these neutrinos get. The arrows
indicate the time sequence these processes follow. This means the reaction starts with
the fusion of protons and end with the fusion of lithium with a proton to helium or with
the decay of bor to helium.

18



2.2 Sources of neutrinos

(a) pp-chain

(b) Top: CNO-I cycle, Bottom: CNO-II cycle

Figure 2.4: Fusion processes within the sun [17]. (a) Fusion of two protons: the pp-chain;
(b) Fusion of different isotopes with carbon, nitrogen and oxygen: The CNO
cycle. Emission of νe is indicated via light blue.
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2 Neutrino physics

The energy production of the pp-chain in the sun can be approximated at temperatures
of 15×106 K with [18]:

Epp ≈ εppX2T 4
6 with εpp = 10−12Jm3kg−2s−1. (2.12)

Here T6 is the temperature in 106 K, whereas X denotes hydrogen mass fraction.

The CNO cycle

The Carbon–Nitrogen–Oxygen (CNO) cycle is a different kind of fusion process. The
fusion uses the elements carbon, nitrogen and oxygen as catalysts. In figure 2.4 (b) a
schematic picture of the CNO cycle is depicted. The arrows show the time sequence and
the light blue boxes the reactions, in which a electron neutrino is emitted, again with
indication of the label for these neutrinos. At one point there is the probability given
for the different ways, in which 15N can be fused. The chain can start at any point and
leads to the fusion of protons with different isotopes of carbon, nitrogen and oxygen. In
contrary to the pp-chain the neutrinos are emitted only in β+-decays.
The temperature dependency on the energy production of the CNO cycle can be given
at temperatures of about 20×106 K [18]:

ECNO ∼ εCNOXXCNOT
19.9
6 with εpp = 10−31Jm3kg−2s−1 (2.13)

XCNO denotes the mass fraction of oxygen, carbon and nitrogen as an average of the
three. Comparing the equations (2.12) and (2.13) indicates a very different dependency
on the temperature. This is why the energy production in the sun comes mainly from the
pp-chain whereas when the star is bigger and therefore the temperature is higher than
20×106 K the CNO cycle becomes more important, until it is the dominant process.
Neutrinos from the CNO cycle can give information about the concentration of the
catalyst elements. Therefore they can give hints on the composition of the sun.
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2.2 Sources of neutrinos

2.2.3 Supernovae

A SuperNova (SN) is the highly energetic explosion, which marks the end of every
star with a higher mass than roughly 8 M� [19]. SNe exist in many different types
classified on the basis of the emitted electromagnetic spectrum. The supernova type,
which produces a high amount of neutrinos is the so called core-collapse supernova,
which is in the following simply referred to as SN. In the SN classification every SN is
a core-collapse SN except the type Ia, which is the thermonuclear explosion of a white
dwarf [20, 21, 22].

The following section is mainly based on [19, 23]. At first in a star of the main sequence
the so called hydrogen burning takes place, in which hydrogen fuses in different processes
to helium (see section 2.2.2 for the fusion reactions). The helium then accumulates into
the core. When the gravitational pressure of this helium core is high enough, the helium
fuses to heavier elements. This process is repeated, until the star contains an iron core,
because iron has the highest binding energy per nucleon. At this point the star has an
onion-shell like structure consisting of different elements (from inside to outside: iron,
silicon, oxygen, carbon, helium and hydrogen). Due to silicon-burning the iron-core gains
more and more mass, until the mass of the core extends the so called Chandrasekhar
limit of about MChand = 1.44M�.

At this point the gravitational pressure overcomes the electron degeneracy pressure
and the core collapses. While the density and the temperature of the core is increased,
thermal energy flows into the disintegration of nuclei and creates free protons and nuclei.
This leads to an increasing number of electron capture of free nuclei and protons, which
decreases the degeneracy pressure and so accelerates the collapse. This is the first
appearance of the neutrinos, as one can see in equation (2.14).

e− +p→ n+νe, e− + (Z,A)→ (Z−1,A) +νe. (2.14)

Z is the atomic number or the proton number, while A is the mass number, which is
the sum of the proton and the neutron number.

Also small amounts of β-decay and photodisintegration take place. Neutrinos created
during the collapse are not able to reach the star’s surface because they need more
time to travel through the high density matter due to the many interactions than the
incoming matter needs to build new layers around the core, through which the neutrinos
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2 Neutrino physics

need to travel. Finally the inner core reaches a density, which is higher than the density
of a nucleus. Thus the degeneracy pressure of the nuclei stops the collapse, the falling
material bounces of the inner core and collides with the incoming outer layers of the
core.
This leads to a shock front propagating through the overlying matter. The shock front
loses energy to the surrounding matter via the disintegration of the iron nuclei and the
following electron capture of the free protons (neutronization). What follows is a halt
of the shock front, which then becomes an accretion shock. Because the density around
the shock front is low enough for neutrinos to escape, this leads to the so called neutrino
burst.
In the accretion the infalling matter heats the core, which leads to the production of
neutrinos via neutronization and interaction of highly energetic photons due to nucleon-
nucleon bremsstrahlung. These photons lead to the interactions shown in equation
(2.15), which then leads to the reactions shown in equation(2.16) and (2.17).

γ→ e− + e+ +γ, (2.15)
e− + e+→ να+να with α = e,µ,τ, (2.16)
e− +γ→ e− +γ+να+να. (2.17)

Furthermore infalling electrons can be converted via the CC, which leads to a higher
rate of electron neutrinos.
These outgoing neutrinos carry enough energy to the shell of the star to trigger the
explosion. The core is now a proto-neutron star, which is cooled down via neutronization,
nucleon-nucleon bremsstrahlung and the resulting photon and electron interactions (see
equation (2.15) to (2.16)). This leads to more neutrino emissions and to the creation of
a pure neutron star.
SNe create massive amounts of neutrinos (1058) [24] because around 99 % of the energy
is taken away by neutrinos [22]. Neutrinos from SN have an energy of approximately
5 MeV to 20 MeV, as one can see in the figure 2.2, in which the SN neutrinos are indicated
via a red line and entitled “Supernova burst (1987A)”. The expected signature over time
of a core-collapse SN originating from a star with M = 18M� is shown in figure 2.5. In
the different frames the different phases of the neutrino emission in a SN is shown. At
t = 0s the bounce of the outer material off the core takes place. The neutrino flavours
are indicated via different colours: green for νe, blue for νe and red for the other neutrino
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2.2 Sources of neutrinos

flavours νx with x= µ,τ and their antiparticles.

Figure 2.5: Simulated neutrino signature over time in a core-collapse SN based on a
star with M = 18M� taken from reference [25]. The timescale starts from
the bounce of the outer shell off the core. The different phases of neutrino
emission is indicated in the different frames and the neutrino flavours are
also indicated.

The resulting signature over time is the following:

1. When the outer layers bounce off the core, the neutrinos created in the core via
electron capture of free nuclei and protons (see equation (2.14)) can escape. This
leads to a burst of electron neutrinos because this is the only flavour created via
electron capture. This is depicted in the first frame of figure 2.5.

2. In the accretion phase the infalling matter heats the core, which leads to the pro-
duction of all neutrino flavours via neutronization, nucleon-nucleon bremsstrahlung
and the following photon and electron interactions. The flux of the electron neu-
trinos is higher because the infalling electrons can be converted via the CC.

3. When the proto-neutron star in the centre of the SN cools down, the same inter-
actions as shown in the second step take place except the conversion of electrons.
This leads to a nearly equal flux for all neutrino flavours.

Neutrinos from SNe are an interesting research field because with them one can study the
way a star explodes and the underlying processes. Furthermore they give information
about the formation of nuclei heavier than iron during the explosion and about the MSW
effect, when neutrinos travel through matter, which will be discussed in chapter 2.4.2.
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2 Neutrino physics

Neutrinos from a SN arrive as first messenger at the earthbecause they are released
even before the explosion happens. It took about 3 hours longer for the light of the
popular SN 1987A to reach the earth than the neutrino burst [26]. Therefore the so
called SuperNova Early Warning System (SNEWS) has been established, which is a
system of different neutrino detectors sensitive to SNe in our galaxy [27]. Upon detection
of a SN the system is capable to alert other detectors to gather as much information as
possible from the SN like electromagnetic radiation in all wavelengths. This system is
important because the rate of SNe in our galaxy is beneath 3 per century [24] to probe
the existing SN models.

Diffuse supernova neutrino background

The Diffuse Supernova Neutrino Background (DSNB) is predicted to be a flux of neu-
trinos from all SNe, which happened in the visible universe [28]. Until now the DSNB
could not be measured. The energy density of neutrinos from SNe is approximately
0.01 eV cm−3. The neutrino energy is obviously the same like written in the past sec-
tion, but the flux is lower, as one can see in picture 2.2. In this figure the DSNB neutrinos
are indicated via a read line and entitled “Background from old supernovae” .
The detection of the DSNB is importantbecause of the nearly constant flux one can
measure different parameters of SN neutrinos without waiting for a SN in our galaxy.
Furthermore measuring the DSNB can give information about the SN rate and can probe
the current theories in stellar, SN and neutrino physics.
It is predicted that Super-Kamiokande (Kamioka Nucleon Decay Experiment) will be
capable to measure at least one event per year of the DSNB after the enhancement with
gadolinium [24].

2.2.4 Earth

The so called geoneutrinos or terrestrial neutrinos originate from β-decays within the
earth. The β-decay occurs, when unstable nuclei decay under the emission of an electron
and an anti-electron-neutrino. The general formulae are:

(Z,A)→ (Z+ 1,A) + e− +νe, n→ p+ e− +νe, (2.18)
(Z,A)→ (Z−1,A) + e+ +νe, p→ n+ e+ +νe. (2.19)
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The earth contains several elements like uranium, thorium and potassium, whose iso-
topes decay via the β-decay. The relevant isotopes are 238U, 232Th and 40K, which decay
via a chain of α- and β-decays[29]:

238U→206 Pb + 8α+ 6e− + 6νe+ 51.608Mev, (2.20)
232Th→208 Pb + 6α+ 4e− + 4νe+ 42.652Mev, (2.21)

40K→40 Ca + e− +νe+ 1.311Mev. (2.22)

Together these processes produce a neutrino flux of several 106 cm−2s−1 [30]. These
neutrinos have an energy of about 0.1 MeV to 10 MeV and are depicted in figure 2.2 as
light green line entitled with “Terrestrial anti-ν”.
Studying geoneutrinos can yield information about the composition of the earth, because
they escape the interior and are therefore a messenger of the radioactive processes in
the different layers of the earth. The composition can then help to understand the
formation of the earth and to probe the corresponding theories like the bulk silicate Earth
model. How much of the earth’s heating is stemming from radioactive decays can also
be determined via the measurement of geoneutrino fluxes [30]. Several experiments are
already measuring geoneutrinos. Kamioka Liquid Scintillator AntiNeutrino Detector
(KamLAND) for example is investigating the amount of uranium in the earth [31].

2.2.5 Reactor

Nuclear power reactors are another source for anti-electron-neutrinos produced via the
β-decay. 99.7 % of the emitted energy and neutrinos originate from the fission of 235U,
238U, 239Pu and 241Pu. During these processes approximately 200 Mev along with 6 νe
are released per fission [32]. This is equal to 1020 νes−1 per nuclear core [33].
Nuclear reactors yield a controllable source of anti-electron-neutrinos of energies between
0− 20 Mev in a defined distance of the detector (see the dark blue line in figure 2.2
entitled “Reactor anti-ν”). Therefore they are suited for studying the small variations in
the oscillation probabilities to determine the mass hierarchy and to improve the precision
on parameters like θ13. Furthermore there are two major, not yet understood features in
the reactor neutrino spectrum. One is the excess of neutrinos in the range of 4−6 MeV,
which point to a inaccuracy in the theoretical description. The other one is the so called
“reactor neutrino anomaly”, which is the lack of approximately 6 % of anti-electron-

25



2 Neutrino physics

neutrinos, which can not be explained with three neutrino flavours yet [34].
Many experiments are working already or plan to work on reactor neutrinos like Double
CHOOZ, KamLAND, Daya Bay and JUNO [32]. With the help of reactor neutrinos one
can also search for sterile neutrinos, which will be discussed in section 2.5.1. This will
also happening with JUNO (see section 3.1.7), but several short-baseline experiments
at a distance of the order of 10m are already searching for sterile neutrinos like the
PRecision OScillation and SPECTrum Experiment (PROSPECT) [35].

2.2.6 Atmospheric

Cosmic Rays (CRs) are created everywhere in the universe, as they have both galactic
and extragalactic sources like AGNs, SNe, stars and neutron stars to name just a few.
They reach energies up to 142 EeV [36] and one can divide them into primary and
secondary CRs. Primary CRs hit the atmosphere of the earth and interact with the
atmosphere’s particles to create secondary CRs. Primary CRs consist of 1% electrons
mainly from the sun and 99% nuclei. 79 % of the nuclei are protons and 14.7 % are
helium nuclei. The remaining consists of heavier nuclei [4].
Atmospheric neutrinos have an energy of about 10 MeV to 107 MeV and are depicted
as dark green line in figure 2.2. They are of great interest for the determination of the
mass hierarchy [37] and the CP-violation phase [38], which will be discussed in section
2.4. Furthermore there can be used to measure oscillation parameters like θ23 [39].
Upon hitting the atmosphere the following reaction takes place to produce secondary
CRs [4]:

p(n) +A→ π±X,K±X,K0
LX. (2.23)

Here p(n) indicates the protons or nuclei of the primary CRs, A indicates the interacting
particle of the atmosphere, andX indicates residual fragments. Only the major products
are shown in equation (2.23), which are kaons or pions. These mesons decay and create
hadronic and electromagnetic showers, which can reach the earths surface. In these
decays also neutrinos are created, which one can see in the reactions in (2.24) to (2.30).
The resulting muons decay into two neutrinos and one electron, which is depicted in
the reaction (2.31). The Branching Ratio (BR) shows the probability of the following
decays[4]:
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π+→ µ+ +νµ, π−→ µ− +νµ, BR :∼ 99.9877%, (2.24)
π+→ e+ +νe, π−→ e− +νe, BR :∼ 0.0123%, (2.25)
K+→ µ+ +νµ, K−→ µ− +νµ, BR :∼ 63.55%, (2.26)
K+→ π0 +µ+ +νµ, K−→ π0 +µ− +νµ, BR :∼ 3.353%, (2.27)
K+→ π0 + e+ +νe, K−→ π0 + e− +νe, BR :∼ 5.07%, (2.28)
K0
L→ π+ +µ− +νµ, K0

L→ π− +µ+ +νµ, BR :∼ 27.04%, (2.29)
K0
L→ π+ + e− +νe, K0

L→ π− + e+ +νe, BR :∼ 40.55%, (2.30)
µ+→ e+ +νµ+νe, µ−→ e− +νµ+νe, BR :∼ 100%. (2.31)

2.2.7 Beam

At accelerators one can create a neutrino beam whilst shooting high energetic protons
on a carbon or beryllium target. The protons interact within the target and create pions
and kaons. These mesons are then focused into a beam via magnetic fields, before they
decay like it was shown in equation (2.2.6). Particles, which do not decay in the space of
the decay tube, are then stopped in a beam-dump consisting of e.g. iron [40, 41]. This
yields neutrinos with a typical energy of several to tens GeV.
One example for a neutrino beam is the CERN Neutrinos to Gran Sasso (CNGS)
neutrino beam, which is created by shooting protons with 400 GeV of CERNs Super
Proton Synchrotron (SPS) on a graphite target [41]. These beam was then used by the
Oscillation Project with Emulsion tRacking Apparatus (OPERA) experiment, which
was a long-baseline experiment with the goal to find tau neutrinos in a muon neutrino
beam. Therefore it was a appearance experiment to investigate the oscillation of muon
to tau neutrinos. OPERA was capable of finding ten tau neutrinos in the CNGS beam
[42].

2.2.8 Active galactic nuclei

As an Active Galactic Nucleus (AGN) one identifies a supermassive black hole in the
centre of a galaxy, which emits high amounts of radiation and particles [43]. There are
many kinds of AGNs with different names, which can be looked up in reference [44].
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Figure 2.6 shows a scheme of a typical AGN with the emitting particle jets, the accretion
disk as power source and the central supermassive black hole. An AGN emits radiation
in all wavelengths as well as particles that arrive the earth as so called CRs, which
has been discussed in section 2.2.6. Furthermore also neutrinos are emitted via various
processes.

Figure 2.6: Artistic view on an AGN [45].

Two examples of neutrino emission processes will be given in the following:

1. Protons can be accelerated within the jet and interact with synchrotron photons
of electrons, which are also accelerated within the jet. This results in the creation
of so called photomesons that can decay involving the emission of neutrinos with
energies up to EeV [43]. Some examples of the decay of mesons has been given in
section 2.2.6 in the equations (2.24) to (2.30).

2. The jets can also accelerate nuclei. The radiation from the infalling matter of the
inner area of the accretion disk can then interact with these nuclei to disintegrate
them. Thereby free neutrons are created and interact with the disk’s matter. The
neutrons either decay or interact with the matter within the disk to create pions
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and muons, which than decay with the emission of neutrinos [46]. These decays
can also been seen in the equations (2.24) to (2.31).

Neutrinos from AGNs have a wide energy range from 10 GeV to 109 GeV, as depicted in
figure 2.2, where the AGN neutrinos are indicated in pink.

2.2.9 Cosmogenic

Cosmogenic neutrinos originate from the interaction of protons or nuclei from Ultra-
High Energy Cosmic Rays (UHECR) with the CMB or the Extragalactic Background
Light (EBL). The CMB consists of the photons that originate from the decoupling of
photons from the matter approximately 300000 years after the big bang [47], whereas
the EBL consists of the photons from all sources throughout the history of the universe
like star formation or AGNs [48].
The interaction of nuclei or protons with photons of the EBL or CMB results into the
production of so called photo-pions (π0,π±) or e−e+ pair-production. Nuclei can also
undergo photo-disintegration and lose nucleons. Neutrinos are then created in the decay
of the charged pions, the following muon decay and in the β-decay of the nuclei and the
neutrons [49, 50]. These decays were shown in chapter 2.2.6 and 2.2.4.
Cosmogenic neutrinos are the most energetic with energies of about 1 PeV to 103 PeV,
as it is shown with the brown line in figure 2.2.

2.3 Neutrino interaction with matter

To detect neutrinos one has to know the possible interactions with the used target
material. In the following section based on [51, 52] the major interaction channels are
discussed for neutrino energies up to Eν = 100 MeV, because the main purpose of JUNO
is the investigation of reactor antineutrinos, which have a typical energy of several MeV,
as one can see in figure 2.2 and in section 2.2.5.

2.3.1 Scattering

In this section every scattering process in the low energy region will be described except
two important processes, which will be presented in 2.3.2.
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A neutrino can scatter off protons, electrons and nuclei. These processes have no energy
threshold and are the following:

Protons

All neutrino flavours can scatter elastically off a proton via the exchange of a Z boson
(NC), which is shown in the following reaction:

να+p→ να+p and να+p→ να+p with α = e,µ,τ. (2.32)

This reaction has an approximate cross section of 10−43 cm2 at a neutrino energy of
Eν = 5 MeV to give an example. The cross sections of the following processes can be
looked up in reference [52].
The kinetic energy of the proton Tp after the scattering can be calculated via [25]

Tp ≤ 2E
2
ν

mp
. (2.33)

Eν is the neutrino energy and mp is the mass of the proton. A neutrino energy of 10MeV
would therefore correspond to a kinetic proton energy of 0.21MeV. This is above the
assumed threshold (0.21MeV) for the neutrino detection via the elastic scattering of
neutrinos off protons in JUNO [25]. Neutrinos with less energy fail to transfer enough
energy to the proton, so that the recoil of the proton can be measured.

Electrons

The elastic scattering off electrons is possible for all neutrino flavours via the neutral
current:

να+ e−→ να+ e− and να+ e−→ να+ e−. (2.34)

In the case of an electron or anti-electron neutrino also charged currents with the W
bosons occur. This would also be possible for muon and tau neutrinos, when the en-
ergy of the incoming neutrino is high enough. Scattered electrons can be detected via
scintillation light or in case of high energies via bremsstrahlung or the Cherenkov effect.
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Nuclei

For all neutrino flavours it is also possible to scatter off nuclei. One can divide this into
elastic scattering (low energy) and inelastic scattering (higher energy). The reaction is
the same for both cases, but for elastic scattering the nucleus only has a recoil, whereas
in the inelastic scattering the nucleus gets into an excited state. The disexcitation can
then happen under the emission of a particle, which can be detected. The reactions are:

να+ (Z,A)→ να+ (Z,A) and να+ (Z,A)→ να+ (Z,A). (2.35)

2.3.2 Inverse beta decay and neutrino capture on nuclei

The Inverse Beta Decay (IBD) is the capture of an anti-electron-neutrino by a free
proton. It has an energy threshold of Eν ≥ 1.806MeV, which comes from the difference
between the neutron and the proton mass and will be used to detect neutrinos in JUNO.
The IBD reaction is a CC process and reads like:

νe+p→ e+ +n. (2.36)

The emitted positron creates detectable scintillation light via ionization, before it an-
nihilates with an electron and produces two detectable gammas with an energy of
Eγ = 511 keV within nanoseconds after the IBD. The neutron slows down and can
be captured after about 200 µs by a free proton or a nucleus. This releases also gammas
with an energy depending of the capturing particle, which can be measured. If it is
captured by a proton only a single gamma with an energy of 2.2MeV is emitted [53].
This leads to a delayed coincidence one can use to detect anti-electron-neutrinos.

Neutrino capture on nuclei follows the same principle, but it also works for electron
neutrinos. The reaction is the following:

νe+ (Z,A)→ e− + (Z+ 1,A) and νe+ (Z,A)→ e+ + (Z−1,A). (2.37)

One can detect the emitted electron or positron and eventually the decaying nucleus,
which leads to another delayed coincidence.
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2.4 Neutrino oscillations

In the following section based mainly on [54] the mechanism of neutrino flavour oscilla-
tions is discussed, which solves many mysteries like the solar neutrino problem. At first
the oscillations in vacuum are described, followed by the oscillations in matter. Later
also the mass hierarchy and the current oscillation parameters will be described. It is
important to note that the following sections only discuss neutrino oscillations for the
three flavour case with the known three generations of neutrinos.

2.4.1 In vacuum

To describe neutrino oscillations in vacuum one can start with the assumption of flavour
eigenstates |να〉 and mass eigenstates |νk〉, which are connected via a unitary mixing
matrix U . The flavour and mass eigenstates fulfill

〈νβ|να〉= δαβ with α,β = e,µ,τ and 〈νk|νl〉= δlk with k, l = 1,2,3. (2.38)

Whereas for the matrix U applies:

U †U = 1,
∑
k

UαkU
∗
βk = δαβ,

∑
α
UαkU

∗
αj = δkj . (2.39)

The following equation shows the connection between the flavour and the mass eigen-
states with the matrix U :

|να〉=
∑
k

Uαk|νk〉. (2.40)

The retransformation is given by

|νk〉=
∑
α

(U †)kα|να〉=
∑
α
U∗
αk|να〉. (2.41)

One can apply a time evolution on the mass eigenstate at the time t= 0 to get

|νk(x,t)〉= e−iEkt|νk〉, (2.42)

When applying the time evolution from equation (2.42) to the transformation of mass

32



2.4 Neutrino oscillations

eigenstates to flavour eigenstates from equation (2.40) one gets

|να(x,t)〉=
∑
k

Uαke
−iEkt|νk〉 (2.43)

One then gets the transition amplitude A via the following equation:

A(α→ β)(t) = 〈νβ|ν(t)〉=
∑
k

U∗
βkUαke

−iEkt. (2.44)

In the relativistic case with p�m and E ≈ p one can use the approximation

Ek =
√
m2
k +p2

k ' pk + m2
k

2pk
' E+ m2

k

2E (2.45)

to write the transition amplitude with respect to the distance between source and de-
tector L= x= ct:

A(α→ β)(t) = 〈νβ|ν(x,t)〉=
∑
k

U∗
βkUαke

(
−i
m2
k

2
L

E

)
= A(α→ β)(L). (2.46)

The transition probability P can be derived from the transition amplitude:

P (α→ β)(t) = |A(α→ β)|2 =
∑
k

∑
l

UαkU
∗
αlU

∗
βkUβle

−i(Ek−El)t (2.47)

This can also be written in terms of a real and an imaginary part [55]:

P (α→ β)(t) = δαβ−4
∑
k>l

sin2
(

∆m2
kl

4
L

E

)
Re
[
UαkU

∗
αlU

∗
βkUβl

]
(2.48)

−2
∑
k>l

sin
(

∆m2
kl

2
L

E

)
Im
[
UαkU

∗
αlU

∗
βkUβl

]

When one assumes that CP invariance4 holds, which means that the CP-violating phase

4A process is CP invariant, when it keeps the same after one applies charge parity conjugation.
Charge conjugation inverses the sign of the electrical charge, whereas parity conjugation inverses
the momentum. In the weak interactions CP invariance is violated, but in neutrino oscillations it is
unknown, whether CP is conserved or not.
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δ has to be equal to zero, the imaginary part of above equation vanishes and one gets:

P (α→ β)(t) = δαβ−4
∑
k>l

UαkU
∗
αlU

∗
βkUβl sin2

(
∆m2

kl

4
L

E

)
. (2.49)

One can see that the probability is dependent on ∆m2
kl = m2

l −m2
k and therefore only

sensitive to the quadratic mass difference and not to the absolute masses.

The Pontecorvo–Maki–Nakagawa–Sakata (PMNS) mixing matrix UPMNS for three fla-
vours depends on three mixing angles (θ12, θ13, θ23) and one CP-violating phase (δ) and
can be written in the following way with ckl = cos(θkl) and skl = sin(θkl) [56]:

UPMNS =


1 0 0
0 c23 s23

0 −s23 s23

 ·


c13 0 s13e−iδ

0 1 0
−s13e−iδ 0 c13

 ·

c12 s12 0
−s12 c12 0

0 0 1

 . (2.50)

In the case of Majorana neutrinos, one gets another matrix with the Majorana phases
ε1 and ε2, which can be multiplied by the right to the matrices above [57]:

UMajorana =


e
i
η1
2 0 0

0 e
i
η2
2 0

0 0 1

 . (2.51)

This matrix does not affect the oscillations and is neglected, because in this thesis Dirac
neutrinos are assumed. So after multiplying of equation (2.50) one gets:

UPMNS =


c12c13 s12c13 s13e−iδ

−s12c23− c12s23s13e−iδ c12c23− s12s23s13e−iδ s23c13

s12s23− c12c23s13e−iδ −c12s23− s12c23s13e−iδ c23c13

 . (2.52)

Thus there are three mixing angles, two quadratic mass differences and one CP-violating
phase, which have to be determined. These parameters will be discussed in section 2.4.3.

One can simplify the above discussion by taking only two flavours into account (in this
thesis for example electron and muon neutrino). This leads to the following transition
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between flavour and mass eigenstates: νe

νmu

=
 cos(θ) sin(θ)
−sin(θ) cos(θ)

ν1

ν2

 (2.53)

This leads to the following transition probability

P (νe→ νµ) = sin2(2θ) · sin2
(

∆m2L

4E

)
(2.54)

2.4.2 In matter (MSW-effect)

The Mikheyev-Smirnov-Wolfenstein (MSW) effect describes the change of neutrino os-
cillations in matter depending on the change of density [54, 58]. Neutrinos travelling
through matter undergo the so called elastic forward scattering with the nuclei and
the electrons of the medium to name just the most important process. As already de-
scribed in section 2.3.1 neutrinos of all flavours can scatter off nuclei and electrons via
the exchange of Z bosons (NC), but only νe and νe can interact with the electrons via
the exchange of W bosons (CC). This means that the parameters change in matter for
all neutrino flavours equally except for the electron flavour, because electron neutrinos
undergo an additional potential V [54]

V =
√

2GFne. (2.55)

GF is the Fermi constant and ne is the electron number ndensity of the matter, through
which the neutrinos travel. In the two flavour case this leads to a modification of the
mixing angle θ to an mixing angle in matter θm, as shown in the equation (2.56) [54].

sin(2θm) = sin(2θ)√
(A/∆m2− cos(2θ))2 + sin2(2θ)

with A= 2
√

2GFneE (2.56)

Also the quadratic mass difference changes to a quadratic mass difference in matter, as
one can see in equation (2.57) [54].

∆m2
m =m2

2m−m2
1m = ∆m2

√(
A

∆m2 − cos(2θ)
)2

+ sin2(2θ). (2.57)
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With these parameters the transition probability can be written as

Pm(νe→ νµ) = sin2(2θm) · sin2
(

∆m2
mL

4E

)
, (2.58)

which is analogous to the vacuum transition probabilty in equation (2.54).
When one compares the equations (2.54) and (2.58) one sees that the two flavour vacuum
transition probability as already discussed is not sensitive to the sign of the squared mass
difference, but the matter transition probability is, because the parameters in matter
depend on the term

(
A

∆m2 − cos(2θ)
)2
, (2.59)

which differs depending on the sign of the quadratic mass difference.
That is the reason, why many experiments with the goal to determine the mass hierarchy
use the MSW-effect for their measurements, which will be further discussed in section
2.4.3. Furthermore this is the reason, why one knows the sign of the solar quadratic
mass difference ∆m2

sol = ∆m2
21. In general the MSW-effect is important for nearly all

neutrino experiments, when the neutrinos travel through matter like experiments on
solar or atmospheric neutrinos.

2.4.3 Mass hierarchy

There are many open questions concerning neutrino physics, which will be discussed in
section 2.5. But one of the most important open questions in neutrino physics named
the Mass Hierarchy (MH) or often called Mass Ordering (MO) will be discussed in the
following section, because it is a direct consequence from neutrino oscillations.
As one can see in equation 2.49, the transition probability depends on the quadratic
sine of the quadratic mass difference ∆m2

kl = m2
l −m2

k. Due to the symmetry of sin2

this term gives only access to an absolute value |∆m2
kl| but not the sign. Nevertheless

the sign for ∆m2
21 is known due to the MSW effect of the solar neutrinos [54], which

was explained in the last section 2.4.2. That is why it is usual to write ∆m2
sol = ∆m2

21,
whereas depending on the convention the largest mass difference is called ∆m2

atm = ∆m2
32

or ∆m2
atm = ∆m2

32, because the larger squared mass difference was first found in studies
of the atmospheric neutrinos.
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The undetermined sign of ∆m2
31 gives two possible ways to arrange the mass eigenstates

[59]: the Normal and the Inverse MH (NH or IH). In the NH one gets m3 >m2 >m1

and in the IH m2 >m1 >m3.
In figure 2.7 the two MHs are displayed with indication of the flavour fraction of the
mass eigenstates and the distances between the different mass eigenstates.

Figure 2.7: Schematic presentation of the mass hierarchy [60]. The colours indicate the
respective neutrino flavour and their fraction of the mass eigenstates.

The determination of the mass hierarchy is of great importance for neutrino physics.
It would lead to a better understanding of flavour and to a more general theory. The
determination would also have a great impact on other unsolved questions in neutrino
physics like sterile neutrinos, the neutrino masses and, whether the neutrino is a Dirac
or Majorana particle [61].
Various experiments already try to determine the MH like NuMI Off-axis νe App-
earance (NOνA) and Super-Kamiokande. Furthermore many experiments are suggested
or are developed to look into the MH, like the Deep Underground Neutrino Experiment
at the Long-Baseline Neutrino Facility (DUNE/LBNF), the Precision IceCube Next
Generation Upgrade (PINGU) or JUNO [61]. DUNE will be a beam neutrino experi-
ment with a near and a far detector. It will be a long baseline experiment with a distance
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of about 1300km to the neutrino source, which will yield the possibility to determine
the MH with the MSW-effect of the neutrinos on their 1300km long travel to the far
detector [62]. PINGU will be a water Cherenkov experiment investigating atmospheric
neutrinos, which travelled through the earth, and will also use the MSW-effect to de-
termine the mass hierarchy [63]. JUNO, which has as main purpose the determination
of the mass hierarchy, does on the contrary not use the MSW-effect but so called high
precision vacuum oscillations. This will be further discussed in 3.1.1.
As stated in reference [64] the IH is rejected with about 3σ significance, which results
into a 3σ hint to the NH with the assumption that IH and NH are the only possibilities.

2.4.4 Oscillation parameters

To understand the way, how JUNO targets to determine the MH, one needs to know
the current neutrino oscillation parameters. In table 2.1 one can see the values of
the oscillation parameters depending on the hierarchy as global fit parameters with
1σ uncertainty based on [65]. Also the 2σ and 3σ ranges are given.

Table 2.1: Neutrino oscillation parameter: global fit with 1σ uncertainty, the 2σ and 3σ
ranges taken from reference [65] with indication of the MH.

Ordering Parameter best fit ± 1σ 2σ range 3σ range

NH and IH ∆m2
21/(10−5 eV2) 7.55+0.20

−0.16 7.20−7.94 7.05−8.14
θ21/◦ 34.5+1.2

−1.0 32.5−36.8 31.5−38.0

NH

|∆m2
31|/(10−3 eV2) 2.50±0.03 2.44−2.57 2.41−2.60
θ23/◦ 47.7+1.2

−1.7 43.1−49.8 41.8−50.7
θ13/◦ 8.45+0.16

−0.14 8.2−8.8 8.0−8.9
δ/◦ 218+38

−27 182−315 157−349

IH

|∆m2
31|/(10−3 eV2) 2.42+0.03

−0.04 2.34−2.47 2.31−2.51
θ23/◦ 47.9+1.0

−1.7 44.5−48.9 2.3−50.7
θ13/◦ 8.53+0.14

−0.15 8.3−8.8 8.1−9.0
δ/◦ 281+23

−27 229−328 202−349
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2.5 Open questions in neutrino physics

There are several unanswered questions in the neutrino physics. In the following sections
sterile neutrinos, the absolute neutrino mass, the question whether the neutrino is a
Majorana or Dirac particle, the CP violating phase δ and the mass hierarchy will be
discussed.

2.5.1 Sterile neutrinos

Because neutrinos in the SM interact only via the weak force, only left-handed neutri-
nos and right-handed antineutrinos can be measured. As already discussed in 2.1 the
resonance of the Z0 boson shows that there are only three neutrino generations inter-
acting via the weak interactions. But it is also possible that right-handed neutrinos and
left-handed antineutrinos exist, which interact only via gravity (outside of the SM), via
the Yukawa coupling to the Higgs boson and via oscillation into the light conventional
three neutrino flavours. These neutrinos are the so called sterile neutrinos [66].
There are some problems that can be solved with sterile neutrinos like the so called “Gal-
lium anomaly”, which is a lower event rate at radioactive source experiments indicating
an oscillation with ∆m2 & 1eV2 [67]. These oscillations with ∆m2 & 1eV2 are already
excluded by the Detector of Anti-Neutrino based on Solid Scintillator (DANSS) exper-
iment with 95% Confidence Level (C.L.) [68]. Another example is the reactor neutrino
anomaly, which was already described in section 2.2.5.
There are some future experiments to investigate the described anomalies like KPipe,
which is a short baseline beam experiment to investigate νµ disappearance [69]. JUNO
will also be capable to yield informations about sterile neutrinos, as it will be discussed
in section 3.1.7.

2.5.2 Absolute neutrino mass

As already mentioned in section 2.1 it is known due to neutrino oscillations that neutrinos
have a mass, but there are only upper limits. Therefore it is still necessary to determine
the absolute neutrino mass. The already mentioned limit from cosmology on the sum
of the neutrino masses is ∑αmνα < 120meV (95% CL) with α = e,µ,τ [6]. There exist
also limits from experiments on the masses of the flavours. For νe the combined limit
from experiments investigating the energy of neutrinos stemming from tritium β-decays
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is given by mνe < 2eV(95%C.L.) [70]. With the quadratic mass differences from section
2.4.4 one can derive limits on the other neutrino flavour masses.
The Karlsruhe Tritium Neutrino (KATRIN) experiment is designed to measure the
mass of νe with a sensitivity of 200µeV with 95%C.L. and therefore to deliver a new
and more precise limit on mνe [71].

2.5.3 Dirac or Majorana particle

It is questionable, whether the neutrino is its own antiparticle and thus a Majorana
particle or whether there is a difference between neutrinos and antineutrinos, which is
the case when neutrinos can be characterised as Dirac particles [72].
The most prominent option to determine the nature of neutrinos is the neutrinoless dou-
ble β-decay (ββ(0ν)), because this decay is only possible with Majorana neutrinos [73].
Many experiments already searched for the ββ(0ν)-decay, but none was able to detect
it. An example is the GERmanium Detector Array, which investigated the decay of
76Ge and yielded a so called “detector factor of merit”5 of S0ν = 2.1×1025 yr (90% C.L.)
with ist first phase. It is expected that the second phase of GERDA is able to extend
the upper limit on the detector factor of merit to about S0ν = 15×1025 yr (90% C.L.).
A summary of experiments and their results can be looked up in reference [74].

2.5.4 CP violating phase

The CP violating phase δ occurring in equation (2.52,) would break CP conversion in
neutrino oscillations, when δ is not zero and not 2π, but in between those two values. In
the case of CP violation this would mean that the transition probabilities are different,
when one looks into neutrinos or antineutrinos. In this thesis a δ of zero is assumed.
There are also experiments planned to look into the CP violating phase like DUNE [75]
and a first hint indicates that the CP conserving case (δ = 0,2π) can be excluded with
a significance of 3σ in both IH and NH. Furthermore it appears that the CP violating
phase is likely to be around the maximum of CP violation at δ = 3π

2 [64].

5The “detector factor of merit” is the half-life of the process with respect to the hidden signal, which
can be lost in the background fluctuations.
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2.5.5 Mass hierarchy

For the sake of completeness the MH has also to be listed under the open question in
neutrino physics, although it was already described in section 2.4.3. To determine the
MH is of great importance because it would yield constraints on some Grand Unified
Theories (GUTs), which are theories to unite strong, weak and electromagnetic interac-
tions. Furthermore it would have influences on the answering of the other open questions
like sterile neutrinos or whether the neutrino is a Dirac or Majorana particle.
Therefore many experiments like DUNE, PINGU and JUNO are supposed to determine
the MH.
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3 Jiangmen Underground Neutrino
Observatory (JUNO)

The Jiangmen Underground Neutrino Observatory (JUNO) is a large liquid scintillator
detector currently under construction in China. In the following sections the motivation,
the detection principle and the detector design will be described, followed with a brief
overview of the background.

3.1 Motivation

JUNO is designed to be a multi-purpose experiment. In the following sections the many
physics topics, which will be investigated with JUNO, will be discussed to yield the
physical motivation for JUNO.

3.1.1 Mass hierarchy

The determination of the MH, which has been already described in section 2.4.3, is the
main purpose of JUNO. The parameters JUNO should determine are the quadratic mass
difference [76]:

∆m2
31 = ∆m2

32 + ∆m2
21,

NH : |∆m2
31|= |∆m2

32|+ |∆m2
21|, (3.1)

IH : |∆m2
31|= |∆m2

32|− |∆m2
21|.

As one can see in table 2.1 ∆m2
21 is only about 3% of ∆m2

31. This means to distinguish
between the minus and the plus in above equations one needs to determine ∆m2

31 and
∆m2

32 with at least 3% precision. This is valid because the measurement takes place in
the first maximum of the solar oscillations. Therefore JUNO needs an energy resolution
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of 3%/
√
E(MeV) to distinguish between NH and IH in the spectrum of vacuum oscilla-

tions. Vacuum oscillations can be assumed because of the short distance of about 53km
between detector and source and because of the reactor neutrino energy of about 1 to
10MeV. An opposite example is DUNE, where the distance of 1300km and the energy
of several GeV yields oscillations under the MSW-effect.
JUNO as an νe disappearance experiment looks into the survival probability of νe stem-
ming from nuclear reactors (section 2.2.5), which is given by [76]

P (νe→ νe)(L/E) = 1−P21−P31−P32,

P21 = P (ν2→ ν1) = cos4(θ13)sin2(2θ12)sin2(∆21),
P31 = P (ν3→ ν1) = cos2(θ12)sin2(2θ13)sin2(∆31), (3.2)
P32 = P (ν3→ ν2) = sin2(θ12)sin2(2θ13)sin2(∆32),

∆kl = 1.27 ·∆m2
kl
L

E
.

The reactor neutrino flux spectrum based on the survival probability is depicted in figure
3.1. The dotted black line indicates the spectrum without any oscillations, the black line
represents the 1−P12 term, which is well defined and is called solar oscillations. The
red and the blue line indicate the oscillation around the 1−P12 term from the P31 and
P32 term, when one inserts the different parameters of table 2.1 with the use of equation
(3.1) into the survival probability.
To get the best results it is necessary to build JUNO at a distance to the neutrino source
that the first maximum of the solar oscillations is covered because in this range also the
subdominant oscillations for the different MH are most distinguishable. This yields the
building location, which is described in section 3.3.1.
As discussed in reference [25] JUNO will be capable to determine the MH with a median
sensitivity of 3σ with about 100.000 IBD events, which will be achieved within six years
of data taking.
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Figure 3.1: Reactor neutrino flux spectrum with respect to the distance to the source
divided by the neutrino energy at a baseline of 60 km. The dotted line
represents the non oscillation case, the black line shows the 1−P12 term and
therefore the so called solar oscillations. The red and blue line indicate the
survival probability in the case of inverted and normal hierarchy. Based on
[76] and taken from [77].

3.1.2 Precision measurements

With its high statistics with about 60 IBD events per day and its energy resolution of
3%/

√
E(MeV) JUNO will be capable of determining oscillation parameters with new

precision. Especially the parameters sin(θ12), ∆m2
12 and |m2

ee| will be measured. |m2
ee| is

the so called effective neutrino mass-squared difference, which describes the beat between
P31 and P32 and shows the difference between NH and IH in the survival probability. It
can be expressed with the following equation [78]:

|m2
ee|= cos2(θ12)sin2(∆31) + sin2(θ12)sin2(∆32) (3.3)
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It is to note that JUNO would deliver values for sin(θ12) and ∆m2
12 with more precision

than before, even with a less great energy resolution because of its high statistics, whereas
for a new precision of |m2

ee| the energy resolution is crucial.
In table 3.1 one can see the 1σ uncertainties on the previously mentioned parameters
with the current precision and with JUNO’s precision after six years of data taking.
The values for the 1σ uncertainties with JUNO stem from reference [25], whereas the
values for the current uncertainties come from reference [65]. The uncertainty of |m2

ee|
is determined with Gaussian error propagation of the values given in reference [65] with
the use of formula 3.1 for the different MHs. The uncertainty of |m2

ee| in the NH is
displayed and in brackets the one for the IH.

Table 3.1: Comparison of the 1σ uncertainties of three oscillation parameters at the cur-
rent state and with JUNO. The values of the current state stem from reference
[65] with the uncertainty of |m2

ee| calculated via Gaussian error propagation.
The value of the uncertainty of |m2

ee| is the one for the NH, whereas in brack-
ets the value for the IH is shown. The values for the uncertainties with JUNO
come from reference [25].

Parameter Current With JUNO
sin(θ12) 5.63 % 0.67 %
∆m2

12 2.38 % 0.59 %
|m2

ee| 1.26 % (1.49 %) 0.44 %

3.1.3 Supernovae

As already discussed in section 2.2.3 neutrinos coming from (core-collapse) SNe are of
great interest. Especially a possible SN in the Milky Way is important. In the case of a
galactic SN with a assumed distance of 10kpc JUNO would detect over 5000 neutrinos
depending on the neutrino energy in different detection channels (for details see reference
[25]).
Due to the high statistics and its great energy resolution JUNO will be capable of
measuring the neutrino fluxes and their flavour distribution in the different stages of a
SN. This will give new insights in the theory of the SN progress and might also shed some
light on processes like collective neutrino oscillations [79], which describes a possible so
called “self-maintained coherent” neutrino oscillation due to neutrino self-interaction
[80]. Furthermore JUNO will be part of SNEWS (see last paragraph of section 2.2.3)
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and can also be a part of a multi-messenger approach to galactic SN together with
experiments looking for gravitational or electromagnetic waves [25].

DSNB

The DSNB introduced in section 2.2.3 is still undetected. To detect the neutrinos of the
DSNB JUNO has to distinguish between signal and background. The DSNB yields the
major neutrino flux at neutrino energies of more than 10MeV and its neutrinos can be
detected via the IBD (see section 2.3.2), whereas the largest background is originating
from the atmospheric and the reactor neutrinos.
When measuring ten years, using a challenging pulse-shape discrimination and a spectral
fit the expected detection significance for a 20% background uncertainty at a neutrino
energy of 18MeV is 4.3σ. More values can be looked up in reference [25]. In the case
of no detection the limits on the DSNB flux can be improved to nearly one magnitude
better than the limit of Super Kamiokande in 2012 [25].

3.1.4 Solar neutrinos

Solar neutrinos stemming from the fusion processes in the sun (discussed in section
2.2.2) are able to deliver additional knowledge about the sun. The detection channel
is the elastic scattering of solar neutrinos off electrons. Because the elastic scattering
does not yield a delayed coincidence like the IBD does, even background events are
important, which are suppressed in IBD events with the delayed coincidence. Therefore
the background consisting of the radioactivity of isotopes in and around the detector
has to be reduced by ensuring an ideal radiopurity of the detector material (especially
the liquid scintillator). For example the concentration of 210Pb should ideally be below
10−24 gg−1 [25].
JUNO will detect pp, 7Be and 8B neutrinos with descending frequency. These measure-
ments can give more insight into the MSW effect. Especially the region around 3MeV
is important to close the gap between vacuum and matter dominated oscillation. These
measurements will also yield information about the metallicity of the sun and about the
energy production ratio between the pp-chain and the CNO-cycle [25].

47



3 Jiangmen Underground Neutrino Observatory (JUNO)

3.1.5 Atmospheric neutrinos

The atmospheric neutrinos, which were described in section 2.2.6, can be used to deter-
mine the mass hierarchy to some extent. In contrast to the method described in section
3.1.1 the measurement with the atmospheric neutrinos uses the MSW-effect of neutrinos
travelling through the earth and entering the detector from beyond. By measuring and
identification of about 3500 νµ events during 10 years JUNO can investigate the oscil-
lation probabilities P (νe→ νµ) and P (νµ→ νµ), which are different depending on the
MH. The particle recognition uses the characteristic signals originating from the muon
decay, the decay of unstable nulcei and neutron captures. In this way JUNO will be able
to deliver a method of MH determination complementary to the approach with reactor
neutrinos after 10 years of data taking. Furthermore, JUNO can be used to look into
θ23 with the help of atmospheric neutrinos [25].

3.1.6 Geoneutrinos

As already mentioned in section 2.2.4 geoneutrinos are among others important to de-
termine the earth’s composition. JUNO will measure a geoneutrino signal of SGeo =
39.7+6.5

−5.2 TNU 1, which means, JUNO will measure about 300 to 500 geoneutrinos per
year. The measured signal consists of the neutrinos emitted by the isotopes 238U and
232Th, because they exceed the threshold for the IBD of 1.806MeV, which is a detection
channel with high background suppression. One has then to distinguish the reactor neu-
trino signal for the determination of the MH and the geoneutrinos to gain informations.
The measurement of geoneutrinos leads to a determination of the ratio of uranium
and thorium and to insights of the mantles structure. Additionally, geoneutrinos yield
informations about the heat production within the earth [25].

3.1.7 New physics

In addition to the mentioned physics topics JUNO will also investigate exotic physic
topics. Two examples will be discussed in the following namely sterile neutrinos and
proton decay.

1Terrestrial Neutrino Units (TNU): 1TNU = 1event/yr/1032 target protons(1kt liquid scintillator
equals roughly 1032 protons).
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Sterile neutrinos

Sterile neutrinos as mentioned in section 2.5.1 are hypothetical particles, which were not
measured yet. In this section the 3+1 case is discussed, when there are three light SM
neutrino families and one sterile one. The sterile family does only interact via gravity
and oscillation with the three SM ones and is therefore not detectable via the weak
interaction. This leaves only the option of a disappearance experiment, in which one
measures a lower neutrino flux than theoretical expected.

A sterile neutrino does not only introduce another flavour eigenstate, but also a new mass
eigenstate, which leads to new squared mass differences between the new mass eigenstate
and the three conventional ones. Dependent on the order of the mass differences one
gets different approaches to search for neutrino disappearances. Is the squared mass
difference of the order of eV2 one gets the case of short-baseline oscillations. These
oscillations can be investigated with JUNO by using a radioactive source in the detector
centre or near the detector with a distance to the detector of about 3m.

When the squared mass difference is of the order of 10−5 eV2, this results into long-
baseline oscillations, where long means a distance of several thousands km between
source and detector. But these oscillations can also be examined using the neutrinos
from nuclear power plants with a medium-baseline experiment like JUNO [25].

Proton decay

Proton decay is a consequence of the violation of baryon number conservation, which
is assumed in many Grand Unified Theories (GUTs). Those theories predict the decay
of protons via various processes. The process with the most relevance for JUNO is the
proton decay into a kaon and an antineutrino:

p→K+ν (3.4)

Because the mediator of this decay is not specified the neutrino flavour is unknown.
With a lifetime of 12.4ns the kaon decays via the channels showed in equation 3.5 to
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3.9 with indication of the BR.

K+→ µ+νµ BR :∼ 63.43%, (3.5)
K+→ π+π0 BR :∼ 21.13%, (3.6)
K+→ π+π+π− BR :∼ 5.58%, (3.7)
K+→ π0e+νe BR :∼ 4.87%, (3.8)
K+→ π+π0π0 BR :∼ 1.73%. (3.9)

In JUNO decaying protons are originating from hydrogen (free protons) or carbon
(bound protons) within the detector. For simplicity here the decay of the free pro-
tons is discussed, whose kaons decay via the most frequent decay mode (see equation
(3.5)).
This decay yields a clear timing signature, which is the following:

1. The proton decays into a detectable kaon and an antineutrino.

2. After about 12ns the kaon decays into a detectable muon and a muon-neutrino
(see equation (2.26) for the reaction).

3. The muon then decays after 2.2µs into an positron, a myon-antineutrino and a
electron-neutrino (see equation (2.31) for the reaction).

The first and the second step describes a two-body decay. This means, assuming the free
proton is at rest when decaying that the kaon and the muon has a well known energy.
With the above described method and the extension to protons and the kaon decay into
pions it is expected to reach a sensitivity on the lifetime τ of about τ > 9.6×1033 yrs for
one observed event in JUNO [25].

3.2 Detection principle

In the following section the detection principle of the JUNO detector is given by looking
into the photon emission and the detection within the detector.
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3.2.1 Photon emission

JUNO is capable of neutrino detection with various channels, which are based on the
neutrino interactions discussed in section 2.3. The most important one is the IBD, as
one can use a delayed coincidence technique to decrease background events.
Particles stemming from the neutrino interactions create photons in three different ways
in a liquid scintillator named gamma emission due particle interactions, scintillation
light and Cherenkov radiation.

Gamma emission in particle interactions

Especially in the IBD there are two sources of gammas associated with particle reactions.
The first one is the electron-positron annihilation, which results into the emission of two
gammas with an energy of Eγ = 511keV. The second one is the neutron capture, which
emits a gamma with an energy of Eγ = 2.2MeV, when captured by a proton. These
processes can also occur in other reactions and yield free or excited electrons, when
the gammas interact via the Photoelectric effect and via Compton scattering with the
liquid scintillator [4]. These electrons interact then with the liquid scintillator, which is
discussed in the next section.

Scintillation light

In all detection channels one gets besides other particles charged particles as final state.
These charged particles then interact with the liquid scintillator, as they travel through
the detector. Here one has to distinguish between electrons and heavier particles.

1. Electrons and positrons of all energies tend to lose energy via bremsstrahlung,
which is the emission of photons in the Coulomb fields of the surrounding atoms.
If the resulting photons have enough energy they can generate e+e− pairs leading
to an electromagnetic shower. Electrons (positrons) with an energy of several
MeV can also give their energy to the electrons of the target matter via Møller
(Bhaba) scattering. Møller scattering is the scattering of electrons off electrons
(e−e−→ e−e−), whilst Bhaba scattering is the scattering of electrons (positrons)
off positrons (electrons) (e−e+ → e−e+. Furthermore electrons and positrons of
energies up to about 10MeV most frequently lose their energy due to ionization,
which is the scattering off electrons of the atoms in the target material leading
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to an ionization of the atom and free electrons [4]. This is therefore the crucial
process for the positrons coming from the IBD events in JUNO.

2. Heavier particles like protons lose their energy due to ionisation, atomic or collec-
tive excitation [4]. For protons also the ionization is the most important process
for JUNO.

The previosly mentioned processes show, how an excitation of the molecules take place.
When a molecule then deexcites, it releases a photon of well defined wavelength in an
isotropic way, which is named scintillation light on a timescale of several ns. In this way
JUNO can for example detect the energy loss of the positron coming from the IBD.
There are many kinds of scintillation materials. They exist in solid, liquid and gas form
and as organic or inorganic material and emit photons of different wavelengths. Be-
cause the emitted photons of the scintillator have a wavelength defined by the transition
between the energy levels of the emitting atom, the photons can be reabsorbed by the
scintillator atoms. To prevent this, one mixes scintillator and wavelength shifters, which
have the purpose to reabsorb the photons emitted from the scintillator atoms and reemit
them with an other wavelength to increase the attenuation length. Wavelength shifting
is also of use to create light of wavelengths in the most sensitive range of a detector like
the PMTs in the case of JUNO. The properties of the liquid scintillator used in JUNO
will be discussed in section 3.3.2.

Cherenkov radiation

Whenever a charged particle moves through matter, it polarises the molecules and atoms
of the medium. This leads to an excitation of the molecules or atoms, which deexcite
via the emission of photons. To understand the Cherenkov effect one has to consider
the photons as electromagnetic and spherical waves.
In figure 3.2 one can see these spherical waves depicted as black circles around the
midpoints, which are entitled with the number one to five. These are five selected
example points to illustrate the effect, whereas in reality at every point along the particle
track an electromagnetic wave is emitted. Because the particle travels along the red axis,
the first emission is at point 1 and the last at point 5.
If the particle travels slower through the medium than the speed of light in these medium,
the waves would never meet. In the case that the particle moves faster than the speed of
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light in the medium, the waves create combined phase fronts as depicted via blue lines
in figure 3.2, which is in fact the constructive interference of the waves. This leads to
Cherenkov radiation in the direction of the blue arrows [81]. The radiation meets the
detector wall or any other surface in the shape of a cone.

Figure 3.2: Illustration of the creation of Cherenkov radiation based on [82, 83]. The red
line represents the travelling particle, the blue lines indicate the combined
phase fronts of the spherical optical waves depicted in the black circles. The
blue arrows indicate the emitted light and the black dots represent the times,
in which the optical waves were emitted. In reality continuously along the
particle track optical waves would be emitted.

The citerium for Cherenkov radiation can be written as [84]:

v >
c

n
(3.10)

v denotes the velocity of the particle, c is the speed of light and n is the refractive index,
which also depends on the frequency of the emitted light waves. The opening angle of
the cone depends on the Cherenkov angle θC , which is the angle between the particle’s
travel axis an the direction of the Cherenkov radiation. This angle can be calculated via

53



3 Jiangmen Underground Neutrino Observatory (JUNO)

[84]

cos(θC) = 1
βn

with β = v

c
. (3.11)

3.2.2 Light detection and coincidence technique

The light detection in JUNO is done via massive numbers of PMTs of different sizes.
The arrangement and the exact number of PMTs and their different purposes will be
discussed in section 3.3.2, whereas in section 4 the PMT itself will be described.
Because it is crucial for the detection of reactor antineutrinos in JUNO the coincidence
technique to detect IBD events is here repeated. The reaction of the IBD is shown in
equation (2.36). As one can see, this leads to the emission of a positron and a neutron.
The positron loses energy via ionization, which leads to scintillation light. In the scale
of nanoseconds the positron annihilates with an electron to emit two gammas with an
energy of 511keV. The neutron travels through the detector volume and after about
200µs it typically gets captured by a free proton (or a carbon nucleus) to release a
gamma with 2.2MeV (4.9MeV).To conclude the signature of an anti-electron-neutrino
consists mainly of the scintillation light from the positron followed with a delay of 200µs
by the scintillation light caused from electrons, which are excited by the gamma of the
neutron capture.
This signature is a powerful tool to reduce background events, because one can select
events from the data with the criteria of measured energies, time differences and distances
to let only the events matching an IBD event pass, whereas the background events are
rejected. After a fiducial volume cut is applied, which lets only events pass, if they
are be within a radius of 17m of the detector centre, one has an antineutrino selection
efficiency of about 91.8%. This cut is necessary to prevent effects at the edge of the
central detector like more background events due to accidentals from the detector and
the PMT material, a worse resolution and a possible loss of the annihilation gammas.
One can then apply two energy cuts to select only events, which yield a prompt energy
between 0.7MeV and 12MeV and a delayed energy between 1.9MeV and 2.5MeV. These
are expected energy ranges for the energy deposition of the positron and of the gamma
from the neutron capture. Furthermore one can apply a timing and a distance cut to
only let events pass, which have a delay time of less than 1ms and a distance of less
than 1.5m between prompt and delayed energy deposition. The applying of these cuts
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has a selection efficiency of 98.7% to select real IBD candidates from the set, which the
fiducial volume cut lets pass. This comes along with a reduction of background events
from about 488 with only the fiducial volume cut to 4 per day with all of the described
cuts.

3.3 Detector design
In the following sections the design of JUNO’s detector will be described. Thereby the
site and the structure of the detector will be discussed.

3.3.1 Site

The JUNO detector will have an rock overburden of about 700m to reduce the cosmic
muon flux and will be located in Kaiping, which is a town associated to Jiangmen in the
Guangdong province in China. The key point in the detector’s location is the distance of
about 53km to the two nuclear power plants Yangjiang and Taishan [85], as motivated
in section 3.1.1. This can be seen in figure 3.3, in which the JUNO site is depicted with
the indication of the nearest power plants and towns.
It is important that the two power plants and especially their cores will have nearly the
same distance to the detector, because otherwise the oscillations discussed in section
3.1.1 would superimpose and make the distinction between NH and IH less significant.
The Yangjiang power plant with 4 cores and the Taishan power plant with 4 cores will
produce together a thermal power of 26.6GW, when they are fully operational [86].
JUNO will also detect anti-electron-neutrinos from other power plants like the Daya
Bay, Huizhou and Lufeng nuclear power plant, which are also depicted in figure 3.3, but
they contribute only in a small extent to the reactor neutrino spectrum (Daya Bay for
example contributes about 2.8%) [25].

55



3 Jiangmen Underground Neutrino Observatory (JUNO)

Figure 3.3: Location of the JUNO experiment [85] with indication of the nearest power
plants and towns.

3.3.2 Structure

The JUNO detector can be separated into two main systems: the central detector and
the veto detector. In the following section the central detector and the liquid scintillator
will be discussed followed by a section about the veto detector.

Central detector

The central detector consists of an acrylic sphere with a diameter of about 35.4 m,
which is supported by a stainless-steel truss. Affixed to the truss are about 18,000 20
inch PMTs and 25,000 3 inch PMTs to look into the 20kton liquid scintillator inside
the acrylic sphere. Because one needs an optical coverage of about 78% to reach the
intended energy resolutionm one needs those numbers of PMTs. They are arranged in
a way that the small PMTs are in the gaps, which are given due to the spherical shape
of the large PMTs.
Furthermore the large and small PMTs complement each other. The large ones operate
in a range of 1 PhotoElectron (PE) to 100 PEs in the case of a signal from an reactor
neutrino, whereas the small ones operate in a range of 0 to 1 PE and can therefore
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still count the photons [87]. This is important, because photon counting yields a more
precise energy resolution then integrating over the waveform of a PMT to get the charge
and therefore the approximate number of PEs. Moreover with two kinds of PMTs one
can examine non-linearity effects of the large PMT type and the liquid scintillator, since
the small PMTs do not have non-linearity effects in the energy range of a regular signal.
In the case of e.g. a supernova event the large PMTs operate with more than 1000 PEs
[88], while the small PMTs operate with tens of PEs.
The liquid scintillator of JUNO consists of more than 98% LinearAlkalyBenzene (LAB),
which serves as a solvent and emits photons with a wavelength of 280nm. Also about
2.5g l−1 of 2,5-diphenyloxazole (PPO) and 15mgl−1 p-bis-(o-methylstyryl)-benzene (bis-
MSB) is added. The PPO absorbs the photons from the LAB to reemit them with a
wavelength of 390nm, whereas the bis-MSB works also as wavelength shifter to yield
then photons with a wavelength of about 430nm, which is in the most sensitive area of
the the PMTs [86, 53]. This mixture together with the optical coverage and the detection
efficiency of the PMTs yield about 1100 detected photoelectrons per MeV of absorbed
energy [53].

Figure 3.4: Schematic view of the JUNO detector with indication of the central detector’s
features and the parts of the veto detector [87] .
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Because the performance of 20 inch PMTs is affected by the magnetic field of the earth
(see section 4.3) coils will be used around the detector to reduce the earth magnetic field
within the detector to less than 10% [53].
In figure 3.4 one can see the detector layout with the indication of the previously de-
scribed acrylic sphere, the liquid scintitllator and the PMTs with descriptions on the left
side. Additionally the calibration devices on top of the detector are shown.

Veto detector

To reduce the background from the radioactivity from the rock and from fast neutrons
the detector is surrounded by a cylindrical pool with 35kt high-purity water as shielding.
This pool with a diameter of 43.5m is also working as a water Cherenkov detector,
because it is equipped with about 2000 20 inch PMTs to detect the Cherenkov light
from cosmic muons, reconstruct their tracks and act as a veto detector.
The second part of the veto detector is the so called Top Tracker on top of the water
pool and consists of 62 plastic scintillator walls, which is the reused OPERA tracker and
covers around 25% of the pool’s surface and so about the half of the central detector.
Its purpose is to reconstruct muon tracks and measure their direction precisely [87, 25].
Together these two parts ensure that events stemming from muons are discarded and
that the overall background is decreased. In JUNO not the whole detector is switched
off, when a passing muon is registered, but only a small cylinder around the muon track.
Otherwise with a muon rate of about 3.5s−1, the detector would be nearly constantly
switched off. In figure 3.4 one can also see the parts of the veto detector with the
description on the right side.

3.4 Background for the determination of the MH

Because it is JUNO’s main purpose, the background for the determination of the MH
will be briefly discussed in the following section based on reference [25], whilst the
background for the other topics will be ignored.
The main detection channel for the reactor neutrinos is the IBD, as already mentioned.
This means, one has to look into background sources, which can mimic the signature of
an IBD from an anti-electron-neutrino event. The most backgrounds come from muons,
which interact within or near the central detector, because the muon rate in the detector

58



3.4 Background for the determination of the MH

is about 3.5s−1. There a several background possibilities:

1. When a muon or its shower hits the liquid scintillator within the detector, it is
possible to produce radioactive isotopes from the 12C atoms, which are part of the
liquid scintillator. The ones with the most importance are 9Li or 8He, because
they can decay under the emission of a neutron and an electron, which gives the
same signal as the IBD. This kind of background is called cosmogenic isotopes.

2. A muon can also hit an atom inside the rock near the detector and release a fast
neutron. When this neutron then reaches the central detector and scatters off a
proton, the proton excites the scintillator, which mimics the radiation of a passing
positron, before the neutron gets captured.

3. Radioactive isotopes in the detector material can be a background in the case
of emitted α particles, which can do an analogue process like the first mentioned
background process. The α particle excites the scintillator, which mimics a passing
positron and when it hits a 13C atom in the scintillator, it creates an excited state
13C(α,n)16O. If the deexcitation of the 16O takes place under emission the emission
of a gamma or the neutron’s momentum is high enough, this can mimic a neutron
capture. The detector would than see a alleged IBD signature with a prompt
signal stemming from the alpha and a delayed signal from the fast neutron of the
deexcitation of 16O.

4. A single light emission can happen in the detector from e.g. radioactivity, a fast
neutron or a muon. These events are in general discarded, because they do not
fit the IBD signature, but there is a chance that two light emissions happen with
a delay. If the delay time is in the right range, one might identify two unrelated
light emissions as an IBD candidate. These events, when two unrelated emissions
accidental mimic an IBD are called accidentals.

5. All the other sources, from which JUNO can measure neutrinos via the IBD are
obviously also a background to the reactor neutrinos. Especially geoneutrinos are
background candidates, because they are always present with a rate of about 1.5
per day and are with an energy of 1 MeV to 8 MeV partly in the same energy range
as the reactor neutrinos, whereas supernova neutrinos, which can also be detected
via the IBD, occur very rarely. Furthermore nuclear power plants like Daya Bay are
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3 Jiangmen Underground Neutrino Observatory (JUNO)

sources for background events, because their neutrino fluxes superimpose with the
fluxes, which are meant to be measured, from the power plants in Yangjiang and
Taishan and make the distinction between NH and IH in the oscillation spectrum
less significant.

The last point is valid for any of the physic topics, because the signal regions of the
different neutrino sources overlap.
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4 Photomultiplier Tubes

The understanding of PhotoMultiplier Tubes (PMTs) is crucial for this thesis because
PMTs are the photodetectors of choice for the JUNO detector and they are investigated
in this work. In the following sections the functionality and structure of PMTs and
the characterising parameters are discussed. Furthermore the influences of magnetic
fields on PMTs will be described. This chapter is mainly based on reference [89], unless
otherwise stated.

4.1 Structure and functionality

The 20,000 20 inch PMTs, which will be used in JUNO, can be divided into about
5000 dynode PMTs manufactured by Hamamatsu and about 15,000 Micro-Channel
Plate (MCP) PMTs manufactured by Northern Night Vision Technology (NNVT).
Therefore the functionality and structure of both PMT types will be discussed in the
following sections.

4.1.1 Dynode

The function principle of a dynode PMT can be described with help of figure 4.1 starting
with an incoming photon, which is indicated via a grey zigzag line. This photon passes
the input window made of glass, before it hits the photocathode, which is vacuum-
metallized onto the glass window. In figure 4.1 the semi transparent photocathode type
is shown, which is used in the head-on PMT type, whereas there are also PMTs with
an opaque photocathode that are used in side-on PMTs. In the following only head-on
PMTs are described because this type is used in this thesis and in JUNO. When the
photon hits the photocathode, there is a chance (about 30% for JUNO PMTs) that a
PhotoElectron (PE) is released due to the photoelectric effect and reaches the surface of
the material. This happens when the photon’s energy overcomes the electron’s binding
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energy and if the electron’s momentum is then high enough to travel to the surface of
the photocathode.
The PE indicated via the grey line behind the photocathode in figure 4.1 is accelerated
by an electric field and focused by electrodes upon the first dynode1, where multiple
(typically between two and four) electrons are released due to the energy of the first PE.
These electrons are accelerated towards the second dynode and release again multiple
electrons for each incoming electron. What follows are multiple dynodes with increas-
ing potential, so that an electron shower is created, which hits the anode and can be
measured as an electric current.

Figure 4.1: Schematic view of a dynode PMT with indication of its features [90]. As
stated in the picture the connections and resistors to obtain the increasing
dynode potential are not depicted for simplicity.

The described processes take place in a vacuum within the housing of the PMT, because
otherwise the PEs and the secondary electrons would interact with gas atoms. This
would lead among others to a deflection of the electron trajectories and therefore to a
worse detection efficiency.

1A dynode is an other name for electrode used in the context of PMTs
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4.1.2 Micro-Channel Plate (MCP)

The working principle of a MCP PMT is similar to that of a dynode PMT. The main
difference is the mechanism of amplification. Like in a dynode PMT the photon hits
a photocathode and releases a PE, which is then accelerated upon the amplification
apparatus in this case a MCP. A MCP is shown in figure 4.2 on the left side, whereas
on the right side the working principle of a single channel is depicted.
As the PE hits the wall of a channel multiple secondary electrons are released, which
are accelerated by the voltage depicted on the left side of figure 4.2. Those secondary
electrons then hit the opposite wall to release more electrons, which results in an electron
shower that is collected by an anode and yields an electric current. Because the channels
are inclined with respect to the incoming electron direction, it is avoided that the electron
simply flies through the channel without hitting the walls.
Like in the case of a dynode PMT all this happens in a vacuum within the PMT housing.

Figure 4.2: Schematic view of a MCP (left) and of the working principle of a single
channel (right) [91].

4.2 Characterising parameters
In the following sections many of the parameters, with which one can describe and
characterise PMTs are discussed, because these parameters are crucial for the used PMTs
in JUNO. Therefore those parameters are tested for all PMTs, before they are mounted
into the experiment. This is done with a mass testing system, which will be discussed
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in chapter 5. Furthermore they are important for understanding this thesis because the
terms will be used throughout the further chapters.

4.2.1 Quantum efficiency

The Quantum Efficiency (QE) η(ν) is the ratio between emitted PEs from the photo-
cathode Ne and the photons Np, which hit the photocathode. One can calculate the QE
via the following equation:

η(ν) = Ne
Np

= (1−R)Pν
k

( 1
1 +kL

)
·Ps (4.1)

R is the reflection coefficient at the window and the photocathode, Pν the probability
for a light absorption in the photocathode, which leads to an excitation of an electron
to overcome the binding energy. k is the full absorption coefficient of photons, L the
mean escape length of the excited electrons, Ps the probability of electrons to reach the
surface of the photocathode and ν is the frequency of the light. As one sees, the QE is
dependent on the wavelength of the photon, because the probability of absorption is also
dependent on the wavelength. The reason for this dependency is that some materials
absorb photons of a certain wavelength better than others because of the transitions in
energy levels of the atoms. Depending on the used material of the photocathode a PMT
has therefore a range of photon wavelengths where it is most efficient. In the case of
JUNO the maximum efficiency is at wavelengths of about 420nm.

4.2.2 Collection efficiency

The collection efficiency α is the probability of an existing PE to hit the first dynode or a
channel of the MCP in a effective area, which is the area, where the further amplification
is granted. The collection efficiency depends therefore on the voltage between photo-
cathode and the amplification mechanism to focus the PEs upon the effective areas of
the amplification mechanism. A typical value for the collection efficiency is about 95%.

4.2.3 Detection efficiency

The Detection Efficiency (DE) µ(ν) is the ratio between incoming photons Np and
detected photons Nd. µ(ν) is therefore the product of the QE η(ν) and the collection
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efficiency α:

µ(ν) = Nd
Np

= α ·η(ν) (4.2)

The required DE is about 27% for JUNO PMTs. This parameter is crucial for the
energy resolution of JUNO because only a low percentage of photons hitting the PMTs
are detected. This means, the DE should be as high as possible. In the following the
DE can also reffered to as Photon Detection Efficiency (PDE).

4.2.4 Gain

The gain of a PMT is the amount of electrons, which reach the anode for one incoming
PE at the first dynode. One can calculate the gain of a PMT starting with the so called
secondary emission ratio δ:

δ = a ·Ek (4.3)

a is a constant depending on the PMT, E is the voltage between two dynodes and
k is a value depending on the material and structure of the dynode and is typically
between 0.7 to 0.8. This means, δ can be different for every dynode. The gain G is
then determined as multiplication of all secondary emission ratios of the dynodes and
the collection efficiency α:

G= α
n∏
i=1

δi (4.4)

n is the amount of dynodes, which is typically close to ten. This means the gain is
depending on the voltage of the dynodes and therefore depending on the supply voltage
of the whole dynode PMT.
For MCP PMTs the gain is given via the following equation:

GMCP = exp(δMCP ·β) (4.5)

δMCP is the gain factor to characterize the secondary emission, whereas β = l/d with the
length l and the diameter d of the channel. Because δMCP is dependent on the supply
voltage, the gain for MCP PMTs is also depending on the supply voltage. The gain can
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be tuned via the high voltage supporting the PMT. The PMTs for JUNO are operated
with a gain of about 107.

4.2.5 High Voltage to obtain specific gain

This parameter is directly related to the previous description of the gain, as it is the
high voltage to obtain a certain gain. Before one can use a PMT, one has to find the
right operating High Voltage (HV) to get the requested gain (typically 107). This HV
is in a range of 2000 V to 3000 V for the JUNO PMTs.

4.2.6 Dark count rate

The dark count rate is defined as the amount of events that a PMT yields per second,
when it is in total darkness. This rate and the amplitude of the dark current pulses should
be as low as possible, because otherwise a signal can be missed in the background from
the dark current, which would decrease the energy resolution of JUNO.
The dark current is directly related to a value, which is called cool down time in this
thesis. The cool down time will be discussed in the next section followed by sections
about the major reasons for dark current.

Cool down time

A PMT is designed for small light intensities (1 to 1000 PEs per pulse). When a switched
on PMT is exposed to stronger intensities, it might be damaged. But when a switched
off PMT is exposed to such strong light e.g. for transportation purposes, the dark count
rate after switching on is increased for a time depending on the light exposure and the
PMT. The reason is that the light releases PEs in the photocathode, which are not
accelerated via the PMTs voltage until the PMT is switched on. This means a PMT
needs a time operating in the dark after light exposure to reach a stable dark count rate.
This time is called cool down time in this thesis.

Leakage current

The leakage current comes from an imperfect insulation and is most relevant at low
supply voltages. It may reach the level of nA, which is enough to influence the signal

66



4.2 Characterising parameters

that is in the range of up to 100µA. The leakage current can occur between anode and
last dynode, at the glass stem and the base and between the socket’s pins.

Thermionic emission

The photocathode, the dynodes or the channels of a MCP PMT consist of material,
which is likely to emit electrons at low incoming energies. This results into an emission
of electrons even at room temperatures. The higher the temperature the more electrons
are emitted in the so called thermionic emission. The thermionic emission depends on
the used material, the supply voltage and also on the wavelength of the photons one
wants to detect, because PMTs designed for detecting low energy photons have a higher
thermionic emission. It is the most important dark current effect in medium supply
voltages.

Scintillation

This effect is caused by electrons from the photocathode, the dynodes and the channels,
which are deflected and hit the glass envelope. These electron hits can cause scintilla-
tion light, which results into a higher dark current rate. At high supply voltages the
scintillation effect is most relevant for the dark current.

External radiation

A small percentage of dark current stems from cosmic rays and from the decay of ra-
dioisotopes in the PMT material especially from the glass envelope. The CRs are mostly
muons, which pass through the glass envelope possibly causing Cherenkov radiation,
which can release electrons from the photocathode, the dynodes or the channels. These
reactions have a small rate compared to the previously mentioned effects, but a higher
dark current voltage.

4.2.7 Peak to valley ratio

The Peak to Valley ratio (P/V ratio) is usually measured in the single PE spectrum.
An example of a single PE spectrum is shown in figure 4.3. Such a spectrum can be
created via time integration over the waveform of many PMT signals.
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The x-axis is entitled channel, which can be converted to voltage or charge. This channel
comes usually from a so called Analog-to-Digital Converter (ADC), which converts
incoming voltages to channels. The y-axis describes the amount of events at a certain
channel. The first peak is the so called pedestal, which comes from electronic noises and
from the dark current. The second peak is the single PE peak resulting from hitting the
PMT with a photon intensity equivalent to one released PE per pulse.

Figure 4.3: Example of a single PE spectrum based on reference [92] and taken from
reference [93]. The first peak is the pedestal and the second peak is the
single PE peak.

With this spectrum one can count detected photons by locating the peaks corresponding
to different PE values. Furthermore one can determine the gain, the signal to noise ratio,
the relative PDE, the charge resolution and the average number of PE per pulse with
this single PE spectrum. It is to note that for the relative PDE one needs reference
PMTs in the same measurement conditions.
The P/V value is defined as the ratio of events at the maximum of the single PE peak
to the minimum between the single PE peak an the pedestal.
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4.2.8 Signal to noise ratio

The Signal toNoise ratio (S/N ratio) SN is defined as the ratio of the difference between
the average noise An and the average pulse height Ap to the variance of the pulse and
the noise σpn, because the pulse also has fluctuations due to the so called shot noise.
The shot noise is the statistical variation of the amount of primary emissions at the
photocathode and secondary emissions in the amplification mechanism. The formula
can be seen in equation (4.6).

SN = Ap−An
σpn

(4.6)

4.2.9 Pre- and afterpulses

In this section the definition of pre- and afterpulses is given for dynode PMTs. For MCP
PMTs these effects also occur analogous, but instead of the first dynode the interactions
happen at a channel of the MCP.
Prepulses can occur, as it is depicted in figure 4.4 and labelled with (1), when a photon,
indicated via a red zigzag line, does not interact with the photocathode. Instead it
hits directly the first dynode, the focusing electrodes or a later dynode and releases
there an electron. This electron is then accelerated towards the following dynode, where
it releases secondary electrons and so on. This results into an electron shower and
therefore a signal pulse, which has a smaller amplitude than a reuglar pulse because the
amplification factor of one or several dynodes is missing. The prepulse rate is important
because one might identify the prepulse as a main pulse and then counts two pulses
when only one occurs.
There are two types of afterpulses both depicted in figure 4.4. The first type labelled
with (2) is the ionisation of an atom of the residual gas in the PMT by a PE depicted by
the blue line, before the PE hits the first dynode. The positively charged ion depicted
via the red line then travels to the photocathode due to the electric field and releases
electrons leading to an afterpulse. These kind of afterpulses can occur up to several
microseconds after the main pulse.
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(2)
(1)

(3)

Figure 4.4: Sketch of pre- and afterpulses in a PMT [94]. (1) denotes a prepulse, where
a PE directly hits a dynode without interacting with the photocathode. (2)
shows a afterpulse coming from a PE, which ionises a atom before hitting the
dynode. This ion then hits the photocathode under the emission of electrons.
(3) is also an afterpulse, when a PE is scattered elastically off the dynode
and later gets reaccelerated.

The second one entitled with (3) occurs in a matter of nanoseconds after the main pulse
and is created due to an elastic scattering of a PE off the first dynode. This results into
an electron indicated via the dotted blue line, which does not release secondary electrons.
Instead the electron moves away from the dynode, before the electric field reaccelerates
it towards the dynode leading to the regular emission of secondary electrons several
nanoseconds after the main pulse.
The afterpulse rate is significant for experiments like JUNO because one can mistake an
afterpulse for a real signal pulse and therefore count maybe two pulses, where only one
was. Furthermore one needs to take the energy of the afterpulses into account to get
the best energy resolution, which can be difficult, when the pulse rate gets high and one
cannot distinguish between the events.
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4.2.10 Transit time spread

The Transit Time Spread (TTS) is defined as the variation of the time a PMT needs to
create a signal pulse after getting hit by photons. The time differs, because it depends
on the PE trajectories and hence on their emission points and angles. This means the
direction of the initial momentum of the PE causes the different transit times.
The TTS is usually measured by illuminating the PMT with a photon intensity, which is
equal to one released PE per pulse. Then one can measure the time difference between
the triggered photon emission at the light source and the PMT pulse. Afterwards one
can create a histogram showing the time spectrum, which can ideally be fitted Gaussian
function. The Full-Width-Half-Maximum (FWHM) of this Gaussian fit gives then the
TTS. For the JUNO PMTs the TTS is typically between around 3ns for dynode PMTs
and 12ns for MCP PMTs.
The TTS defines the timing resolution and is therefore crucial for particle track re-
construction in JUNO because the timing resolution is directly related to the spatial
resolution. Furthermore the TTS is crucial for the vertex reconstruction and therefore
for the overall energy resolution.

4.2.11 Rise time and fall time

The rise time is defined as the time the rising edge of a PMT pulse needs to reach 90% of
its amplitude with 10% as start point. The fall time is analogously defined as the time
the falling edge needs to come from 90% to 10% of the amplitude. These are important
parameters to get sharp peaks, which can be identified easily and to get a fast response
from the PMT. A low rise and fall time means that two pulses in a short period of time
can be better distinguished. For Hamamatsu PMTs the rise time is required to be 5ns,
whereas the fall time should be 9ns.

4.3 PMTs in magnetic fields

PMTs are sensitive to external magnetic fields because of their use of PEs to measure
light. When the PE is released from the photocathode, it has to travel a distance
depending on the size of the PMT to the first dynode or to a channel of the MCP. On
its way to the dynode or the channel the PE is exposed to the Lorentz force ~FL, which
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is here given without the electrical component [95]:

~FL = q ·~v× ~B (4.7)

q =−e is the charge of the PE, which is the negative elementary charge. ~v is the velocity
of the PE and ~B is the magnetic flux density. Because the PE is deflected, the electrodes
for focusing the PEs upon the amplification mechanism have a smaller chance to achieve
their purpose. This means the effect of magnetic fields on PMTs are stronger, when the
distance is greater between cathode and amplification mechanism. Furthermore the size
of the first dynode respectively the MCP is important. The smaller the first dynode or
the MCP the less electrons reach the amplification mechanism and the less photons can
be measured.
The PMTs in JUNO would be exposed to the earth magnetic field with a magnetic
flux density of about 44.8µT unshielded [53]. But because the high energy resolution
depends on the performance of the PMTs, the magnetic flux density has to be reduced
to a value less than 5µT, because up to this value the PMT manufacturer can ensure
the full functionality [96]. Furthermore it has been tested that the PDE of the JUNO
PMTs reaches the desired value, when the PMTs are exposed to a magnetic flux density
of less than 10% of the earth magnetic field.

72



5 PMT mass testing system

There are several reasons to introduce the PMT mass testing system, which is build into
shipping containers. It is used to test and characterise the 20 inch PMTs for JUNO:

1. The measurements discussed in section 6, are meant to characterise a testing stand
in the laboratory. It will be capable to do complementary and validating measure-
ments for the container system. Therefore one needs an understanding of the
container system and the investigated parameters.

2. In the section 6 measurements will be described that will improve the performance
of the container system.

3. A part of the time that was forseen to go into measurements instead was put into
the construction of the containers together with the other group members working
for JUNO. Moreover a presentation about the PMT testing system was prepared
and conducted at the DPG Frühjahrstagung in Münster. Thus the testing system
is also part of this thesis and has to be described.

The PMT testing system consists of four containers, whereas the design of the first two
and the last two containers differs slightly. The first two containers are supposed to do an
acceptance test of the PMTs, to see whether the PMTs fulfill the requirements, which are
needed to reach an energy resolution of 3%/

√
E(MeV) with JUNO. These requirements

concern every parameter, which was introduced in section 4.2 like a low TTS, a high DE
and a low dark count rate to repeat just a few. The measurements is fully automatic, as
it is described in section 5.2.3 and a full measurement cycle needs about 24 hours, after
whom the PMTs must be exchanged. Together with 31 tested PMTs also five reference
PMTs are tested to to monitor the stability of the measurements and the environmental
conditions and to calibrate the light sources. Thereby one reference PMT stays in the
same drawer every time, whereas the other four change drawer each run.
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The two last containers shall characterise the already potted PMTs, which are as similar
as possible to the final design used in JUNO. So all of the 20,000 20 inch PMTs will be
tested at least twice with the container system, once in container 1 and 2 and once in
container 3 or 4.
In the following section the requirements of the testing system will be described. After-
wards the structure will be discussed, followed by a section about the performance of
the first container.

5.1 Requirements of the testing system

There are some requirements that the testing system shall fulfill:

1. The testing system should be transportable, because the construction of the system
happens in Germany, but the testing takes place in China near the experimental
site and near the PMT manufacturer.

2. The tested PMTs have to be shielded against the earths magnetic field because
the performance of 20 inch PMTs suffers under the influence of the earth magnetic
field and they will also shielded in the final experiment. This means the magnetic
field around the PMTs has to be lower than 10% of the earth’s magnetic field.

3. The temperature around the PMTs should be controllable to test them all under
the same thermal condition. Furthermore one has the option to simulate an aging
process by repeatedly increasing and decreasing the temperature.

4. It is necessary to test a maximum number of PMTs simultaneously, because of the
high number of PMTs and the tight timing schedule.

5. Every parameter, which was described in section 4.2, and some more should be
tested in the testing system.

6. The system has to be light-tight to have no photons hitting the PMTs except the
intentional ones.

7. The different measuring slots should yield comparable results for the same PMT
and the same measurement. Those results also should be consistent over time.
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5.2 Structure
The structure of the PMT mass testing system will be described in the following sections
with comments about the way of meeting the described requirements of the previous sec-
tion. Thereby only the design of the first two containers will be discussed for simplicity.
Firstly the used container will be described followed by an overview about the shelf
system.

5.2.1 Used containers

To fulfill the requirement of transportability the testing system gets installed into com-
mercial shipping containers, which then can be send to the testing site in China. These
containers have a internal space of 600× 225× 250cm (length×width×height). They
are equipped with Heating, Ventilation and Air Conditioning (HVAC) units for a reg-
ulated temperature and humidity. One can also use these units to simulate the aging
process of the PMTs. This can be done with increasing and decreasing the temperature
multiple times as already mentioned.
To yield a magnetic field flux density lower than 10% of the earth magnetic field the
interior of the containers are equipped with a shielding consisting of six alternating layers
of silicon-iron and aluminium. This shielding has some weak points at the doors and at
the air vents for the HVAC unit. This can also be seen in section 6.2.
The weak spots can be covered up by using Finemet, which is a nanocrystalline soft foil
with a high permeability [97]. The foil can be arranged as a curtain or can be used to
wrap the drawer boxes, which will be described in section 5.2.2.
Furthermore the containers are light-tight and to reduce photon reflections from any
light sources the interior of the containers is painted black.
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5.2.2 Shelf and drawer boxes

Each container is equipped with a shelf. It contains the maximum amount of usable
drawer boxes, which can be fitted into a container, to fulfill the fourth requirement of
measuring as many PMTs as possible at the same time. The resulting design can be
seen in figure 5.1. It consists of 36 drawer boxes, whilst on the opposite container wall
to the shelf, holders are fixed to facilitate the loading of a PMT into a drawer. Also a
schematic view of the drawers is shown. All components, which will be described in the
next sections are designed to prevent magnetism. This means that the shelf is made up
of aluminium profiles.

Figure 5.1: Sketch of the shelf installed into a container [86]. On the right side the
holders for the drawers are shown. Furthermore in the last column drawers
are depicted in a pulled out position with indication of a 20 inch PMT and
its attachment.
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Drawer boxes

Each drawer box can be equipped with a dynode or a MCP PMT and is an independent
measurement system. Therefore the boxes are designed to prevent light leaking from
neighbouring boxes. The structure of a drawer box is depicted in figure 5.2 with the
indication of the different parts. The drawer can be pulled out of the drawer box to load
a PMT in, which is fixed into it with belts. When the drawer is closed, the PMT sits
in front of a cardboard tube. The inside surface of the tube is equipped with a Tyvek1

layer, which covers about 30cm in front of the PMT. The position and length of the
Tyvek is chosen for a homogenous light distribution on the PMT. This light distribution
with respect to Tyvek position was simulated by Simon Reichert in Hamburg [98] and
David Blum in Tübingen [99], because a homogoneous light distribution is crucial for
the measurement of the PDE. To the rear of the cardboard tube the light sources are
mounted, which will be described in the following section.
Every drawer is also equipped with signal and HV cables for power and readout of the
PMTs and temperature sensors. The temperature in every drawer box is monitored.

Figure 5.2: Scheme of a drawer box with indication of the different parts [100].

1Tyvek is a brand name for nonwoven fabric made out of polyethylene.
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Light sources

Each drawer box contains two different light sources, which will be briefly described
in this section and further discussed in section 6.1, because they are also used in the
measurements within the scope of this thesis.
One needs two different light sources to measure all the parameters described in section
4.2. The first one is a stabilized LED important for majority of the measurements. These
LEDs were developed by Joint Institute for Nuclear Research (JINR) in Dubna and are
stabilized with an internal light detector and a control circuit to keep the intensity in a
range of about 2%. Furthermore their intensity is adjustable for each LED individual to
reach a different PE per pulse value, which is necessary for the different measurements.
In figure 5.3 one can see the layout of a light holder. The LED is attached to a flat
ribbon cable, which connects the LED with a microcontroller. The microcontroller is for
the adjustment of the intensity of the LED [101] and has also the possibility to trigger
them. This possibility is not used, because the LED is also connected with a cable to an
external trigger. The head of the LED is screwed into a PVC holder and a collimator,
which also contains a Neutral-Density (ND) filter. A diffuser plate is then fixed in front
of the collimator. This causes a decrease in intensity, which is needed to reach the single
PE region for the PMTs.

Figure 5.3: Structure of the light sources holder with indication of the different parts.
This sketch is made by Alexander Tietzsch.

The second light source is a picosecond laser with a pulse width of about 35ps, which
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is mainly used for the TTS measurement. The laser light is divided via a fiber splitter
and is delivered to each box with individual optical fibers. This means the intensity of
the laser light can only be adjusted for all boxes at once.
In figure 5.3 one can see, how the optical fiber from the picosecond laser is guided
through the PVC holder and attached to a ferrule clamp.

5.2.3 Readout electronics

With the help of figure 5.4 the used readout electronics will be described. In the figure
one can see the circuits consisting of the different devices. A main advantage of the
readout system is that it can be remote controlled with a computer using software
based on LabView. It was developed at the Eberhard Karls Universität Tübingen. This
software also controls the waveform generator for the LED or laser trigger signal. It
does the adjustment of the LED intensity with the microcontroller and regulates the
HV supply for each PMT.

Figure 5.4: Sketch of the Readout electronics for the mass testing system. This graphic
is made by Alexander Tietzsch.

A measurement takes place in the following way: The program adjusts the intensity
and the trigger for the light sources and the HV of the PMTs. Then the PMT signal
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goes into a signal splitter followed by readout electronics from CAEN to perform the
different measurements with discriminators, scalers and digitizers. The data is carried
via an optical link bridge connected to a PCI card, over to the computer, where it is
saved and monitored by the LabView program.

5.3 Performance

This section shows the performance of the first two containers, fulfilling a requirement
that a box yields the same results when one repeats measurements with the same PMT.
Furthermore the performance for yielding the same results is shown, when one puts the
same PMTs in different boxes.

Figure 5.5: Plot of the PDE over time in percentage for the five reference PMTs. The
green line describes the stationary PMT, whereas the other colored lines
indicate the rotating PMTs [102].

As already mentioned at the beginning of this chapter, there are five reference PMTs.
Whilst four reference PMT change the drawer box each run, one stays stationary. If one
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creates a histogram of e.g. the PDE efficiency, one can recognise the variation over time
or for different drawer boxes. In figure 5.5 one can see the PDE in percentage plotted
with respect to the time in days. Because every run takes about a day, every day is
equal to a different run. The green line represents the stationary reference PMT, whilst
the other lines represent the rotating reference PMTs.
As one can see the lines are on average stable within 1%, but the green line shows some
variations, which was caused by a connection between the controller and the LED. This
shows that the reference PMTs show very similar results regardless of their drawer box
and the time.

Figure 5.6: Plot of the PDE in percentage in different drawer boxes. In some boxes the
PMTs were measured twice. The scale starts with 101 and ends with 137 to
represent the 36 drawer boxes [102].

This can be supported by the plot in figure 5.6, which shows the PDE in percentage over
the box number (Channel_ID). The scale starts with the number 101 and ends with the
number 137 for the 36 drawer boxes. Because the stationary PMT would only represent
one drawer box, it is not depicted in this plot. Again this shows that results are very
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similar for different drawer boxes within 1% on average. The results are reproducible,
because sometimes the PMTs were measured twice in the same box and then show very
similar results.
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This chapter describes the measurements made for characterisation of the PMT testing
facility in the laboratory and the used light sources. Some conditions are the same for
all measurements except the ones concerning magnetic fields. These conditions are:

• The measurements are done in a wooden box, which is closed light-tight.

• The used PMT is powered with the CAEN N1471 Power Supply Module.

• The CAEN Mod. N967 8K Multichannel analyzer (in the following analyzer) is
read out with a computer. The Ortec Model 566 Time-to-Amplitude Converter is
also read out with the computer over the analyzer.

• All pictures showing analyzer spectra are made with ROOT because the readout
program of the analyzer saves the data in .root files and because ROOT is capable
of fast plotting and statistical methods [103].

• The spectra are normalised to the rate, whilst all events are divided by the time
of the measurement to make the different measurements comparable.

• The analyzer’s channels are converted to time or voltage using the formulas, which
will be shown in section 6.1.

In the following section the used hardware will be described. What follows are the
different measurements, whereby the structure for the sections is usually the following:

1. Description of the experimental setups and the measurement procedure.

2. Discussion of the results and interpretation.

3. Eventually comparison to other measurements or subsequent measurements.
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6.1 Characterisation and description of used hard- and
software

To understand the measurements later in this chapter, one needs to know the used
electronics standards and the hardware. Therefore the following section describes the
used electronic standards. Afterwards a section will show the used hardware, followed by
the characterisation of some of the hardware devices is discussed. All in- and outputs of
the following electronic devices are suited to connect with LEMO 00 coaxial connectors
unless otherwise specified. Sometimes adapters have to be used, but this will not be
specified further.

6.1.1 Electronic standards

Because in the following description of the used hardware components the different
electronic standards will be used, they will be briefly described in the following.
The electronic standard mostly used in this thesis is the Nuclear Instrumentation
Modul-Standard (NIM), whereas the Transistor–Transistor Logic (TTL) is rarely need-
ed in the following measurements. The two standards differ mainly in their definition of
the logic zero and the logic one, which one can see in the table 6.1. NIM uses negative
voltages to define the logic 1 and a voltage around zero to define the logic 0, whereas
TTL uses positive voltages for the logic 1 and again a voltage around zero for the logic 0.
The input voltage yields the value, which an instrument accepts as logic 0 or 1, whereas
the output value shows, what an instrument has to provide, when the output is defined
as NIM or TTL.

Table 6.1: Comparison of the logic 1 and 0 of NIM and TTL [104]. Because TTL uses
only positive voltages, the plus sign in the third column is dropped.

Standard NIM TTL
Logic 1 (Input) −1.8 V to −0.6 V 2.0 V to 5.0 V
Logic 0 (Input) −0.2 V to +1.0 V 0.0 V to 0.8 V
Logic 1 (Output) −0.9 V to −0.7 V 2.4 V to 5.0 V
Logic 0 (Output) −0.5 V to +0.5 V 0.0 V to 0.4 V
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6.1.2 Description of used hardware

The used hardware will be described starting with a magnetic field sensor, followed
by readout electronics for the testing stand. Also the used oscilloscope, PMT and light
sources will be described. The focus is on the parameters and functions that will be used
in this thesis. The abbreviation in brackets after the names denotes, how the electronics
will be indicated in setup layouts. This can also be found in the list of abbreviations of
the electronics used in sketches.

Magnetic field sensor FLC3-70

The magnetic field sensor FLC3-70 is a fluxgate sensor sensitive in three axes. It has a
measurement range from −200 µT to 200 µT, when it is operated with a supply voltage
of 12V [105]. The measurements with the sensor is done, whilst connected via an
USB port to a Laptop. With the use of the program HTerm, the sensor yields three
values corresponding to the three measuring axes. The values given by the program are
produced by the Analog-to-Digital Converter (ADC) of the sensor and are therefore
directly related to the measured voltage, which then depends on the magnetic flux
density. The calibration of the sensor was done by the Aachen University yielding the
following connection between the ADC, the voltage and the magnetic field density value
[93].

U = CADC ·9.37529 ·10−2 mV (6.1)

U is the output voltage of the sensor and CADC denotes the absolute value of the ADC-
channels, which is given by

CADC =
√
C2
x +C2

y +C2
z . (6.2)

Cx denotes the ADC value corresponding to the magnetic field density in the direction
of the x-axis. For Cy and Cz it is analogous.
Because a voltage of 1V corresponds to 35µT one gets for the conversion

B = 9.37529 ·10−5 ·CADC ·35µT . (6.3)

B is the absolute value of the magnetic field density, which is the important value in
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this thesis, whereas the possibility to measure single components of a magnetic field is
not used. The accuracy of the magnetic field sensor is 0.5µT at 20◦C.

Agilent 81130A Pulse Pattern Generator (Pulse)

The Agilent 81130A is a pulse generator, which can be used to create different pulses of
variable frequencies, pulse widths and amplitude. The used model is the channel model
81132A, which has the following key features to name just the crucial ones for this thesis
[106]:

• Frequency range: 1kHz−660MHz

• Period range: 0ns−3µs

• Width range: 750ps− (period−750ps)

• Amplitude range: 100mV−2.5V

As one can see the width range is depending on the period. The pulse generator has two
outputs, one with positive and one with negative signals, which can be used to calibrate
the N967 ADC and to supply LEDs. In the following the Agilent 81130A Pulse Pattern
Generator is referred to as pulse generator or as Pulse in the setup drawings.

CAEN N93B Dual Timer (DT)

The CAEN N93B Dual Timer consist of two identical segments, which have a start, veto
and reset input and four outputs. There are two normal outputs, one end marker output
and an inverse output. The inputs accept and the outputs provide either NIM or TTL
signals.
The start input starts the timing cycle of the dual timer, in which a pulse is created
with an adjustable width in the range of 50ns to 10s. This pulse is passed to the two
outputs with the adjusted width and as NIM or TTL signal, which can be selected via
a switch. The width is adjustable with a 9-position rotary coarse switch and a 10 turn
rotary fine handle. The end marker output yields a 8ns (10ns) wide NIM (TTL) signal
at the end of a timing cycle. The reset and veto inputs can be used to reset the timing
cycle or to disable the starting operation. There is also a switch named start to trigger
a single timing cycle [107].
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In this thesis the dual timer is always used to produce a pulse with known frequency,
amplitude and width. Therefore the end marker of the first segment is connected to the
start input of the second segment and the end marker of the second segment is connected
to the start input of the first one. When activating the start switch, one of the segments
starts a timing cycle, at whose end the second segment is triggered to also start a timing
cycle. At the end of this timing cycle the first segments starts a timing cycle and so
forth. The output of one of the segments is then used to trigger e.g. an LED. In this
work always the second segment’s output is used for triggering. This means the width
of the trigger pulse can be adjusted with the switches on the second segment, whereas
the frequency depends on the width of the first segment because a wider pulse means
longer timing cycles and therefore longer times between the start signals for the second
segment. The frequency is also adjusted with the width switches of the second segment,
but because this also changes the width it is useful to adjust the frequency only with
the switches of the first segment.

CAEN Mod. N967 8K Multichannel analyzer (ADC)

The CAEN Mod. N967 8K Multichannel analyzer is a so called ADC and is therefore
capable to convert a signal coming from the electronics to a format readable by a com-
puter. The analyzer has four inputs, two outputs and one B type USB connector. Only
two inputs are used, namely the standard input and the gate input, whereas data is
transferred to the computer via USB. The conversion of an analogue to a digital signal
can be triggered via an internal discriminator named Auto Gate mode, which enables
conversion as long as the signal is above the configured threshold. The analyzer finds
the highest peak in the gate opened with the internal discriminator and transferres the
ADC value via an USB connection to the computer. Otherwise the conversion can be
triggered via a external gate fed into the gate input. In this gate the analyzer extracts
the highest peak and sends the ADC value of the peak to the computer.
The analyzer has the following features [108]: It has an input range of 0V− 10V cor-
responding to 8064 channels. It has a conversion time of 0.8µs, which is the time it
takes to convert the analogue input signal to a digital one. The CAEN Mod. N967 8K
Multichannel analyzer has also a dead time of 4.8µs, in which no inputs are measured.
The analyzer is used throughout all measurements to collect the data via a readout
program written by Daniel Bick. Because the analyzer can only measure a peak height,
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one does not get the waveform of the signal but a signal height spectrum. The CAEN
Mod. N967 8K Multichannel analyzer is referred to as analyzer or ADC in the rest of
this thesis.

LeCroy 428F Quad Linear Fan-In/Fan-Out (LIN)

The LeCroy 428F Quad Linear Fan-In/Fan-Out is a module, which has four inputs,
four outputs, a switch for changing the output signal from normal to inverted and a
screw-trimmer to control the baseline [109]. Its purpose is to combine the inputs and
give the combination to multiple outputs. The four input signals can be positive or
negative, whereas the output signals have a range of −2V−100mV in normal mode and
−1.5V−100mV in inverting mode.
The LeCroy 428F Quad Linear Fan-In/Fan-Out, which is in the following referred to as
fan-in/fan-out or LIN, is used in this thesis only to multiply an input signal onto several
outputs.

CAEN N1471 Power Supply Module (HV)

The CAEN N1471 Power Supply Module is a device to create high voltages. It has four
outputs that can yield a voltage of up to 5600V to BNC connectors [110]. The output
voltage can be adjusted in 100V steps via a rotary switch. The voltage, the current and
the active channels can be seen in a display. Every channel has a switch with the option
“on”, “off” and “kill”, where the last option cuts the voltage immediately. In this thesis
the CAEN N1471 Power Supply Module is used for the supply voltage of the used PMT.
It is referred to in the following as power supply or HV.

Ortec Model 566 Time-to-Amplitude Converter (TAC)

The Ortec Model 566 Time-to-Amplitude Converter is able to convert a time difference
to a voltage. Therefore it has a start and a stop input and an output. The inputs can
be negative or positive, which can be selected via a jumper [111]. In this thesis negative
inputs are used. The time difference is measured, once the start input signal exceeds
the threshold of −400mV until a signal exceeds the same threshold at the stop input.
After the conversion time of about 5ns a positive output signal is yielded with a voltage
amplitude depending on the time difference. The output voltage ranges from 0 V to
10 V, which means that the output is suited for the input range of the analyzer.
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The time resolution of the TAC is for FWHM 0.01% of the adjusted range plus 5ps. With
one rotary switch one can adjust the time window, in which a delay can be measured,
to be 50, 100 or 200ns. Another rotary switch is used to multiply this range with 1
to 10000. This yields a variety of time ranges, which the Ortec Model 566 Time-to-
Amplitude Converter can measure. It yields an output, when the internal or external
strobe gives a gate. In this thesis only the internal strobe is used and the device is called
TAC.

Lecroy 222 NIM Dual Gate and Delay Generator (DG)

If one needs to delay a signal, one can use the Lecroy 222 NIM Dual Gate and Delay
Generator. Amongst its other in- and outputs the Lecroy 222 NIM Dual Gate and Delay
Generator has a start input and a delay output [112]. The input signal can be NIM or
TTL, whereas the delayed output yields a NIM signal. With a rotary coarse switch and
a fine scre-trimmer the delay can be adjusted. This device is only used in this thesis to
calibrate the TAC and is in the following referred to as dual gate generator or DG.

Ortec 474 Timing Filter Amplifier (AMP)

To amplify the PMT signals the Ortec 474 Timing Filter Amplifier is used. It has only
one input and one output. Amongst the rotary switches for RC-differentiation and RC-
integration, which are not used in this thesis, there are two rotary switches for coarse
gain and fine gain. The factor of amplification can be seen in section 6.1.3 because in
this section the Ortec 474 Timing Filter Amplifier will be characterised. Furthermore
there is a switch to change between normal and inverted signal. The output range is 0
to ±5V, while the input accepts positive or negative signals with 0 to ±1V [113]. In
the following Ortec 474 Timing Filter Amplifier will be referred to as amplifier or AMP.

N978 4 Channel Variable Gain Fast Amplifier (CAENAMP)

A second choice as amplification device is the N978 4 Channel Variable Gain Fast Am-
plifier. The gain can be adjusted via a rotary switch from 0 to 10. It is capable of
amplifying positive or negative signals to yield and output of ±2V and has an input to
output delay of ≤ 3ns [114]. One can also adjust the offset via screw-trimmers. In the
following this devices is referred to as CAEN amplifier or CAENAMP.
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CAEN N89 NIM-TTL-NIM Adapter (NIMTTL)

The CAEN N89 NIM-TTL-NIM Adapter is module, which is capable of convert TTL
to NIM signals or vice versa. Because it is used in the TTS measurements one needs to
know the input to output delay, which is ≤ 8ns for NIM to TTL conversion and ≤ 10ns
for TTL to NIM conversion. In the following it is named NIM to TTL adapter, TTL to
NIM adapter or NIMTTL.

CAEN N455 Quad Coincidence Logic Unit (AND)

For the conjunction of signals with a logic “and” or with a logic “or” one can use the
CAEN N455 Quad Coincidence Logic Unit. In this thesis only the “and” setup is used.
This means an output is created, when in both inputs a signal equal to the logic 1 of
the NIM standard is applied. The output is then also a NIM signal and its width can
be adjusted with a scre-trimmer [115]. In the following this device is called coincidence
unit or AND.

CAEN N844 8 Channel Low Threshold Discriminator (LTD)

The CAEN N8448 Channel Low Threshold Discriminator can be used to suppress low
amplitude signals and therefore to suppress dark current. It has 8 different input chan-
nels and for every input two normal and one inverted output. The normal outputs yield
NIM signals with an adjustable width from 6ns to 106ns. The threshold can be adjusted
from −255mV to −1mV [116]. The input to output delay amounts to 10.5±1.5ns. The
CAEN N844 8 Channel Low Threshold Discriminator is in the following named discrim-
inator or LTD.

Tektronix MSO 4104 (Osci)

The used oscilloscope is the Tektronix MSO 4104. It has four inputs and can therefore
be used to look into four different signals at once. With this device many values can be
measured like amplitude, delay, frequency and many more [117]. It is used in this thesis
for calibration of setups and devices and is named oscilloscope or Osci.
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Hamamatsu 2-inch, R1828-01 (PMT)

The PMT, which will be investigated in this thesis is the Hamamatsu 2-inch R1828-01
PMT. It is a head-on PMT with the following two main features [118]:

• Wavelength of maximum response: 420nm

• Electron transit time: 28ns

Picosecond Diaode Laser - PiLas (Laser)

One of the used light sources is the Picosecond Diaode Laser - PiLas, which will be
reffered to simply as laser. This laser consists of a control unit and a laser head. This
laser head has some optics attached to like a collimator and a filter, which reduces its
output intensity. The intensity can be adjusted with a rotary switch from 0 to 100%
at the control unit, where 0% stands for the least filtering and therefore for the highest
intensity. The Picosecond Diaode Laser - PiLas has the following features [119]:

• Pulse width: 34ps

• Frequency: Adjustable 100Hz−120MHz

• Wavelength: 422.1nm

• Internal trigger output delay: 24ns

In this thesis the Picosecond Diaode Laser - PiLas is referred to simply as laser. The
laser is used in this thesis only with a pulse rate of 50kHz and with the internal laser
trigger. The laser head is always kept outside of the dark box, but a hole is drilled
through the box to fit the optical fiber inside. Afterwards the hole is sealed with black
tape. Between the laser head and the fiber a filter optics is attached, which lowers the
Laser’s intensity to the seen values.

Stabilized LEDs (LED)

The other used light sources are stabilized LEDs from JINR Dubna. The LEDs are
connected with a flat ribbon cable to a micro controller [101]. They are powered by
and can also be triggered with the micro controller, but for the measurements in this
thesis, they are always triggered with the dual timer. Therefore they are connected with
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a LEMO 00 cable to the dual timer, which gives pulses with the following properties
measured with the oscilloscope:

• Amplitude: 816mV

• Width: 198.5ns

• Frequency: 5976Hz

The stabilized LEDs have an internal light detector to realise a control circuit to keep
the light intensity stable. Their intensity can be adjusted with a setpoint from 0 to 4000
and the wavelength of the emitted light is between 300 and 500nm. The duration of the
pulse is between 5 and 20 ns. They are simply referred to as LED or LEDs.

6.1.3 Characterisation of hardware

In this section the characterisation of the analyzer, the amplifier and the TAC is shown.

CAEN Mod. N967 8K Multichannel analyzer

To interpret the results of the measurements in the following, one needs to investigate
which channel corresponds to which voltage on the analyzer’s input. Therefore the
positive output of the pulse generator is connected to the standard input of the analyzer,
which is like in all following sections connected via a USB cable to the computer. This
setup is sketched in figure 6.1.

Pulse ADC PC

Figure 6.1: Setup for the characterisation of the CAEN Mod. N967 8K Multichannel
analyzer.

The pulse generator’s output is then adjusted in 100mV steps from an amplitude of
100mV to 2.5V to create 25 data points. The output voltage of the pulse generator
is for every data point measured with the oscilloscope and with the analyzer. This
yields data points consisting of channel numbers depending on the input voltage. The
spectrum of these data points can be fitted via a linear regression with the program
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gnuplot [120]. This can be seen in figure 6.2. The fit function generated with gnuplot is
shown in equation (6.4).

Figure 6.2: Data points showing the correlation of input voltage to ADC channel number
to characterise the analyzer. The linear regression line is also shown.

C(U) = (1.6551±0.0083) ·U [mV] + (91.11±12.58) (6.4)

C is the ADC channel number, whereas U the input voltage in millivolt denotes. The
errors are the asymptotic standard error for the two fit parameters. This is also valid
for all following linear regressions.
Because the analyzer has 8064 channels and a sensitive range of 0 V to 10 V, one expects
the linear correlation shown in equation (6.5).

C(U) = 0.8064 ·U [mV] (6.5)

Here again is U the voltage in millivolt. Comparing these two equations shows that the
slope of the fit function is nearly twice the slope of the expected function. If the fit
function describes the full range of the analyzer this means the maximum range would
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be about 4.8V. Therefore one can doubt that the linear correlation found with the fit is
also valid for ranges above 2.5V and below 100mV. Furthermore the fit function shows
an offset of about 91.11 channels.
In the next two sections the behaviour of the analyzer will be investigated further because
the characterisation of the amplifier and the TAC is done with help of the ADC.

Ortec 474 Timing Filter AMP

Because the amplifier is used to amplify and invert the signals coming from the PMT
to utilise the full range of the analzyer one needs to know, which values the amplifi-
cation yields. Therefore the setup shown in figure 6.3 is realised. The pulse generator
gives a positive pulse with an amplitude of 116mV (verified with the oscilloscope) to the
amplifier, whose negative output is then measured by the analyzer and the oscilloscope
depending on the adjusted amplification. This means the amplifier is used in the invert-
ing mode and makes a positive signal, which the analyzer can read, out of the negative
signal from the pulse generator.

Pulse AMP ADC PC

Figure 6.3: Setup for the characterisation of the Ortec 474 Timing Filter AMP.

In table 6.2 one can see the values for the input voltages, for the measured channel
number, for the channel number calculated from the voltage value using the equation
(6.4) and the channel number also calculated from the voltage value with the use of
equation (6.5). All these values are given depending on the chosen amplification factor,
whereas the last two rows describe the amplification with the fine gain switched fully
on.
The amplification labelled as x1 on the amplifier does in fact an amplification twice
as high, which is a behaviour that all other amplification settings also show. This
means the maximum amplification with use of only the coarse gain is corresponding to
4480/116 = 38.62 times. The fine gain corresponds to an additional amplification factor
of eight.
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Table 6.2: Values for different amplification for the voltage measured with the oscillo-
scope and the ADC channel number measured with the analyzer. Also the
ADC channel numbers are given, when using the linear regression from equa-
tion (6.4)) or the expected equation (6.5). The output of the pulse generator is
measured with the oscilloscope to be 116mV. For these table channel number
is referred to as Ch..

Amplification Voltage [mV] Ch. Ch. eq. (6.4) Ch. eq. (6.5)
x1 240±1 275.6±1.5 488.3±13.3 193.5±0.8
x2 488±2 498.0±2.7 898.8±13.6 393.5±1.6
x4 960±4 920.2±5 1680.0±16.1 774.1±3.2
x6 1440±6 1338.0±7.3 2474.5±21.2 1161.2±4.8
x10 2360±9.8 2125.0±11.6 3997.1±29.1 1903.1±7.9
x20 4480±18.8 3315.0±18 7506.0±47 3612.7±14.9

x1 fine gain 1920±8 1743.0±9.5 3268.9±64.9 1548.3±6.4
x2 fine gain 3880±16.2 2930.0±15.9 6512.9±40.1 3128.8±12.9

With the last three columns one can compare the ADC channel of the measured amplified
signal, the expected value calculated from the voltages given in the table with the linear
regression of equation (6.4) and the expected channel number calculated with equation
(6.5). As one can see, the values of the third and fourth column mismatch because the
calculated value is for every amplification nearly twice as high as the measured one. In
fact the measured channel numbers are closer to the values, which can be calculated
using equation (6.5).
These observations mean that the scaling of the analyzer can not be clearly determined
because it seems to depend on the signal source. Since in this thesis the analyzer is
always used with signals originating from the amplifier or the TAC, the conversion from
channel number to voltages is performed using the following linear regression made with
the voltage values and the corresponding measured ADC channels. These values are
shown in the second and third column of table 6.2.
The function of the linear regression is:

C(U) = (0.7107±0.0333) ·U [mV] + (242.38±81.28) (6.6)

This means the measurement window is equal to about 11.006±0.528V, which exceeds
the input range of 0V−10V of the analyzer because of the offset of 242.38mV. Because
the amplifier is usually used with a amplification factor of 20, one needs to divide this
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measurement window by 38.62 because this is the real amplification.

Figure 6.4: Data points showing the correlation of input voltage to ADC channel number
to characterise the cooperation of the amplifier and the analyzer. The linear
regression line is also shown.

This results then in a total measurement window of (284.98± 13.68)mV. Following
equation (6.6) one can assume that the channels below roughly 240 correspond to neg-
ative voltages. Because the analyzer only accepts positive voltages this is impossible.
Therefore one can assume that the linear function does not describe the whole range of
ADC channels. In this work it is assumed that channel 0 corresponds to 0V and channel
8064 to 284.98V.
It is to note that in general the conversion in this thesis is not crucial because the
absolute values are mostly not the point of the measurements, but the shape of the
resulting spectra. Therefore no more further investigations of the linear correlation is
done.

Ortec Model 566 Time-to-Amplitude Converter

Because the TAC measures times and converts them into an amplitude, which is then
measured with the analyzer, one has to know, which ADC channel corresponds to which
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time to interpret the resulting spectra. This will be discussed in the following, whereas
two slightly different approaches will be described.

Method using the dual gate generator: With the use of the dual timer defined pulses
are created with a fixed frequency. This signal is then divided with the fan-in/fan-out
onto three cables. One cable goes to the oscilloscope, one to the dual gate and one to
the TAC as start signal. The dual gate is used to create a delayed signal, which is then
again divided with the fan-in/fan-out and the fed into the oscilloscope and to the TAC
as stop signal. The TAC’s output signal is the given to the ADC and therefore to the
computer. Because the TAC has an output range of 0 V to 10 V and the analyzer has an
input range of 0 V to 10 V, these devices can work together without further adjustments.
The TAC’s timing window is adjusted to be 200ns, which means the range switch is set
to 200ns, whereas the multiplier switch is set to x1.

DT

Osci

LIN

TAC ADC

PC

DG: Delay

LIN

Start

Stop

Figure 6.5: Setup for the characterisation of the TAC with the dual gate generator.

The described setup can be seen in figure 6.5. It is crucial that the cables from the
fan-in/fan-out to the oscilloscope and to the start input of the TAC have the same
length. Analogous also the cables from the second fan-in/fan-out to the oscilloscope and
the TAC have to be equally long because otherwise the difference in cable lengths would
lead to an additional delay and therefore the delay measured with the oscilloscope would
not be the same as the delay measured with the TAC.
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Figure 6.6: Data points showing the correlation of delay time to ADC channel number
to characterise the TAC with the dual gate generator. The linear regression
line is also shown.

The delay is adjusted with the dual gate generator in a range of approximately 80ns to
about 200ns in roughly 10ns steps. This delay is measured with the oscilloscope and
with the combination of TAC and analyzer, which leads to a spectrum of data points,
where the ADC channel numbers are correlated to the delay time in nanoseconds. These
data points can be seen in figure 6.6 together with the linear regression used to fit the
data points.

The fitting function follows equation (6.7). The errors are again the asymptotic standard
error. The error on the y-intercept is twice the size of the parameter. This originates
from the distance from the data points to the origin because they start just at 79.5ns.

C(t) = (39.204±0.337) · t[ns] + (28.129±50.95) (6.7)

C is again the ADC channel number, whereas t denotes the delay time in nanoseconds.
When one assumes that the 200nsecond range is divided to the 8064 channels of the

98



6.1 Characterisation and description of used hard- and software

analyzer, one gets the following equation.

C(t) = 40.32 · t (6.8)

Here t is also in nanoseconds. When comparing these two equations one sees that the
slope of the functions are nearly equally. Only the offset in the equation (6.7) is a big
difference, but in the range of the errors one can consider these two equations as nearly
equivalent. In the measurements in section 6.5 the experimental determined equation
(6.7) will be used to convert ADC channels to nanoseconds because these measurements
are made with the investigated time range of the TAC. Analogously to the reasoning for
the analyzer’s measurement window, the measurement window for the TAC is assumed
to be from 0ns to (204.976±2.19)ns.

Method using cables: The previously discussed method does not have a data point
below 80 ns, but in the measurements of section 6.5 one sees that the TTS is in a lower
range. Therefore it is suitable to use a measurement window of 100ns and have data
points in a lower range to calibrate the TAC in the range, where the actual measurement
will take place.
To do so the setup shown in figure 6.7 is realized. The dual timer is again the pulse
source. Because the calibration is done with different cable lengths, the relevant cable
lengths are also shown. The signal from the dual timer goes over a 3m cable as start
signal to the TAC and with a 1m cable to the LTD. The LTD has an input to output
time of (10.5± 1.5)ns, which is equal to the time a signal needs to travel through 2m
of cable. The signal of the LTD goes then through a cable with a different length for
every measurement to the TAC as stop signal. The delay is for every measurement also
checked with the oscilloscope.

DT TAC ADC

PCLTD

l = 1m

l = 3m, Start

l variable, Stop

Figure 6.7: Setup for the characterisation of the TAC with cables.
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Figure 6.8: Data points showing the correlation of delay time to ADC channel number
to characterise the TAC with cables. The linear regression line is also shown.

With four different cables of the length 2, 3, 10 and 20m one gets four different delays
as data points. These data points can be seen in figure 6.8 together with the linear
regression used to fit them.

The function for the linear regression reads:

C(t) = (77.765±1.231) · t[ns] (6.9)

This time the regression is forced to hit the origin because otherwise one gets a negative
value for the y-intercept, which cannot be physically explained. When one assumes that
100ns are divided into 8064 channels one gets:

C(t) = 80.64 · t (6.10)

Comparing these two equations shows that the slope is nearly identical. The measure-
ment window is assumed to be from 0ns to (103.697±1.641)ns. These calibration will
be used in all TTS measurements except those, where a 200ns measurement window
was used.
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6.2 Magnetic field
Many magnetic field measurements are done as part of this thesis in collaboration with
the bachelor student Felix Sorgenfrei. Because he already displayed those measurements
in his bachelor thesis [121], only an example is given in this thesis. This point is also
valid for the section 6.3.1.

6.2.1 Experimental setup

Because the containers for the mass testing system have to be shielded against the earth
magnetic field a company named EMV-tech was engaged to improve the containers with
six alternating layers of silicon-iron. The goal is a magnetic field strength of about (5µT
because this is 10% of the earth magnetic field [122]:

BBerlin = 49.594µT, BHamburg = 49.68µT

B is the magnetic field strength. As shown above the earth magnetic field in Hamburg
and in Berlin are comparable. In Hamburg the second container had still some points
of high magnetic field strengths. Therefore it is reasonable to travel to Berlin, where
EMV-tech equips the container, and measure the magnetic field strength in the third and
fourth container, before they are brought to Hamburg. A possible lack of shielding can
there be easily handled by the company. The measurements are done with the Magnetic
field sensor FLC3-70 (see section 6.1.2). Since the weak points in the containers are only
at the front or the back end, respectively at the doors and at the ventilation, which has
been confirmed with prior measurements, a measuring grid is applied at the front and
at the back in 10cm distance to the walls. This grid can be seen in figure 6.9 (a).
Because it was discovered that the magnetic shielding of the first container got worse
after the transportation to China, the containers are also measured in Hamburg to look
into a change of the shielding due to the transportation from Berlin to Hamburg. Three
measuring grids are applied on each side in the distance of 0, 30 and 60cm. These grids
can be seen in figure 6.9 (b).
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6.2.2 Results

The results of the measurements are depicted in figure 6.9. The colours indicate the
magnetic field strength. Yellow or 8 corresponds to 8µT and everything above because
this gives a better distinction, since some points are above 11µT. If one applies the
colour scale to such high numbers, the contrast in the region of interest (0 µT to 6 µT)
becomes worse.
As one can see in figure 6.9 (a) the shielding in Berlin is in all points acceptable except
the yellow one, which corresponds exactly to (8.0± 0.5)µT. This point is directly in
front of the venting gap, what explains the high value. In general it was known that the
shielding does not suffice because the ventilation and the doors cannot be fully covered
and that one has to improve the shielding with finemet. Therefore one can approve the
shielding in Berlin.
In figure 6.9 (b) one can see that there are many yellow points after the transportation
directly at the walls. This is not expected because the measuring points in the left side,
which have admittedly a distance of 10cm to the walls, show a way lower magnetic
field strength. For example in the front right corner of figure 6.9 (a), the magnetic field
strength is between 1 and 3µT, whereas the same corner in figure 6.9 (b) shows even at
a distance of 30cm to the wall a magnetic field strength above 6µT. It is safe to say
that overall the magnetic field strength is increased after the transportation because the
median of all points before the transportation is (1.97± 0.50)µT, whereas the median
afterwards is (3.98± 0.50)µT. This means that a difference of (2.01± 0.50)µT occurs.
The uncertainty on the values comes from the accuracy of the magnetic field sensor
because this is effect dominates over the reading accuracy.
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(a)

(b)

Figure 6.9: Comparison of the magnetic field strength in a container before the trans-
portation in Berlin (a) and after the transportation in Hamburg (b).

There are two possible explanations for this behaviour:

1. The container has a different orientation with respect to the axis of the earth mag-
netic field. The layers of silicon-iron have a certain direction, in which they block
the magnetic field. When one rotates the container, the shielding of the differ-
ent parts of the earth magnetic field would change. Furthermore the horizontal
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and vertical part of the earth magnetic field slightly differs between Hamburg and
Berlin.

2. During transport the material of the container was subject to mechanical stress.
Hence the tightness of the silicon-iron could have loosened, which could allow for
the magnetic field flux to go through parts of the shielding.

6.3 Dark current
As shown in section 4.2 dark current is a crucial parameter for PMTs. Therefore it is
measured for the used PMT in this thesis.

6.3.1 Experimental setup

The PMT situated in the dark box is connected with the amplifier, whose output is then
connected with the normal input of the ADC. The internal discriminator of the ADC is
set to zero. The amplification factor of 20 is used on the amplifier without applying any
fine gain. This setup can also be seen in figure 6.10. The measurements are performed
over night and have therefore a measurement time of at least 17 h, as one can see in table
6.3. The measurements are completed with different supply voltages to see, whether the
signal shape and the signal rate is changed like expected with increasing supply voltage.

PMT

HV

AMP ADC PC

Figure 6.10: Setup for the dark current measurements.

6.3.2 Results

The results concerning the measured dark count rate can be seen in table 6.3. As
expected the rate is increased with ascending supply voltages because the reasons for
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dark current namely leakage current, thermionic emission and scintillation from electrons
hitting the glass envelope are also dependent on the supply voltage. The rate of leakage
current events is higher with increased supply voltages because with higher voltage
smaller currents are already measured. This is a reasoning, which one can apply also to
the other two dark current causes because events, which would not be detected with lower
supply voltages, exceed the detection threshold with larger supply voltage. Furthermore
the thermionic emission rate is higher because the voltage pulls the electrons out of
the material, when they are excited by thermal effects. In the case of scintillation and
thermionic emission a higher supply voltage ensures a higher probability for the released
electrons to hit the dynodes.

Table 6.3: Measurement times and rates for the dark current measurements with differ-
ent supply voltages.
Supply voltage [V] Measurement time Events per second

1800 74h 1min 1.1270±0.002
1900 69h 19min 3.1000±0.0003
2000 21h 56min 6.676±0.001
2100 17h 33min 13.936±0.015
2200 22h 33min 34.357±0.020
2300 46h 40min 40.625±0.016

In figure 6.11 one can see the dark current spectrum for different supply voltages. When
comparing the lines one can see that the peaks move to higher voltages with increasing
supply voltages, since a higher supply voltage means a higher gain and therefore higher
signal amplitudes. The many peaks with a amplitude of less than 5mV are not expected.
These peaks could originate from a ripple in the electronics, which results in different
amplitudes of creeping currents. The high peak at around 7mV can be identified as the
pedestal, whereas the peaks one sees only in the line for 2300V could correspond to the
single and double PE events. Moreover one can identify a peak at roughly 13mV in the
line for 2300V. This peak is also there in the other spectra, but one needs a logarithmic
scale to see them.
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Figure 6.11: Dark current spectrum for different supply voltages. The focus lies on the
lower signal voltages because there one can see different peaks.

The same spectrum is depicted in figure 6.12 with a logarithmic y-axis, whereas the
x-axis is expanded to show also the higher signal voltages. The previously mentioned
peaks, which could only be seen in the line corresponding to 2300V, can be seen also
in the other lines in the logarithmic display. Because those lines show only one peak,
this peak should correspond to the single PE events, so that the second peak of the
2300V-line should also show the single PE events. The peak before the single PE peak
in the blue line can than be a tail of the pedestal.
There is a valley at around 80mV and following this valley a peak at around 110mV.
This peak could correspond to afterpulses, when a PE is ionising an molecule or atom,
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which releases several electrons at the photocathode (see section 4.2.9). Several released
electrons would also explain the signal height. Another explanation for the peak can be
external radiation like muons, which can cause Cherenkov radiation, when passing the
glass envelope.
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Figure 6.12: Dark current spectrum for different supply voltages with a logarithmic y-
axis. In comparison to figure 6.11 a wider range of the x-axis is depicted
because one can recognise the peak at around 105mV only with the loga-
rithmic depiction and therefore the focus is also on the higher voltages.

6.3.3 Further measurements: Dark current concerning glue

It was discovered that the PMTs in the mass testing system had a higher dark current
rate than expected. Moreover it turned out that the higher dark count rate originates
from the glue, which was used to fix the Tyvek to the tubes. This effect is also inves-
tigated in the scope of this thesis. Again here only an example is showed, since Felix
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Sorgenfrei covered this topic already in his bachelor thesis [121].
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Figure 6.13: Comparison of three dark current spectra. A dark current measurement
before, a measurement with the double sided tape attached to the cardboard
and a dark current measurement afterwards is depicted.

The experimental setup is equal to the setup for the regular dark current measurements.
The difference is a object right before or around the PMT and a fixed supply voltage
of 2450V. The presented example for the increase of the dark current is a cardboard,
where Tyvek was glued onto with double sided tape. After several hours the Tyvek
was ripped off and the cardboard with the double sided tape on was put in front of
the PMT because prior measurements showed that the process of detachment of Tyvek
from the glue may cause the higher dark current rate. To compare this measurements to
the regular dark current, a measurement before and after the cardboard measurement
is done. The measurement times are about five minutes, as it can be seen in table 6.4.
Because the PMT has a cool down time of about five minutes, one has to wait five
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minutes every time the dark box is opened. In figure 6.13 one can see the dark current
spectra of the regular dark currents and the dark current with the cardboard in front
of the PMT. The peaks can be interpreted as pedestal and single PE peak. When one
compares figure 6.11 with figure 6.13 one can see that the pedestal and the single PE
peak are moved towards higher signal voltages because the supply voltage is 150V higher
than the highest supply voltage in figure 6.11. As seen in figure 6.13 the spectrum of the
cardboard has clearly a higher rate than the regular dark current measurements. This
can also be noticed in table 6.4, where the rates of the different measurements in events
per second1 is given. The uncertainty on the measurement times originate from the
readout program, which does returns the time rounded on seconds. For the uncertainty
on the rate statistical methods are used. The measurement with the double sided tape
gives a rate, which is (44.37±1.15)Hz higher than the dark current measurement before.
This effect can be caused by the release of the Tyvek from the glue, which breaks the
bounding of the glue with the Tyvek. This could excite the atoms of the glue. The
deexcitation happens then with the emission of photons.

Table 6.4: Measurement times and rates for the dark current measurements of a card-
board with double sided tape on, from which the Tyvek is ripped off (top).
Also the times and rates are shown for the dark current measurements con-
cerning the tube, in which the Tyvek is fixed with staples. (bottom).
Measurement Measurement time[s] Events per second

Dark current before 304±0.5 151.58±0.75
Double sided tape 299±0.5 195.95±0.87

Dark current afterwards 298±0.5 151.33±0.76
Dark current before 3782±0.5 129.95±0.19
Tupe with staples 4410±0.5 132.72±0.17

Dark current afterwards 3457±0.5 139.55±0.20

Because in fact every glue showed effects on the dark count rate, one has to look into
another possibility. Therefore to solve the problem of the increased dark current rate,
several possibilities to attach the Tyvek to the tube were investigated. The chosen
solution is to fix the Tyvek layer with staples onto the tubes. To verify that this approach
does produce the desired dark current rate, a tube with Tyvek fixed by staples is put in

1In the following events per second will also referred to as Hz.
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front of the PMT. Then the same measuring procedure is done like it was done for the
cardboard with the double sided tape. This time the measuring times were in the order
of an hour. This can be again seen in table 6.4.
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Figure 6.14: Comparison of three dark current spectra. A dark current measurement
before, a measurement with a tube, where the Tyvec is fixed with staples
and a dark current measurement afterwards is depicted.

The spectra for the tube measurements can be seen in figure 6.14. It is obvious that
the three spectra are nearly the same and create a consent. The rates in table 6.4 also
show an agreement. The difference between the dark current measurement afterwards
and the tube measurements amounts to (6.83± 0.26)Hz, which is even lower than the
difference between the two dark current measurements of (10±0.28)Hz. Therefore the
solution with staples instead of glue can be approved. Because of the longer measuring
times, the spectra are smoother and one can identify a small peak before the pedestal.
This peak is likely to correspond to electronic noise.
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6.4 Coincidence using Laser

A coincidence setup can be used to suppress dark currents and electronic noises and to
extract the pure signal coming from photon events. Two coincidence measurements will
be showed in this thesis, one with the use of the picosecond laser and one with the use
of the stabilized LEDs. To interpret the following spectra one needs to know, how many
PEs per pulse are measured. One can use the Poisson distribution for this purpose [123]:

P (x) = θx · e
−θ

x! with x= 0,1,2, ... (6.11)

θ is the number of events occurring in a unit of scale and x is the random variable. x can
be assumed to be the number of events, when θ is assumed to be the number of PEs per
pulse. When one then looks into the probability to find none event (x= 0), this can be
approximated with the difference of the trigger rate to the measured rate divided with
the trigger rate:

P (0) = Ntrigger−Npulse
Ntrigger

= e−θ. (6.12)

Ntrigger is the rate of triggers, whereas Npulse is the rate of measured pulses. One can
rearrange this formula to get the single PE rate θ:

θ =− ln
(
Ntrigger−Npulse

Ntrigger

)
(6.13)

Whenever the PE value is given, it has been calculated with equation (6.13). It is to
note, that this value does give a good hint on the intensity and is necessary to know
to interpret some of the following spectra. It is always written PE per pulse, when the
number of photoelectrons per pulse is meant.

6.4.1 Experimental setup

The setup shown in figure 6.15 is realised: The laser is used as light source and is triggered
with its internal trigger with a frequency of 50kHz. The laser’s trigger signal is also fed
into the TTL to NIM adapter because the trigger signal shall reach the coincidence
unit, which only accepts NIM signals, whereas the laser’s trigger yields TTL signals.
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The PMT signal goes over the fan-in/fan-out to the discriminator and to the amplifier.
The discriminator’s output is connected to the coincidence unit and combined with the
trigger signal. So the coincidence unit gives only then a signal, when the trigger signal
and a PMT signal matches. The output of the coincidence unit is used to open the gate
at the analyzer, while the amplifier yields the input. The discriminator is adjusted to a
threshold of 15mV and the amplifier is set to an amplification factor of 20 and to invert
the signal. The supply voltage is 2450V.
For the coincidence measurements once the intensity is regulated from 0% to 100% in
10% steps and once the supply voltage is adjusted from 2000V to 2400V in 100V steps.
The measurement time is about 5min and between laser and PMT only the collimator
with the ND filter is placed.

Laser NIMTTL AND

PMT LIN LTD

ADC

PC

HV AMP
In

Gate

Figure 6.15: Setup for the coincidence measurements using the laser.

6.4.2 Results

Figure 6.16 shows the different spectra for the different intensities and the different PE
per pulse values. The shown peak is corresponding to the single PE events. Therefore it
is expected that the peak does not move with varying intensity, as long the intensity is
below one PE per pulse. This behaviour can be confirmed with figure 6.16, as the peaks
are clearly above each other. The left shoulder can be a tail from the pedestal or from

112



6.4 Coincidence using Laser

amplification effects. The right shoulder corresponds to double PE events. The absolute
value of the single PE peak does not match with the ones, one can see in the prior
sections and the dark current spectra. This shows a uncertainty of the experimental
setup, but at least the spectra in 6.16 show a clean single PE peak, which is the first
clean coincidence spectrum, which was ever produced with the electronics of the testing
facility. Furthermore it can be doubted that the voltages on the x-axis are the real values
because of the adjusted threshold of 15mV. This hints an insufficient calibration of the
combination of analyzer and amplifier, which was discussed in section 6.1.
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Figure 6.16: Spectra for different intensities in the coincidence measurements with the
laser. The intensity is given in adjusted percentage of the laser and in PE
per pulse.

In figure 6.17 one can see the coincidence spectra with different supply voltages. As one
expects the peak is moving with higher supply voltages towards higher signal voltages.
Furthermore the peaks are getting wider because higher gain means that the energy
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spread gets wider. This behaviour is analogous to a multiplication because this is, what
the gain basically does. Again the voltages does not match with prior results, but the
signal shapes shows a sucessful measurement.
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Figure 6.17: Spectra for different supply voltages in the coincidence measurements with
the laser. Again the intensity is given in percentage and in PE per pulse.

6.5 TTS using laser

The TTS (see section 4.2.10) is a parameter, which can be measured best with a light
source using the least pulse width because a wider pulse itself has a timing spread.
This means, the wider the light pulse, the more smeared out is the resulting delay time
spectrum. Thus a picosecond laser is suited for a TTS measurement because its pulse
width is only 35ps.
In the following two different setups for the TTS measurements with the laser will be
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presented and their results will be shown.

6.5.1 Experimental setup

Figure 6.18 shows the following setup for the TTS measurement using the laser: The
laser’s output is connected over the TTL to NIM adapter with the TAC as start because
the TAC accepts only NIM signals and the laser yields TTL pulses. The stop signal
comes from the CAEN amplifier, which is set to an amplification of 10 and which gets
directly the signal from the PMT. Again the supply voltage is 2450V and the laser
is running with a frequency of 50kHz, whereas the TAC is set to measure in a 200ns
window. Between the laser and the PMT the collimator with ND filter and a diffuser
plate is placed. The measurement of the delay time is made for different intensities
starting from 0% and going to 100% in 1% steps. The cables between the devices is
chosen in a way that the total cable way from the laser to the TAC and from the PMT
to the TAC is the same. This means for the delay one needs to investigate the input to
output times of the devices. Here the maximum of the stated values is used.

• The laser has an delay of the inner trigger to laser pulse of 24ns.

• The fiber attached to the laser gives another delay of about 3.4ns because of its
length of 1m.

• The NIM to TTL adapter has an input to output delay of 10ns.

• The PMT has an electron transit time of 28ns.

• The CAEN amplifier has an input to output delay of 3ns.

From this values a delay time of 48.4ns is expected. The measurement time is about
5min.
The measured delay spectra are fitted with a Gaussian function, from which the FWHM
and therefore the TTS can be calculated. This will be shown in detail in the section
6.5.3.
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Figure 6.18: Setup for the TTS measurements using the laser and the CAEN amplifier.
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Figure 6.19: Delay time spectra measured with the laser as light source and with the
CAEN amplifier before the TAC.
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6.5.2 Results

The spectra depending on the different intensities are depicted in figure 6.19. With
higher light intensities the peak’s height and its slopes are increased. This is expected
because higher intensities means more events. Furthermore the peaks are in the same
position because the light intensity has no influence on the delay time, when it is below
one PE per pulse. The reason for the lower intensity compared to the coincidence
measurements using the laser is that between laser and PMT also a diffuser plate is
placed. The delay time has its peak at about 60.6ns, which is later than expected
because the calculated value is 48.4ns. The long tail in the delay time is unusual and
might stem from afterpulses or from uncertainties of the electronics.
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Figure 6.20: Delay time spectra measured with the laser as light source and with the
CAEN amplifier before the TAC. The y-axis is in a logarithmic scale.

Figure 6.20 shows the same spectra, but with a logarithmic y-axis and the expansion to
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higher delay times. One can see that there is a second peak at around 80ns. This might
be a reflection in the fiber in the following way: The light is reflected at the collimator
and scattered back to the laser head, where it is again reflected and comes so at least
through the collimator to the PMT. With a fiber length of about 1m one expects a
travelling time of about 6.8ns, when the light follows a straight fiber. But in this case
the fiber is bent to fit through the hole into the dark box, which leads to a increase of
the travelling time.

6.5.3 TTS using laser and discriminator

One can also realise a setup, where the CAEN amplifier is replaced with the discrimina-
tor. This setup is depicted in figure 6.21 and is equal to the prior one (figure 6.18) but
with the discriminator instead of the CAEN amplifier. Therefore the setup’s description
is not given, as it would be a repetition. It is to note that the cables are again equal
from the PMT to the TAC and from the laser to the TAC except between the NIM to
TTL adapter and the TAC, as there is an additional cable with a length of 10m applied.
This means the signal from the laser to the TAC needs 50ns longer than from the PMT
to the TAC, when only considering the cable lengths because 1m of cable corresponds
to a signal travelling time of 5ns. The discriminator has a delay of (10.5±1.5)ns, which
must be taken into account. This yields an upper limit on the delay time of 7.4ns.

Laser NIMTTL TAC ADC

PCPMT

HV

LTD

Start
+10m

Stop

Figure 6.21: Setup for the TTS measurements using the laser and the discriminator.
The cable lengths are again equal, except a added cable of 10m between
the NIM to TTL adapter and the TAC.
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6.5 TTS using laser

The adjusted intensity of the laser is 50%, the measuring time is 1h and 22min and the
diffuser plate is removed, whereas the supply voltage is again 2450V. In figure 6.22 one
can see the measured delay time spectrum. Because of the higher PE value per pulse
the peak is narrower than the peaks in figure 6.19. Furthermore the peak is smoother
because of the higher measuring time. This measurement is because of the discriminator
cleaner than the previously discussed one, which were done for a test of functionality
and to show the behaviour of the TTS in very low intensity ranges. Although it is a
cleaner measurement one sees again a peak at high delay times of about 33ns. This
shows, that at least the discriminator and the CAEN amplifier do not cause this effect
and that the measurements are consistent.
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Figure 6.22: Delay time spectra measured with the laser as light source and with the
discriminator before the TAC.

To extract the TTS from the delay time spectrum, one needs to apply a Gaussian fit to
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the spectrum and take the FWHM of the fit. This procedure is depicted in figure 6.23
using the delay time spectrum from figure 6.22 as example. The Gaussian fit is depicted
as red line, whereas the FWHM is indicated with a black line. The fit parameters are
also shown. The mean is 16.19ns, which is about 8.79ns more than the expected delay
of 7.4ns. This means that the delay times of one of the components in the measurement
circuit must be higher than expected. This is in agreement with the prior measurement
because there the difference between expected and measured delay was about 12.2ns,
which is in the same range. This difference between measured and calculated delay might
stem from a higher electron transit time of the PMT or a slow PE emission because the
PMT may show aging effects.
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Figure 6.23: Enlarged version of figure 6.22 with depiction of the Gaussian fit (red line)
and the FWHM of this fit (black line). Furthermore the fit parameters are
shown.

The spectra showed in figure 6.19 are also fitted with a Gaussian function. This leads
to the table 6.5, where in addition to the other values in the last row the TTS value for
a delay time spectrum is shown, which is created with the intensity adjusted to 100%
and only with the diffuser plate between laser and PMT and with a measurement time
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of 179s. As one can see, the spectra of figure 6.19 have similar PE per pulse values
and also similar TTS values, which show no dependence on the intensity. This is an
expected behaviour because a PMT should have a similar TTS value below an intensity
of one measured PE per pulse since below this intensity, one counts in average only
single PE events. These events create in average the same TTS value because the TTS
value depends on the fastest PE and when there is only one, this is a pure statistical
process.
In contrary to this statement the setup with the discriminator shows a TTS of 921ps,
which is roughly 700ps lower than the previously discussed values. One can assume
that an intensity of (262.170±0.050) ·10−3 PE per pulse is high enough to create small
numbers of double PE events, which would lower the TTS value.

Table 6.5: TTS values for different measurements and intensities. The uncertainty on
the TTS comes from the fitting and is dominant compared to the uncertainty
of the TAC except for the last two measurements, in which the uncertainty
of the TAC dominates.

Description PE per pulse TTS [ns]
80% (5.688±0.022) ·10−3 1.635±0.075
70% (14.358±0.040) ·10−3 1.586±0.032
60% (18.935±0.048) ·10−3 1.515±0.025
50% (22.280±0.054) ·10−3 1.616±0.022
40% (25.305±0.060) ·10−3 1.560±0.019
30% (30.124±0.068) ·10−3 1.566±0.017
20% (36.140±0.079) ·10−3 1.582±0.014
10% (41.558±0.089) ·10−3 1.609±0.013
0% (42.582±0.091) ·10−3 1.626±0.013

Setup with discriminator
50% w/o diffuser (262.170±0.050) ·10−3 0.9212±0.005

100% w/o collimator (5678.114±825.374) ·10−3 0.2074±0.005

In the last row the TTS value for a pulse intensity of (5678.114± 825.374) · 10−3 mea-
sured PE per pulse can be seen. This error on the PE per pulse value shows that the
measurement is shorter than the other measurements and that its intensity is higher.
Nevertheless the value, which the manufacturer gives for the TTS at this intensity is
about 250ps [89]. The measured value of (0.2074± 0.005)ns is in the expected range
and therefore the TTS measurements with the laser can be considered successful. This
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means the laser’s pulse width is sufficiently low enough to measure the TTS. One can
conclude that a picosecond laser can be used in the mass testing system to measure the
TTS of the 20 inch PMTs, as it is already done. The reason is that it is even capable
of measure the TTS of a 2 inch PMT, which is 600ps at one PE per pulse, whereas the
TTS of the 20 inch dynode PMTs is in the range of 2.5ns.

6.6 Coincidence using LED

Because the stabilized LEDs are a crucial part of the mass testing system, one needs
to know their behaviour. In the following sections the coincidence measurements using
LEDs will be shown. There are also several other measurements, which are also done
with this setup. After showing the general experimental setup and setup and showing
the results of this setup, a stability measurement, an intensity comparison of different
LEDs, a transmission investigation of different materials as filters and the linearity
measurement of one LED will be presented.

6.6.1 Experimental setup

LED DT AND

PMT LIN LTD

ADC

PC

HV AMP
In

Gate

Figure 6.24: Setup for the coincidence measurements using an LED.
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In figure 6.25 the setup is depicted. The setup is very similar to the one for the coin-
cidence with the laser. The main difference is that the trigger for the LED and for the
coincidence units comes from the dual timer. The PMT signal goes over the fan-in/fan-
out to the discriminator (set to −15mV) and to the amplifier (amplification factor of
20). The discriminator’s signal and the dual timer trigger signal create the gate for the
analzyer in the coincidence unit, whereas the input signal of the analyzer comes from
the amplifier. Between the LED and the PMT is only the diffuser plate applied and the
intensity is regulated in steps of 500 setpoints. The supply voltage is again 2450V.

6.6.2 Results

In figure 6.25 one can see the coincidence spectra with different intensities. The PE per
pulse values for the different measurements is also depicted. As it is expected, the dark
current cannot be seen as pulse because the coincidence ensures a pure measurement.
At setpoint 0 one can already guess the single PE peak, which is better depicted at
setpoint 500, 1000 and 1500 at around 5mV. Again is to mention that the scale is not
to be trusted. As the setpoint 1500 creates a intensity of more than one PE per pulse,
the spectrum has a shoulder indicating the double PE peak. This double PE peak can
be better recognised at an intensity of setpoint 2000 and 2500 at about 7mV. If one
goes to even higher intensities like setpoint 3000 or 3500 one can see that the single PE
peak is lower than the double PE peak, as the intensity is equal to more than 2 PE per
pulse. At a setpoint of 4000 one can see that the single PE peak is just a shoulder in the
double PE peak, whereas the triple PE peak is clearly visible at about 12mV because
the intensity corresponds to more than 3 PE per pulse. Therefore the triple PE pulse
is higher than the double PE pulse. This spectra show the expected behaviour and are
a prove for the functionality of the setup. It shows also, how one can count photons in
such a spectrum because the peaks corresponding to different number of PE per pulse
can be clearly distinguished. Therefore one can examine the response of a PMT in the
counting mode with the LEDs and can investigate the resolution of the different peaks.
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Figure 6.25: Coincidence spectra using the LED at different intensities.

6.6.3 Stability of the measurement environment

To see whether the measurement place is stable over time and whether short (∼ 5min)
measurements and long (∼ 15h) over night measurements make a difference, five long
and short measurements are made at different days. The setup is the same as for the
prior measurements and a setpoint of 3750 is used because this is equal to approximately
one PE per pulse with this LED. For these measurements only the collimator with the
ND filter between PMT and LED is used.
In figure 6.26 one can see the dependency of the intensity in PE per pulse on the start day
of the measurements. It is obvious that the long measurements have only little variations
at the different days. The short measurements therefore show more fluctuations. This
can be a fluctuation of the environmental conditions, but comparing the measurement
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times in table 6.6 hints a dependency on the measurement time.
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Figure 6.26: Comparison of the intensity of measurements at different days. The values
of the x-axis are counted from the start of the year and show the day, when
the measurements are started and in case of the short measurements also
ended. The measurement times and the detailed intensities can be seen in
table 6.6.

Comparing the times and the intensity shows that the longest measurements of the
measurements with short times have the highest intensities, whereas the measurement
times in the long measurements have no impact on the measured intensity. This can
be seen even clearer, if one looks at the measurement points with the starting day
162. One sees that the point for the short measurement approaches the one for the long
measurements. One has to note that the y-axis shows very little variations. To illustrate
this one can calculate the difference of the intensity for the short measurements at day
158 and 162, which is (0.012± 0.003)PE per pulse. Therefore one can consider this
measurement environment as stable, since the intensity of the short measurements with
more equal times have even a lower variation.
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Table 6.6: Table of the starting day, the measurement time, the rate and the intensity of
the measurement of the stability of the environmental conditions at different
days.

Start day Measurement time Events per second PE per pulse
157 15h33min 3896.17±0.27 1.0555±0.0031
158 5min 3855.30±7.17 1.0360±0.0003
162 13min 3880.09±3.37 1.0480±0.0034
162 21h17min 3887.50±0.23 1.0513±0.0030
163 9min 3865.91±4.44 1.0410±0.0016
163 19h28min 3886.58±0.24 1.0509±0.0001
164 6min 3861.60±6.35 1.0390±0.0021
164 27h31min 3887.71±0.20 1.0514±0.0001
165 6min 3869.09±6.22 1.0425±0.0030
165 66h34min 3893.24±0.13 1.0541±0.0001

6.6.4 Intensity of different LEDs

As already mentioned the intensity varies for different LEDs. Because these LEDs are a
lightsource for the mass testing system one needs to know the variation of intensity to
adjust the intensity in a way that every measuring space has a comparable light intensity.
The LEDs for the different containers are delivered in batches. One batch for the first
one, one batch for the second one and one batch for the third and fourth combined.
Because it was mentioned by the manufacturer that the intensity of the LEDs differs
between the different batches, several LEDs of the first two batches are tested with the
coincidence setup. The result is that the LEDs also differ within a batch.

This means, it is reasonable to test all LEDs for the third and fourth container to see the
variation of intensities and to be able to adjust the filtering. The testing is done with
the coincidence setup like it was described previously. The difference is that the fine
gain of the amplifier is turned on, to ensure that every event is acquired. The difference
of the PE per pulse value of a measurement with and without fine gain is tested and
yields only a negligible difference. The measurement time is about five minutes with five
minutes cool down time in between. The setpoint is 1850 as this is, where the average
LED yields a intensity of 0.5PE per pulse.
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Figure 6.27: Number of LEDs depending on their intensity of the last batch, which is
meant to build into the third and fourth container.

The result of this measurement is depicted in figure 6.27, where the number of LEDs
depending on the intensity is displayed. The mean of intensity is (0.5013±0.001)PE per
pulse, which means that the setpoint is well picked. One can see that there is a variance
of LED intensities. There is for example a peak at a PE per pulse value of 0.35 to 0.4
and also a small peak at 0.7 to 0.75.
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Figure 6.28: Number of LEDs depending on their intensity divided into two parts with
the least variance resulting in a more light intensive part and a less light
intensive part.

It is then necessary to divide the amount of LEDs into two parts with the least variance.
This means one gets a container with higher light intensity and one with a lower light
intensity. In figure 6.28 one can see the number of LEDs per intensity for the container
with less and with more intensity. The mean for the less light intensive container is
(0.415±0.001)PE per pulse, whereas the mean for the more light intensive container is
(0.525±0.001)PE per pulse. These values are so low because the distribution with the
lowest variance are located at the low intensities. The mixing between the more light
intensive and less intensive LEDs is because each LED gets an internal number, with
witch the microcontroller can address them. But the microcontroller can address only
one of the LEDs, when two with the same number are connected. Because the last batch
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for container 3 and 4 contains several LEDs with the same internal number, one needs
to get two sets of LEDs, in which no internal number is occupied twice.
This procedure has brought the variance of 1.35 ·10−2 for the total set to 4.44 ·10−3 for
the less light intensive set and to 4.88 ·10−3 for the more light intensive set, which shows
one magnitude of improvement.

6.6.5 Transmission of different materials

Another measurement, which can be done with coincidence setup is the investigation
of the transmission of different materials. These materials one can use as a filter be-
tween diffuser plate and collimator to adjust the intensity on the PMTs from the LEDs.
Therefore this measurement is done with the collimator, the diffuser plate and different
materials between them. The measurement time is again about 5min and the used set-
point is 3500, which yields a intensity of (18.294±0.049) ·10−2 PE per pulse as one can
see in table 6.7. The amplifier is set to a factor of 20 and without using the fine gain.
The results can be seen in table 6.7 with the intensity, the rate, the measurement time
and the used sample description. The objective of this measurement is to find a sample,
which reduces the PE per pulse to a half of the regular value. Therefore the different
samples are first tested and then the one is taken with the most reduction in multiple
layers. This means, the sandwich paper is folded four times, which yields the desired
amount of reduction, as it gives (9.261± 0.029) · 10−2 PE per pulse comparing to the
regular of (18.294±0.049) ·10−2 PE per pulse.

Table 6.7: Intensity, measurement time and rate of measurements with differen samples
between the collimator and the diffuser plate. Regular denotes a measurement
with no material between diffuser plate an collimator.

Description Time [s] Events per second PE per pulse
Regular 303±0.5 999.09±2.45 (18.294±0.049) ·10−2

Matt tracing paper 305±0.5 941.61±2.34 (17.146±0.046) ·10−2

Matt plastic foil 315±0.5 1025.51±2.43 (18.826±0.049) ·10−2

Thin paper 314±0.5 939.13±2.29 (17.096±0.045) ·10−2

Sandwich paper 303±0.5 924.18±2.32 (16.800±0.046) ·10−2

4xSandwich paper 304±0.5 528.56±1.58 (9.261±0.029) ·10−2

With this measurement a possible candidate for a filter is found to reduce the PE per
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pulse value to the half. This can be used in the mass testing system to do fine adjustments
to the measured light intensity of the LEDs.

6.6.6 Linearity

The last measurement using the coincidence setup is the measurement of the linearity
of an LED. The amplifier is used with a amplification of 20 times and with the fine gain
switched on. Only the collimator is between the LED and the PMT and the measurement
time is at average 5min. The setpoint is increased in steps of 250 setpoints. In figure
6.29 one can see the data points of the PE per pulse depending on the setpoint and the
linear regression used to fit these points.

Figure 6.29: Data points showing the correlation between the intensity in PE per pulse
and the setpoint. Also the linear regression is depicted.

The function used for the linear regression reads:

PE(S) = (2.777±0.475) ·10−4 ·S− (5.398±10.920) ·10−4 (6.14)

Here PE is the number of PE per pulse and S is the Setpoint. This function describes
the behaviour of the LED well, as one can see in figure 6.29, which means that the LED
is a linear light source. Therefore the LED works as it is expected and its linearity can
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be taken into account when calibrating the light sources in container 3 or 4.

6.7 Delay time measurements using an LED

To prove the previously mentioned statement that the longer the pulse width of the light
source is, the more the delay time spectrum is smeared out, a delay time measurement
is also done with the LED.

6.7.1 Experimental setup

The setup can be seen in figure 6.30. Here only the diffuser plate is used and not the
collimator. It is very similar to the delay time measurement with the laser, but the NIM
to TTL adapter is replaced with the dual timer. The dual timer is used to trigger the
LED and to trigger the TAC conversion, as it is connected to the start input. The stop
input comes again from the discriminator, which has as input the PMT signals. Because
it is not known, how long it takes for the LED to emit a light pulse after it received the
trigger only a rough estimate on the delay time can be given. The length of the cables
can be also seen in figure 6.30 to calculate the delay times. If one assumes an instant
emission, which is obviously wrong, one gets a delay time of −27.5ns. This means the
LED must have a input to emission delay of at least 27.5ns.
The delay time measurement is done with different intensities by adjusting the setpoint
from 500 to 4000 in steps of 500 setpoints.

LED DT TAC ADC

PCPMT

HV

LTD

3.5m

Start
21m

3m

Stop

1m

Figure 6.30: Setup for the delay time measurements using the LEDs.
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6.7.2 Results

The resulting delay time spectra for the measurements with the LED can be seen in
figure 6.31. As it is expected the spectra are smeared out because of the duration of
the LED pulse of 5 to 20ns. The peaks are moved to lower delay times with increased
intensity and are narrowed. This is expected because the higher intensity corresponds
to higher PE per pulse values, which in contrary to the shown spectra with the laser
are above one PE per pulse. With those high intensities, one creates in average multiple
PE, so that the fastest one is measured. This leads then to a narrower peak and to a
slight shift to lower delay times.
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Figure 6.31: Delay time spectra using the LED for different intensities.

The delay time peaks at around 47ns, which means that the LED has to have a input
to emission time of about 64ns. Here it is taken into account that the delay time

132



6.7 Delay time measurements using an LED

measurements with the laser already had a difference of about 10ns. One can expect
this difference also in this setup.
In figure 6.32 one can see the same spectra like in figure 6.31 but with a logarithmic
y-axis. As a consequence one can see a second peak at around 65ns. This feature was
already found in the delay time spectra created with the laser (see figure 6.20). When
one roughly estimates the difference between the mean of the main peak and the mean
of the second peak one gets three results shown in table 6.8.
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Figure 6.32: Delay time spectra using the LED for different intensities with logarithmic
y-axis.
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Table 6.8: Rough estimate of the difference between first and second peak in the delay
time spectra. Because it is labelled as rough estimate, no uncertainty is given
since this table shall just show the comparability.

Spectrum using laser and amplifier (figure 6.20) 78ns−62ns = 16ns
Spectrum using laser and discriminator (figure 6.22) 33ns−16.5ns = 16.5ns
Spectrum using LEDs (figure 6.32) 65ns−50ns = 15ns

As one can see in table 6.8 the delay for all three measurement methods are in the same
range. Therefore the explanation with the fiber of the laser cannot be accurate. One
other possible explanation is that the second peak must be created in the electronics.
This means there must be cases, in which the PMT does not yield a pulse and then noises
from the electronics trigger the stop signal. A second explanation could be afterpulses.
The spectra in figure 6.31 can be fitted with a Gaussian function like it was done for
the delay time spectra created with the laser as light source. The results can be seen in
table 6.9. The errors on the TTS values come the timing resolution of the TAC since it
is the dominant effect.

Table 6.9: TTS values for different LED setpoints. Also the intensity is given in number
of PE per pulse, as well as the measurement time. The errors on the TTS
values come from the uncertainty of the TAC because this is here the dominant
effect.

Description Measurement time PE per pulse TTS [ns]
Setpoint 500 568±0.5s 0.417±0.004 5.892±0.005
Setpoint 1000 302±0.5s 0.766±0.006 6.308±0.005
Setpoint 1500 2970.5s 1.115±0.009 6.187±0.005
Setpoint 2000 3340.5s 1.481±0.014 6.346±0.005
Setpoint 2500 3020.5s 1.819±0.021 6.097±0.005
Setpoint 3000 2950.5s 2.167±0.050 6.154±0.005
Setpoint 3500 3010.5s 2.505±0.001 5.844±0.005
Setpoint 4000 3160.5s 3.3968±0.0002 5.402±0.005
Setpoint 3500, long 4h31min 2.5259±0.0005 5.7241±0.005

The TTS values differ only slightly, although the intensity is varied between several PE
per pulse values. This is not expected as already mentioned because the TTS value
should decrease with increasing number of PEs per pulse. Here the values fluctuate,
which means that the LED is not suitable for a TTS measurement using the FWHM
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of the peak. One can compare the TTS value created with the laser for a intensity
of (262.170± 0.050) · 10−3 PE per pulse with the LED TTS value for an intensity of
0.417±0.004PE per pulse, which are the values differing at least in intensity. The TTS
value is for the Laser 0.9212± 0.005ns and for the LED 5.892± 0.005ns. These values
are different in one magnitude, which comes from the pulse duration of the LED. This
again shows, that the FWHM measurement of the TTS does not work with the LED.
This will be further discussed in the next section.

6.7.3 Comparison between the delay time spectra
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Figure 6.33: Comparison of the delay time spectrum using the laser as light source (red
line) to the delay time spectrum using the LED as light source (black line).
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One can now compare the delay time spectra done with the laser to those done with
the LED. Therefore two examples are plotted in the same histogram, before they are
moved, so that the peaks are above each other. The spectrum created with the laser is
the same, which is depicted in figure 6.22. The spectrum made with the LED is made
with setpoint 3500 and a measurement time of 4h31min. In figure 6.33 one can see the
two example delay time spectra. In black is the one made with the LED shown, whereas
the red line represents the one made with the laser. As it was expected, the peak of the
LED is much wider and lower, as the light emission of the LED itself has a time spread.
This again means, that the FWHM measurement method used with the laser cannot
be applied with an LED. It might be possible to measure the TTS with the LED using
only the rising edge, when the pulseform of the LED can be determined correctly.
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The goal of this thesis is the characterisation and the validation of the testing facility.
Part of this goal is also to conduct measurements for the improvement of the mass
testing system. Several measurements were performed validating the magnetic shielding
of the containers used in the mass testing system. One of these measurements, which is
presented in this thesis showed, that the transportation had a degrading effect on the
shielding of the containers. This can be seen at the mean of all measurement points:

Bbefore transportation = (1.97±0.5)µT
Bafterwards = (3.98±0.5)µT
BDifference = (2.01±0.5)µT

Many other measurements of the magnetic shielding were done in the scope of this thesis,
which can be looked up in the bachelor thesis of Felix Sorgenfrei [121].
Moreover the characterisation of different electronic devices was done, which in the case
of the TAC gave good results. Measurements of the dark current of the testing stand with
a 2 inch PMT were done, which resulted in dark current spectra with different supply
voltages showing features like electronic noise, the pedestal, the single PE peak and
possible cosmic radiation (see section 6.3. Some dark current measurements were done
concerning a possible light emission of glue. The presented results of those measurements
showed, that indeed glue can cause a increased dark current rate, when the covering
Tyvek is pulled off directly before the measurement. In fact the following difference
Rdifference was found between the dark current measurement before and the one with the
cardboard:

Rdifference = (44.37±1.15)Hz

It was also shown that a cardboard tube, in which Tyvek was fixed with staples, had no
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effect on the dark current rate. Again a lot more measurements were done concerning
the influence of glue on the dark current rate, which can be looked up in the bachelor
thesis [121].
The functionality of the testing stand was proven with TTS measurements with a pi-
cosecond laser and LEDs. With the laser one gets results, which were expected within
the uncertainty of the electronics (see table 6.5). The LED therefore yields also the ex-
pected results in the TTS measurement with showing that the TTS value grows, when
the duration of the pulse is increased (see table 6.9.
In section 6.4 it was presented, that the coincidence measurement with the laser creates
a spectrum, which is comparable with the expected spectrum and behaviour. With
the coincidence circuit using an LED it was shown, that the resulting spectra show
the expected behaviour like the different peaks for different number of PE per pulse.
Furthermore the coincidence circuit for the LEDs was used to prove the stability of the
measurement environment. It was also used to determine the intensity of more than 70
LEDs, which could be used to sort these LEDs to create a more light intensive and a
less light intensive testing container. Moreover the transmission of different materials,
which could be used as a filter, was tested and the linearity of an LED was shown.
Overall this gives a good start for the characterisation of the testing facility, as the
shown coincidence and TTS spectra are the first ones ever created with the testing
facility. Furthermore these results are of use to improve the mass testing system.

The in this thesis started characterisation of the testing stand can be pursued in the
future in several ways. Firstly one could use also a 20 inch PMT in a second testing
stand, which is shielded against the magnetic shield, and do the same measurements,
which were done in this thesis.
In addition for all measurements a so called Flash Analogue to Digital Converter
(FADC) can be used, which was admittedly taken into operation, but the necessary
program for using it has to be written or applied. The advantage of a FADC is, that
the waveform of the PMT signal can be acquired with it, which can give insights about
the timing of the signal.
With the help of the FADC then comparable data to the testing system could be created,
as the data of the testing system is also acquired with a FADC.
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