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Abstract

KM3NeT is a future cubic-kilometre scale neutrino telescope that will be built at the bottom 
of the Mediterranean Sea at a depth of several kilometres. Detection of high-energy neutrinos 
from distant astrophysical sources or from annihilation of dark matter particles will change 
the way we look at our universe. The detection principle is based on the measurement of 
Cherenkov light emitted by charged particles resulting from neutrino interactions in the matter 
surrounding the telescope.  The KM3NeT detection  units  will  be instrumented  with multi-
phototube optical modules containing many 3-inch phototubes. Using many small phototubes 
instead of one large phototube gives several advantages. The segmentation of the detection 
area in the optical module will aid in distinguishing single-photon from multi-photon hits. 
Moreover, two-photon hits can be unambiguously recognized if the two photons hit separate 
tubes. The multi-phototube optical modules can look into all directions, which helps to better 
distinguish between atmospheric particles and particles created by neutrinos. The loss of one 
phototube will only have minimal effect on the performance of the optical module. Small 
phototubes can offer a quantum efficiency above 30% and provide a small transit time spread. 
In order to maximize the detector sensitivity, each phototube in the multi-phototube optical 
modules  will  be  surrounded  by  a  reflector  cone  designed  to  collect  photons  that  would 
otherwise miss  the photocathode,  thus  effectively  increasing the photosensitive  area.  This 
work was dedicated for studies of the performance of such a reflector, showing an increase of 
the effective photosensitive radius by about 8 mm. 
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Chapter 1 - Introduction

1.1 - Introduction

In July 2010 the discovery of the most massive star currently known to men was announced 
[1]. The star, a blue hypergiant with the name R136a1, has a mass of 265 solar masses. This 
heavy star  ejects  large amounts of its  mass into space by a continuous stellar  wind.  It  is 
thought that R136a1 already has lost over 50 solar masses over the past million years. The 
discovery of this star is yet another demonstration of the powerful processes going on in the 
universe - processes so energetic that they not only dwarf any human made force, but even go 
beyond human imagination. Although there are countless processes going on in the universe, 
they all have one thing in common: they continue to intrigue the human kind.
In order to be able to study these and other 'outer space' processes we need to look at the 
particles (photons, protons, neutrinos etc.) that are emitted, accelerated or created during these 
processes, which is the field of Astroparticle Physics. 

1.2 - Cosmic Rays

In 1912 Victor Hess ascended in a hot air balloon to measure the flux of charged particles at 
high  altitude  [2].  He  found  that  the  flux  of  charged  particles  decreased  with  increasing 
altitude. This was expected because the radioactive isotopes at ground level were thought to 
be the only sources of charged particles. But when the balloon reached a height of more than 
one kilometre the flux of charged particles started to increase again. At an even higher altitude 
the flux exceeded even the flux value at ground level. Hess attributed the effect to particles 
impinging on the Earth’s atmosphere. To exclude the Sun as the only source of these particles 
the balloon flight was repeated during a near perfect solar eclipse. 

Cosmic rays consist mainly of protons (around 86%) and α-particles (11%) and the remaining 
3% are heavy elements and electrons [3]. This ratio depends slightly on which part of the 
energy spectrum is investigated.  At the Earth’s surface we can not detect the cosmic rays 
(primary particles) directly. However, particle showers of secondary particles, that are created 
when a cosmic ray hits a particle in the Earth’s atmosphere, can be detected. The information 
received from the secondary particles in the shower can be used to calculate the energy of the 
primary particle. 

The energy distribution of cosmic rays covers a huge energy range between less than 109 eV 
and more than 1020  eV. The sources creating these cosmic rays are not yet all known. The 
solar wind is a source of low-energy cosmic rays. High-energy cosmic rays come from other 
processes further away in the universe. 

1.3 - Ultra-High Energy Cosmic Rays 

Sometimes cosmic rays with extreme kinetic energies up to 1020  eV are detected. These rays 
are  called  Ultra-High  Energy  Cosmic  Rays  (UHECRs).  An  example  is  the  high-energy 
particle detected by the University of Utah in October 1991. This particle had an energy of 
(3.2 +/- 0.9) ·1020  eV or 51 Joule, a single microscopic particle with a macroscopic energy 
comparable to a tennis ball travelling at 42 m/s. The particle received soon the nickname 'Oh-
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My-God particle'. This particle was most probably a proton travelling at nearly the speed of 
light [4].

There are two types of models to explain the existence of such UHECRs: the bottom-up and 
the top-down models. The bottom-up models assume that conventional particles are created at 
low energies and then gain their high energies in a cosmic accelerator. The top-down models 
explain the UHECRs as decay products of exotic particles (outside the Standard Model of 
Particle Physics). A main difference between these models is whether it obeys the Greisen–
Zatsepin–Kuzmin (GZK) cut-off, which will be discussed in the next paragraph. The bottom-
up models should obey this cut-off, while the top-down models do not need to obey this cut-
off  because  the  exotic  particles  and the  cosmic  microwave background  (CMB)  radiation 
interact only weakly. To determine which model(s) is/are correct we need to know where 
these UHECRs come from. As one can see in Figure 1,  a problem arises: protons have a 
charge  and  therefore  their  directional  information  is  lost  due  to  deflection  in  interstellar 
magnetic fields. Also protons have a rather large cross section and could, therefore, easily 
interact with matter which they traverse or with photons from the CMB [5][6]. Photons will 
not solve the puzzle either because they can easily be absorbed. Luckily, both the bottom-up 
and the top-down models include processes in which neutrinos are created.

Figure 1: Photons (dark blue arrow) can not always reach Earth due to absorption by interstellar matter.  
Neutrons  (red  arrow)  can  not  be  accelerated  and  are  easily  absorbed.  Protons  (orange arrow)  lose  their  
directional information due to magnetic fields. Neutrinos (light blue arrow), however, are rarely absorbed and 
do not lose their directional information. 

1.4 - Greisen–Zatsepin–Kuzmin Limit

Whenever accelerated protons reach an energy of 1020 eV the threshold for pion production is 
reached and the protons start to interact with the photons from the CMB radiation. Through 
the  formation  and decay of  the  Δ+-resonance  (an  excited  state  of  the  nucleon)  pions  are 
produced and the energy of the nucleon is reduced:

p+γ CMB Δ{n+π

p+π0 }           
1 
2 

This process limits the average distance, or mean free path, that a proton can travel before it 
interacts with a photon and thus looses energy. This distance is called the GZK limit.  The 
GZK limit is estimated to be in the order of a Mpc, which is the order of the size of a galaxy 
cluster (e.g. the distance between the Milky Way and the Andromeda Galaxy is roughly 0.78 
Mpc). However, protons with an energy in the order of 1020  eV have such a large radius of 
curvature for a charged particle in a magnetic field (the so called Larmor radius), that it is 
larger  than the size of the galaxy itself  [3][5].  Therefore,  UHCERs are believed to  be of 
extragalactic origin. A drop in the energy spectrum of cosmic rays at energies ~ 1020  eV is 
expected, since all protons with sufficient energy should have interacted with a photon.  
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Chapter 2 – The Neutrino

2.1 - The Neutrino

In 1930 Wolfgang Pauli proposed the neutrino particle to preserve the conservation of energy, 
momentum and angular momentum in beta decay. In the 1950’s Frederick Reines and Clyde 
Cowan detected the neutrino, thus proving its existence [7]. 

The neutrino is an elementary particle with a very small mass and a very small interaction 
cross section. It is electrically neutral and usually travels with a speed very close to the speed 
of light in vacuum. Due to its charge neutrality, the neutrino is unaffected by magnetic fields. 
And due to its  very small  cross section the neutrino is able to pass trough matter  almost 
undisturbed. This ensures that the directional information of the neutrino remains intact. In 
other words if we detect a neutrino, we know that it travelled in a straight line towards us, 
from the source where it was created. However, the small cross section makes it very hard to 
detect the neutrino.

2.2 - Neutrino Production

The bottom-up models predict the acceleration of protons and neutrons in cosmic accelerators. 
When accelerated protons reach energies  in  the order  of  1020  eV and pions  are produced 
through the Δ+-resonance. These processes should also occur at the cosmic accelerators where 
protons and photons are produced. These highly energetic protons and photons could then 
interact to form pions. Other interactions between protons may also create pions. Those pions 
will  decay into  photons,  muons  and neutrinos.  The muons  in  their  turn again decay into 
electrons and neutrinos:

π0
γ+γ (3)

π
 μ+νμe+νeνμ +νμ (4)

π−
 μ−

νμ e−νe +νμν μ (5)

In the top-down models most of the decay products consist of photons and neutrinos. 

2.3 - Candidate Neutrino Sources

There are several candidate neutrino sources, the most important candidates will be discussed 
briefly.

Active Galactic Nuclei (AGN)
An AGN is an extremely luminous body, usually in the centre of a galaxy. The core of an 
AGN  is  thought  to  be  a  supermassive  black  hole  (between  106  to  109 solar  masses), 
surrounded by a rotating accretion disk of matter, attracted by the black hole. The energy for 
the radiation emitted by the AGN is thought to be provided by the gravitational energy of 
matter  spiralling  into  the  black  hole.  Some  AGNs  emit  jets  of  relativistic  particles 
perpendicular to the accretion disk. A certain type of AGNs is called a blazar. Both in the 
accretion disk as in the jets neutrinos could be created.
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Gamma Ray bursts  (GRBs)
GRBs are short but very intense eruptions of MeV photons. GRBs are believed to be a narrow 
beam of intense radiation released during the collapse of massive stars or supernovae. The 
fireball model tries to explain the GRB. The 'fireball' is a very dense object consisting of a 
plasma of leptons, baryons and photons. Due to radiation pressure it will expand and a shell of 
matter  is  ejected  in  an explosion.  This  shell  of  matter  travels  at  a  relativistic  speed,  but 
different shells can have different velocities. Collisions between shells create a shock front 
that  can accelerate charged particles even more.  Due to,  for example,  magnetic  fields the 
particles could be deflected and hit by the shock front again, and thus gaining energy. These 
high-energy particles could then interact to form neutrinos (see paragraph 2.2).

Supernova Remnants
During a supernova explosion matter is ejected into the universe. When this matter collides 
with interstellar matter, a shock wave is created at which particle acceleration may occur, 
similar to the fireball model for a GRB. 

Microquasars
A microquasar is believed to be a black hole or a neutron star that accretes mass from a 
companion star and excretes relativistic jets, thus it resembles a blazar on a smaller scale. If 
protons  are  accelerated  in  this  jet,  they  could  interact  with  photons  to  eventually  form 
neutrinos.

Dark Matter Annihilation
There  is  evidence  that  a  significant  part  of  our  universe  consists  of  dark  matter,  a  non-
baryonic  form of  exotic  matter.  When  this  dark  matter  annihilates  or  decays  there  is  a 
possibility that neutrinos are formed. Since these particles could contain their energy in mass, 
the acceleration problem could be avoided. The annihilation or decay of dark matter could 
happen inside the Earth or Sun, avoiding the GZK cut-off.

2.4 - Neutrino Detection 

Neutrinos are, due to their small cross section, hard to detect, but detection is not impossible. 
Sometimes a muon neutrino interacts with matter, producing a charged muon. Neutrinos have 
a large momentum,  therefore the muon will  have almost the same travel  direction as the 
neutrino.  If this muon (or a charged particle in general) travels through a non-conducting 
medium with a speed greater than the speed of light in that medium (cmed = cvac/n, where n is 
the refractive index of the medium) then Cherenkov light will be emitted [8].

2.5 - Cherenkov Light

Figure 2a  and b show a charged particle  moving  through a  non-conducting  medium,  the 
particle polarizes atoms along its trajectory, turning them into electric dipoles. In Figure 2a 
the particle travels with a speed smaller than the speed of light through the medium, and the 
dipoles  are  oriented  symmetrically  around the  particle’s  trajectory.  When the  particle  has 
passed, the dipoles will relax and dipole radiation will be emitted. Due to the symmetrical 
orientation of the dipoles this radiation will destructively interfere with themselves and no 
radiation will be observed. However, if the particle travels faster than the speed of light, as in 
Figure 2b, the symmetry will be broken. When the dipoles relax, the dipole radiation will 
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destructively  interfere  in  every  direction  except  along  the  Cherenkov  cone,  where  the 
radiation will interfere constructively. This radiation can be measured with a photon detector.
 

Figure  2:  A  charged  particle,  travelling  through a  non-conducting  medium,  polarizes  the  atoms  along  its  
trajectory. Left: the particle travels with a speed slower than the  speed  of  light  and  the  dipoles  are  oriented  
symmetrically around the particle. When the dipoles relax, due to destructive interference, no radiation will be  
observed. Right: the particle travels with a speed greater than the speed of light and the symmetry of the dipole  
orientation is broken. When the dipoles relax, radiation will be observed along a cone (the Cherenkov cone).  
From [9].

Figure 3 shows that the angle of the Cherenkov cone depends on the speed of the particle 
(vp=β·c) and on the refractive index n of the medium. It obeys the following relation:

cos θ =
D1

D2
(6)

Here D1 is the distance the particle travels in a certain time t, D2 the distance a photon would 
have travelled in the same amount of time, and θ the angle of the Cherenkov cone. Filling in 
the expressions for D1 and D2 the formula reduces to:

cos θ =
c⋅tn
β⋅c⋅t

=
1

β⋅n
(7)

If the Cherenkov light is measured with several detectors, it is possible to reconstruct the path 
of the charged particle through the medium. Knowing this path an estimate of the location of 
the neutrino’s origin can be made. These locations can then be compared e.g. with photon 
measurements to determine, if there is an obvious neutrino source.

The spectrum of the Cherenkov light is continuous. However, since the relative intensity of 
the light is proportional to the frequency, the Cherenkov light appears to be blue.
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Figure 3: The geometry of Cherenkov light. From [10].

2.6 – Summary of Chapter 1 and 2

In  order  to  learn  something  about  the  processes  that  create  UHECRs,  it  is  necessary  to 
determine where they come from. If the UHECRs seem to come from point sources, then it is 
likely that gigantic cosmic accelerators are responsible for their creation. However, if there 
does not seem to be any particular source of UHECR, then it might be that the annihilation or 
decay of dark matter is responsible of the UHECRs existence. The neutrino appears to be the 
most suitable particle to determine where the UHECRs come from. Due to its very small cross 
section the neutrino penetrates easily through interstellar dust clouds and due to its charge 
neutrality  it  is  not  deflected  by  magnetic  fields.  However,  neutrinos  can  not  be  detected 
directly. Sometimes a muon neutrino interacts with matter  and a muon is created. Since a 
neutrino has a large momentum, the muon will travel with great speed in nearly the same 
direction as the neutrino did. These muons then induce the emission of Cherenkov light under 
a constant angle while travelling through a nonconductive medium. This Cherenkov radiation 
can be measured using a 3-dimensional grid of PMTs (a neutrino telescope) and the path and 
speed of the muon can be determined.  In the next  chapter  a  future cubic-kilometre  scale 
neutrino telescope in the Mediterranean Sea (KM3NeT) will be briefly introduced. 
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Chapter 3 - KM3NeT

3.1 - Introduction

Due to the small cross section of neutrinos large volumes of target material are needed to 
collect enough events. In practice, transparent and naturally abundant media, like water or ice, 
are preferred. KM3NeT is a future cubic-kilometre scale neutrino telescope that will be built 
in the Mediterranean Sea at a depth of 2500 – 5000 meter†. The mentioned depth is needed to 
minimise the atmospheric background. KM3NeT will build forth on experiences gained with 
the neutrino telescopes ANTARES (France) [12], NEMO (Italy) [13], NESTOR (Greece) [14] 
and IceCube (South Pole)  [15].  Currently  the world’s largest  and most  sensitive  neutrino 
telescope is IceCube. KM3Net will be even larger and more sensitive than IceCube and, more 
importantly, complement its field of view, as demonstrated in Figure 4. Figure 5‡, on page 11, 
shows an artists impression of KM3NeT.

IceCube KM3NeT

Figure 4: Left: the field of view of IceCube. Right: the field of view of KM3NeT. The grey areas represent the  
part of the universe that is invisible to the telescope. The red area represents the Galactic Centre, a potential  
hotspot for massive cosmic accelerators. From [11].

KM3NeT will  consist  of  vertical  strings  anchored to  the  seafloor,  containing  an array of 
optical modules (OM). Such a string with OMs is called a Detection Unit (DU). Figure 6 
shows a DU configuration as proposed in the Technical Design Report of KM3NeT [16]. The 
OMs will contain one or more photomultiplier tubes (PMT) that are able to detect  even a 
single photon. The PMTs will be able to detect the Cherenkov light created by high energy 
muons travelling though the seawater. If multiple OMs detect light of the same muon, then 
the path of the muon can be calculated. Detection of particles other than muons created by a 
neutrino is considered as background and should therefore be brought to a minimum. The 
signal-to-noise ratio can be improved by placing the OMs deeper in the sea and facing the 
optical modules downward, reducing the flux of downward particles. In this way the entire 
Earth acts as a filter for the neutrinos, since only neutrinos can pass through the Earth.

3.2 - The Optical Module

The OM consists of a  glass sphere of 17 inch diameter  that  is  designed to withstand the 
immense pressure at the operating depth of KM3NeT [16]. The sphere contains one or more 

† Three locations are considered for KM3NeT. However, at the moment of writing no decision on the location 
has been made yet.

‡ The configuration in which the strings should be ordered is being discussed at the moment of writing. One of 
the possible configurations for the strings is presented.
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PMTs and supporting electronics. The predecessors of KM3NeT all have OMs containing one 
single large PMT, with a tube diameter of 10 inch. However, for KM3NeT the new concept of 
a Multi-PMT optical module containing many small PMTs, with a tube diameter of 3 inch 
(see Figure 7), is proposed [16]. 
The Multi-PMT OM has several advantages compared to an OM with only one large PMT: 

• The Multi-PMT OM can look in all directions, allowing the detection of atmospheric 
muons. The detection of down-going atmospheric muons helps to better distinguish 
the up-going muons, created by neutrinos. 

• The total cathode surface area of the OM is increased significantly, which implies that 
the photon sensitive area of the OM is increased. 

• The cathode surface per PMT is reduced. This leads to a lower background rate. 
• The loss of one of the PMTs will degrade the performance of the optical module only 

minimally.
• The segmentation of the detection area in the optical module will aid in distinguishing 

single-photon from  multi-photon  hits.  Moreover,  two-photon  hits  can  be 
unambiguously recognized if the two photons hit separate tubes.

The Multi-PMT OM evolved as a preferred option for KM3NeT and was recently accepted as 
a solution for KM3NeT [17].

3.3 - The Photomultiplier Tubes

In order to be able to place as many as possible PMTs inside a 17-inch sphere, the preferred 
PMT type  has  to  be  short,  in  addition  to  performing  well.  The  Photonis  XP53B20† is  a 
dedicated  PMT type  which  was  specially  developed  for  KM3NeT.  It  meets  the  specific 
requirements for a Multi-PMT OM the best. Due to dense packaging, the space inside the 
sphere available for electronics is very limited. However, space is available on the surface of 
the sphere.
The Photonis XP53B20 PMT has about 9 mm of transparent glass at the circumference of the 
entrance  window.  This  extra  space  can  be  used  to  guide  additional  light  onto  the 
photocathode, by using a reflector. The subject of this work was to study the performance of a 
aluminium reflector filled with silicon gel. Detailed information on reflector geometry will be 
given in chapter 5.

† Although the Photonis company does not produce PMTs anymore, still the focus of this paper will lie on 
this PMT. Other companies are now developing PMTs that will be very similar in shape and performance 
to the XB53B20. These PMTs are probably going to be used in the Multi-PMT OM.
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Figure 5: Artist impression of KM3Net. From [18].
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Figure 6: Proposed configuration of a string detection unit with Multi-PMT OMs. From [16].
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Figure 7: Prototype of a Multi-PMT optical module with reflector rings installed.
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Chapter 4 – The PMT

4.1 - The PMT

Figure 8 shows a sketch of a PMT with linear multiplier structure; the most essential parts are 
indicated. The Photonis XP53B20 PMT has a “box and linear” multiplier structure in order to 
achieve a short tube length. Moreover, the shape of the glass entrance window was specially 
designed to fit the 17-inch glass sphere (curved entrance window). However, the working 
principle is the same. The most vital parts of the PMT will be briefly discussed [19].

Figure 8: Sketch of the cross section of a PMT. From [20].

4.2 - The Photocathode and the Conversion of Light

The photocathode is a thin layer of photosensitive material, where the incident photons are 
converted to electrons by the photoelectric effect. The electrons emitted by the photocathode 
will have a kinetic energy of:

Ek≤h⋅ν−w (8)

where h is Planck’s constant, ν the frequency of the photon and w the work function of the 
photocathode material. The energy of the incident photon needs to exceed the work function 
for an electron to be emitted. A measure for the efficiency at which the photons are converted 
to photoelectrons is the quantum efficiency (QE) given by:

η  λ =
nPE

n ph  λ 
(9)

where  nPE is the number of emitted photoelectrons and  nph the number of incident photons 
with wavelength λ. An other way to express the QE is by the radiant cathode sensitivity S(λ):

S  λ =
I k

P  λ 
 (10)

where Ik is the photoelectric emission current and P the incident radiant power for light with 
wavelength λ. The QE and the radiant cathode sensitivity are related by:
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η  λ =
h⋅c
λ⋅e

⋅S  λ  (11)

where h is Planck’s constant, c the speed of light and e the electron charge.
It is important to select the right photocathode material for the desired application, because of 
the wavelength dependency of the quantum efficiency. Due to the absorption of the water the 
Cherenkov light is most intense in the blue (around 400 nm) region of the light spectrum; 
therefore  PMTs  used  in  KM3NeT should  have  a  good  response  in  this  region.  A  good 
photocathode should have QE of 30% or more. 

4.3 - The Dynode Structure and the Gain

The signal generated by the photocathode needs to be amplified by an electron multiplier 
before it can be detected. The dynode structure of the PMT serves as this electron multiplier. 
After a photo-electron is emitted from the photocathode it is focused and accelerated towards 
the first  dynode.  There the photo-electron will  trigger  the emission  of  other  electrons  by 
secondary emission. These electrons are then accelerated towards the second dynode. At each 
dynode the number of electrons gets multiplied by a secondary emission factor δ. This factor 
depends on the potential difference Vd between the dynodes:

δ=K⋅V d (12)

with the proportionality constant K. If the potential difference between N dynodes is constant, 
the total gain G of the electron multiplier becomes:

G= K⋅V d 
N

(13)

In  reality,  however,  the  high  voltage  is  not  equally  divided  over  the  dynode  structure. 
Therefore,  the  potential  difference  between  the  different  dynodes  is  not  constant.  This 
modified version of equation (13) approaches reality better:

G=C⋅V ht
αN

(14)

where C is a proportionality constant different from K, Vht the high voltage and α a constant, 
usually between 0.6 and 0.8, depending on the dynode configuration.

In practise the output voltage of the anode is measured over time, with this output voltage U 
the output charge Q is calculated:

Q=∫ I⋅dt=
1
R
∫U⋅dt (15)

where I is the current from the anode into a load resistor with impedance R (in this case R = 
50 Ohm). With this output charge we can calculate the gain:

G=
Q

e⋅n ph λ ⋅η  λ ⋅j
=

Q
e⋅μ (16)
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where e is the elementary charge, nph the number of incident photons of wavelength λ, η the 
quantum efficiency of the photocathode for wavelength λ,  j  the collection efficiency of the 
dynode system, and μ the number of photoelectrons collected at the first dynode. 

4.4 - Noise

Noise will always affect the output signal of a real PMT. There are several forms of noise; 
two of them will briefly be discussed. The first is the so called dark noise, a continuous dark 
current or a dark count rate of discrete pulses. Dark noise consists of various background 
processes  that  eventually  will  generate  some additional  charge,  even  if  no light  signal  is 
present. Sources of dark noise are:  thermoelectron emission,  leakage current,  external and 
internal radioactivity. The second form of noise is the detection of signals correlated to a 
photoelectron already emitted by the photocathode. Such signals are also known as prepulses 
and afterpulses. 

4.5 – Charge Spectrum of an Ideal PMT

The light intensity  to which the PMT is exposed under realistic KM3NeT circumstances is 
very low, in the order of nph = 1 - 10. At this intensity the conversion of photons becomes a 
statistical process, and the distribution of the number of photoelectrons collected by the first 
dynode should be expressed by a Poisson distribution:

P n;μ =
μn
⋅exp−μ 

n!
(17)

where  n is  the  number  of  observed photoelectrons,  μ a  parameter  representing  the  mean 
number  of  photoelectrons  collected  by  the  first  dynode  and  P(n;μ)  the  chance  that  n 
photoelectrons are observed when their mean is  μ.  μ is the product of the mean number of 
photons  hitting  the  photocathode,  the  quantum  efficiency  of  the  photocathode,  and  the 
collection efficiency of the dynode system (recall equation (16)).  

Usually  the  Poisson  distribution  is  used  the  other  way  around:  one  knows  how  many 
photoelectrons are detected and then the Poisson distribution is used to determine the most 
likely number of photons hitting the photocathode.

The multiplication process of the electron multiplier is Gaussian distributed according to:

Gn  x =
1

σ n⋅2π
exp− x−Qn 

2

    2σ
n2  (18)

With:

Qn =μ⋅Q1 (19)
 σ n=μ⋅σ 1 (20)
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where  Q1 is the average charge collected at the photoelectron multiplier  output when one 
electron was collected by the first dynode,  σ1 is the corresponding standard deviation of the 
charge distribution, and x the variable charge corresponding to the signal. 

Of course, this Q1 is equal to the gain of the PMT times the elementary charge (equation 
(16)). 
The chance of a photoelectron missing the first dynode and being collected by a subsequent 
dynode is assumed to be negligible.
The output charge spectrum of an ideal noiseless PMT is a convolution of the Poisson and 
Gaussian distribution:

S ideal  x =P n;μ  G⊗ n  x =∑
μ= 0

∞

P n;μ ⋅Gn  x  (21)

4.6 – Charge Spectrum of a Real PMT

In a real PMT background processes generate an additional charge and so modify the output 
charge spectrum. Therefore, equation (21) does not suffice for a real PMT. The output signal 
of a real PMT will be a convolution of the ideal output charge spectrum (equation (21)) and a 
background charge distribution. The two main types of noise, dark noise and afterpulses, have 
different distribution functions:

Dark noise is responsible for the non-zero width of the signal distribution, and is unaffected 
by whether a photoelectron was emitted or not. Dark noise can be represented by a Gaussian 
with a mean value of zero. This noise is responsible for the many counts at low charge in the 
output charge spectrum, see Figure 9. 

Afterpulses are discrete processes, with a nonzero probability, that accompany the measured 
signal. Afterpulses can be represented by an exponential function.

Then the background charge distribution can be parameterized as:

 B  x =
1−ω

σ0⋅2π
⋅exp− x 2

2σ
02 +ω⋅Θ  x ⋅α⋅exp −α⋅x  (22)

where  σ0 is  the standard deviation of the dark noise distribution,  ω the probability  that  a 
measured  signal  is  accompanied  with  an  afterpulse,  α the  coefficient  of  the  exponential 
decrease of the afterpulse, x the variable charge corresponding to the noise, and Θ(x) the step 
function given by:

                                                         Θ(x) = { 0     x < 0
1     x ≥ 0

The first term in equation (20) corresponds to the situation when only dark noise is present 
and the second term corresponds to the situation that both types of noise are present. The 
exponentials in both terms are responsible for the rapid drop of the pedestal part in the charge 
spectrum. For a real PMT the output charge spectrum then becomes:
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Sreal  x =∫ S ideal  x' ⋅B  x− x' ⋅dx'  (24)
 
where x is the variable charge and x' the variable charge corresponding to the signal.

Figure 9: An output charge spectrum with Gaussian fits for one, two and three photoelectrons. The area roughly  
between 0 pC and 3 pC is mainly caused by noise of the PMT and the electronics. The minimum at around 4 pC  
is the “valley” and the maximum at around 12 pC is the “peak”. The fit (in red) with a maximum around  12 pC  
corresponds  to  a  single  photoelectron,  with  a  maximum around 24  pC to  two photoelectrons,  and  with  a  
maximum around 36 pC to three photoelectrons.

19



Chapter 5 – The Experimental Setup

The goal of the studies presented here was to investigate the performance of the aluminium 
reflector ring. Figure 10 shows a block diagram of the experimental setup used for the 
measurements. The most important components of the setup will be briefly discussed below. 
A photograph of the setup is shown in Figure 11.

Figure 10: Block diagram of the experimental setup.

The Dark Box
The PMTs used in  this  research are  designed to  detect  single  photons.  Therefore  a  dark 
environment is important for measurements with a PMT. A light-sealed box (or Dark Box), 
has been designed to serve this purpose. Inside the box a PMT with an aluminium reflector 
ring, a system for two-dimensional scanning with the possibility to change the incident angle 
and temperature monitors are placed. Connections to the inside of the box are made through a 
connection panel on the side of the box.

The PMT and Preamplifier
The PMT used in this research is a 3-inch Photonis XP53B20 with the serial number SN182. 
This type of PMT is specially designed for good timing properties, photocathode 
homogeneity and minimal tube length. The good timing properties are achieved by a curved 
photocathode. This minimises the differences in travel time from different points on the 
photocathode to the first dynode. The photocathode has a quantum efficiency with a peak 
value of around 33% at 390 nm [21]. The electron multiplier consists of 10 stages. To achieve 
a gain of 106 a supply voltage of around 950V was needed. The PMT was operated with a 
socket with a built-in preamplifier. In this way, the signals obtained from the PMT were 
amplified by an additional factor of 62. More technical details about the PMT can be found in 
Appendix A1. Figure 12 shows two photographs of the PMT with the aluminium reflector 
ring mounted.  

20



Figure 11: Photograph of the experimental setup. On the left we see the 2D scanning system, consisting of two 
linear stages and a third stage to change the angle of incidence. The laser fibre is mounted on the third stage.  
On the right a holder for the PMT and the socket mounted to the rear of the PMT are visible.

Figure 12: Photonis XP53B20 PMT with mounted aluminium reflector ring filled with silicon gel.

The Aluminium Reflector Ring
The main purpose of the reflector ring is to increase the photosensitive area of the PMT. 
Figure 13 (left) shows a sketch of the PMT with a reflector ring within the OM sphere. The 
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ring is 7.6 mm wide and the surface of the ring is tilted with an angle of 45 degree. A silver 
coating is evaporated onto the reflecting surface of the ring to improve the reflection. The 
void  between  the  PMT,  the  ring  and the  surface  of  the  sphere  is  completely  filled  with 
Wacker 612 silicon gel (refraction index 1.4031). By adding a 7.6 mm reflector ring, one 
would expect from the geometry an increase in the photosensitive area of the PMT of 20.0 
cm2, which is a 44.0% increase compared to a PMT without a reflector ring. 
For the laboratory experiments, however, a larger reflector ring (14 mm wide) was used to be 
able to fill the ring up to the entrance window of the PMT with silicon gel (shown on the right 
in Figure 13).  Figure 14 shows a simplified sketch of light beams being reflected by the 
aluminium ring into the PMT. Results and a discussion on measurements done to determine 
the collection efficiency at the reflector ring can be found in chapter 6.

Figure 13: Left: Reflector geometry that will be used in the multi-PMT OM with a 7.6 mm wide ring, the space  
between the PMT, ring and surface of the OM is filled with silicon gel. Right: Reflector geometry tested in the  
lab with a 14 mm wide reflector ring.

Figure 14: Simplified sketch of light beams being reflected into the PMT by a reflector ring. The curved red line 
represents the photocathode. The curved black line represents the surface of the PMT and gel.
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Laser and Light Fibre
As a light source a laser with wavelength λ = 405 nm and a time jitter between trigger and 
pulse of less than 70 ps was used. A trigger output from the controller was used as a start for 
the data acquisition. Additionally, a variable neutral density filter allowed for intensities down 
to a single photo-electron per pulse. The light was then guided with a light-fibre into the 
DarkBox. The end of the light-fibre was mounted on a 2D scanning system. 

Two Dimensional Scanning System
A remote-controlled 2 dimensional scanning system was placed inside the DarkBox to allow 
precise measurements on PMT and reflector ring performance, with respect to the position 
and angle. The scanning system consists of two separately movable linear stages (visible on 
the left side in Figure 11) that allow measurements in horizontal and vertical directions with a 
travel  range  of  150  mm and  100  mm,  respectively.  Additionally,  a  rotational  stage  was 
installed to allow measurements at different angles of incidence. The accuracy of the linear 
stages is around 1.5  μm. Figure 15 shows how the horizontal (x) and vertical (y) axes are 
defined with respect to the PMT. The origin of the coordinate system lies at the centre of the 
PMT. The positive direction of the z axis is defined as coming out of the PMT. Figure 16 
shows how the angle of incidence is defined.

Figure 15: The coordinate system used for the PMT scan. 

Figure 16: Definition of the angle of incidence.  
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Chapter 6 – Experimental Results

By measuring the collection efficiency for the light falling directly onto the photocathode and 
the aluminium reflector ring, an estimation can be made how well the reflector ring performs 
in terms of added photosensitive area. The absolute performance of the reflector ring depends 
on the performance of the photocathode. Therefore, the collection efficiency at the reflector 
ring was determined relative to the collection efficiency at the centre of the PMT. 

6.1 - Horizontal Scan With Perpendicular Angle of Incidence

Figure 17: Relative collection efficiency as a function of the position along the x-axis. Each curve represents a  
different series of measurements. The efficiency of 100% is defined at the centre of the PMT. All measurements  
have been done with 0 degree angle of incidence. The pink line at X = 38 mm represents the contact between the 
PMT and the ring. The green line at X = 46 mm represents the size of the ring that will be used in the Multi-
PMT OM.

Figure 17 shows the relative collection efficiency as a function of position on the surface of 
the PMT and  the ring. Each curve shows a different series of measurements with 0 degree 
angle of incidence. The value of X in this and the following graphs is defined as the position 
where the centre of the laser spot hits the surface of the PMT (see Chapter 5 for the definition 
of angles and position). The 100% collection efficiency is defined as the collection efficiency 
at the centre of the PMT. The edge of the PMT lies at X = 38 mm and is represented by a pink 
line in Figure 17. The green line at 46 mm represents the size of the ring that will be used in 
the Multi-PMT OM. Hereafter all calculations will assume a ring size equal to the one to be 
used in the Multi-PMT OM, unless stated differently.
The contact between PMT and ring is visible in the collection efficiency spectrum of Figure 
17 as a strong drop in collection efficiency, a valley between 35 mm and 39 mm. The losses 
responsible for this valley might be explained by the following contributions:
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• Light  hitting  the  contact  region  between  PMT  and  ring  is  not  reflected  onto  the 
photocathode.

• The quality of the photocathode near the edge of the PMT might be lower than in the 
centre of the PMT, due to the production procedure. 

• The  exact  geometry  and  curvature  of  the  photocathode  of  the  Photonis  PMT is  not 
specified.  Therefore, the lowest point of the photocathode had to be estimated.  In this 
way, it is possible that the lowest point of the ring was placed slightly below the lowest 
point of the photocathode leaving a small gap through which light can be reflected into the 
PMT, while missing the photocathode.

Figure 17 contains five measured curves, all with zero degree angle of incidence. For each X 
position  there are  five  values  for  the  relative  collection  efficiency.  From these  values  an 
average value is calculated, see Table 3 in Appendix A2. To calculate the average collection 
efficiency of the ring, weights were applied in order to account for the different size of the 
areas  on  the  photocathode  (ring  shapes)  that  are  represented  by  the  measured  points.  A 
weighting factor ∫ 2πX·dX was used, where X is the measurement position. Calculations of the 
weights, the average collection efficiency, and the gained collection efficiency are given in 
detail in Appendix A2. The gained collection efficiency is the collection efficiency obtained 
additionally by using the reflector ring, compared to the same PMT without the reflector. 
For zero degree angle of incidence the gained collection efficiency was measured to be 41.3% 
± 7% (see paragraph 6.4 for details). 
By using the five curves, mentioned above, an average 0-degree curve was obtained. It will be 
used as a reference curve in the following paragraphs.

6.2 – Horizontal Scan With Positive Angles of Incidence

Figure 18 presents the relative collection efficiency as a function of the position on the surface 
of the PMT and ring. Each curve represents a series of measurements at a different angle of 
incidence.  The  black  curve  corresponds  to  an  incident  angle  of  0  degrees.  The  100% 
collection efficiency is defined as the collection efficiency at the centre of the PMT for the 
corresponding angle of incidence. When the angle of incidence is not zero, a correction for the 
position  of  the  laser  spot  has  to  be  made.  Appendix  A3  shows  the  calculations  for  this 
correction for both positive and negative angles of incidence. 
Figure 18 shows that the valley shifts towards the positive X direction with increasing angle. 
This might be due to the method used to calculate the correction for the X position of the 
scanning system resulting in a too small correction, see Appendix A3 for details. Also the 
corrections were made for the spot position on the surface of the PMT or ring, and not for the 
position of the spot on the photocathode. Therefore, the spot will be slightly displaced on the 
photocathode and the valleys will slightly shift to the positive X direction, see Figure 24 in 
paragraph 6.3. 
Figure 18 also shows the valleys getting broader and shallower with increasing angle. This 
might be explained by the increase in spot size with angle. Appendix A4 contains a brief 
discussion on the spot size and how it increases with increasing angle.
Figure 23 in paragraph 6.3 shows the gained collection efficiencies of the reflector ring at the 
different positive angles of incidence. The values for the gained collection efficiency are also 
given in Table 5 in Appendix A5. 
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Figure 18: Relative collection efficiency as a function of position. Each curve represents a different angle of  
incidence. The efficiency 100% is defined as the collection efficiency,  under the same incident angle, at the  
centre of the PMT. The pink line at X = 38 mm represents the connection surface of the PMT and the ring. The  
green line at X = 46 mm represents the size of the ring that will be used in the Multi-PMT OM.

6.3 – Horizontal Scan With Negative Angles of Incidence 

Figures 19 and 20 present the relative collection efficiency as a function of the position on the 
surface of the PMT and the ring. Each curve represents a measurement at a different angle of 
incidence.  The  black  curve  corresponds  to  an  incident  angle  of  0  degrees.  The  100% 
collection efficiency is defined as the collection efficiency at the centre of the PMT for the 
corresponding angle of incidence.
One  of  the  most  striking  differences  between  the  negative  and  positive  angles  is  the 
emergence of a second valley, which is especially well visible at -10 and -20 degrees. The 
drop of the second valley probably might be the results of the photons being reflected above 
the photocathode, see Figure 21.  The rise of the second valley might  be the result of the 
photons being reflected a second time at the surface of the glass of the PMT, see Figure 22. 
The negative angles show just like the positive angles a shift in the first valley. However, the 
shift  is now to the negative X direction,  which indeed corresponds to a negative angle of 
incidence. The shift is smaller than for the positive angles, which might be explained by a 
better method used to calculate the correction for the X position of the scanning system.
Just  as  with the positive  angles  of  incidence,  the valleys  get  broader  and shallower  with 
increasing  angle.  This  might  be  explained  by  the  increase  in  spot  size  with  angle,  see 
Appendix A4. 
Figure 23 shows the gained collection efficiencies of the reflector ring at the different positive 
angles of incidence. The values for the gained collection efficiency are also given in Table 5 
in Appendix A5. 
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To be able to measure up to -65 degrees, the setup had to be changed during the sequence of 
measurements. This was due to limitations in travel distance along the X axis of the scanning 
system,  that  could  not  handle  the  increasing  correction  for  the  position  of  the  scanning 
system.  Therefore,  the  PMT and  its  holder  have  been  moved  75  mm  in  the  positive  X 
direction. The system had to be calibrated again, and then the measurements from -35 to -65 
degrees were done. However, when analysing the data it appeared that a mistake was made 
during the recalibration,  resulting in  a  shift  of  the entire  curve of  around 1.5  mm to the 
positive X direction. Because the -35 degree angle of incidence taken with the original setup 
did not match the -35 degree angle of incidence taken with the ‘new’ setup. The setup was 
recalibrated, and a second measurement was taken at -35 degrees. This second measurement 
did match with the -35 degree measurement taken with the original setup. Then the first -35 
degree measurement was corrected, to fit the second -35 degree measurement, by moving it 
1.5 mm to the negative X direction. This correction was then also applied to all other angles. 
See Appendix A6 for more details and the original ‘uncorrected’ graphs.

Figure  19:  Relative  collection  efficiency  as  a  function  of  position.  The  efficiency  100% is  defined  as  the  
collection efficiency,  under the same incident angle, at the centre of the PMT. The pink line at X = 38 mm  
represents the contact surface between the PMT and the ring. The green line at X = 46 mm represents the size of  
the ring that will be used in the Multi-PMT OM.
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Figure  20:  Relative  collection  efficiency  as  a  function  of  position.  The  efficiency  100% is  defined  as  the  
collection efficiency,  under the same incident angle, at the centre of the PMT. The pink line at X = 38 mm  
represents the contact surface between the PMT and the ring. The green line at X = 46 mm represents the size of  
the ring that will be used in the Multi-PMT OM.

Figure 21: Sketch of light 'missing' the photocathode.     Figure 22: Sketch of light being reflected a second time.
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Figure 23: Gained collection efficiency for different angles of incidence.

Figure 24: Sketch of a light ray hitting the photocathode (red curve) at a different horizontal (X) position than  
the surface of the PMT (black curve). The travel range through the glass of the PMT as well as the bending of  
the light due to the difference in refractive index between air and glass are responsible for this displacement. 

29



6.4 – Error Analysis

The error in the X position of the laser spot is mainly determined by the spot size (Appendix 
A4), the error in the calculated correction for the position of the scanning system (Appendix 
A3), and the positioning of the PMT, the latter having an error of maximum 0.5 mm (larger 
errors can clearly be noticed, since it is a structural error, and corrected for, see Appendix 
A6). The error in the position of the scanning system is in the order of a micrometer, and 
therefore negligible compared to the other errors in the X position. The Y position of the 
scanning system was kept constant during all the measurements. The error in the Y position of 
the scanning system is negligible compared to the diametre of the spot size.
The total error in the relative collection efficiency is composed out of a statistical error and a 
systematical error. The statistical error is determined by the number of counts and varies per 
measurement. Table 1 gives for every measurement the statistical error. The statistical error 
σst was calculated by:

 st=
1

n
(25)

where n is the number of counts. 
Table  1  shows  significant  fluctuations  in  the  number  of  counts.  These  fluctuations  were 
caused by the unjust placement of a collimating brass pipe at the end of the light fibre (see 
appendix A4 for more details about the pipe). The number of counts remained fairly constant, 
though,  during  a  measurement.  A  significant  change  in  the  number  of  counts  appeared 
sometimes after changing the setup or changing the angle of incidence.
Also  a  systematical  error  in  the  collection  efficiency  at  the  ring  area  has  been  observed 
(Figures 17 and 30). The systematical error  can be calculated from the total error and the 
statistical error, using:

t
2= st

2sy
2 (26)

where σt is the total error, σst  the statistical error and σsy the systematical error. 
The  zero  measurements  from Figure  17  (and  Table  3  in  Appendix  A2)  were  used  in  a 
calculation to estimate the systematical error. The systematical error was calculated for two 
randomly taken X positions in the ring area, X = 40 mm and X = 43 mm.
The first step was to calculate the average collection efficiency of the five zero measurements, 
resulting in 93.6% and 90.8% for X = 40 mm and X = 43 mm respectively. The total error for 
the  zero  degree  angle  of  incidence  measurements  was  calculated  by  taking  the  standard 
deviation, resulting in 5.5% and 6.4% total error for X = 40 mm and  X = 43 mm respectively. 
The  statistical  error  of  the  average  value  is  a  composition  of  the  statistical  errors  of  the 
individual measuerments  and is  calculated in the same way as formula 26.  The statistical 
errors from Table 1 were used to calculate the statistical error of the average value, resulting 
in σst  = 3.1%.
With these values the systematical error was calculated, resulting in a systematical error of 
4.6% and 5.6% for X = 40 mm and X = 43 mm respectively.
A rough estimation of the systematical error yields an average systematical error of around 
5%. No cause for this systematical error has yet been found. More measurements need to be 
done determine the cause of this systematical error.
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Angle of incidence (degrees) Absolute number of counts Statistical error σst (%)

0 (Black Curve) 1,460 2.61

0 (Red Curve) 1,486 2.59

0 (Blue Curve) 1,641 2.47

0 (Green Curve) 1,068 3.06

0 (Yellow Curve) 535 4.32

10 508 4.44

20 668 3.87

30 704 3.77

40 926 3.29

50 978 3.20

-10 1.012 3.14

-20 1.070 3.06

-30 1.054 3.08

-35 3,254 1.75

-40 3,027 1.82

-45 3,238 1.76

-50 3,354 1.73

-55 2,947 1.84

-60 2,953 1.84

-65 2,728 1.91

Table 1: Estimation of the statistical error of each presented measurement. For each measurement the value of  
the absolute number of counts, at the X value representing the centre of the PMT, was taken for the calculation  
of the statistical error.
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Summary and Outlook

To improve the sensitivity of the new multi-photomultiplier optical module for the KM3NeT 
detector each PMT will be surrounded by a light reflecting cone.  This reflector cone will 
reflect additional light onto the photocathode and so increase the photosensitive area. The 
performance of a reflector cone, made out of aluminium and filled with a silicon gel, has been 
investigated  under  various  angles  of  the  incident  light.  Measurements  have  been  done  to 
determine the collection efficiency. The gained collection efficiency (the additionally gained 
collection  efficiency  compared  to  a  phototube  without  an  aluminium  reflector  ring)  was 
calculated. The gained collection efficiency is a measure for the improved sensitivity of the 
phototube.
The highest gained collection efficiency was achieved for an angle of incidence of 0 degrees 
and amounts to 41.3%. By increasing the angle the effect of the reflector ring was reduced but 
up to angles of 65 degrees remained well above 25%. 
However, these measurements have been done in one dimension (along the X axis) and did 
not  cover  all  the  possible  directions  for  the  light  to  enter  the  phototube.  Therefore,  the 
obtained  values  do  not  completely  represent  the  overall  gained  collection  efficiency.  By 
adding a second dimension to future measurements (e.g. by using a broad beam of light), all 
the possible ways for the light to enter the phototube could be covered.
The obtained data can be compared to calculations of light propagation through the reflector 
ring onto the photocathode taking into account the proper geometry. Subsequently, using such 
calculations, the overall gained collection efficiency can be calculated. 
The reflector cone is now an integral part of the multi-phototube optical module, and has been 
adopted by the KM3NeT Technical Design Report. 
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Appendices

Appendix – A1

Technical details with typical values, unless stated differently, for the XP53B20. The data are 
taken from [22].

Window material Lime glass

Photocathode Bi-alkali

Window refractive index at 420 nm 1.54

Multiplier structure Box and Linear focused

Multiplier stages 10

Spectral range [nm] 290 - 700

Maximum sensitivity at [nm] 440

Radiant sensitivity at 420 nm [mA/W] 130

Supply voltage [V] typical: 1000
min: 800

max: 1200

Gain 6.25·105

Gain slope [vs supply Voltage, log/log] 6.8

Anode dark current [nA] typical: 3
max: 60

For an anode blue sensitivity of [A/lmF] 10

Rise time [ns] (Sup. Vol. = 1000 V) 3.5

Duration at half height [ns] (Sup. Vol. = 1000 V) 5

Transit time [ns] (Sup. Vol. = 1000 V) 49

Centre to edge difference [ns] (Sup. Vol. = 1000 V) 1.3
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Appendix - A2

Each  measured  point  represents  a  different  ring-shaped  area  on  the  photocathode  or  the 
reflector ring; the inner radius and outer radius of these rings are given in Table 2. Since the 
sizes of these areas are not equal, a weight has to be applied to each point to compensate for 
these different area sizes. A weight factor of ∫ 2πrdr, or πR2

2 - πR1
2 is used. The constant π can 

be omitted from the weighting factor; the final weight factor therefore becomes:  R2
2  – R1

2.  
Table  2  shows  the  position  of  the  measurement,  the  inner  and  outer  radius  of  the 
corresponding ring area, and the corresponding weight factor for that measurement.

Position X (mm) Inner Radius Ring, R1 

(mm)
Outer Radius Ring, R2 

(mm)
Weight Factor

(R2
2 - R1

2)

0 0 2.5 6.25

5 2.5 7.5 50

10 7.5 15 168.75

20 15 25 400

30 25 31 336

32 31 33 128

34 33 34.5 101.25

35 34.5 35.5 70

36 35.5 36.5 72

37 36.5 37.5 74

38 37.5 38 37.75

39 38 39.5 116.25

40 39.5 40.5 80

41 40.5 41.5 82

42 41.5 42.5 84

43 42.5 43.5 86

44 43.5 44.5 88

45 44.5 45.5 90

46 45.5 46 45.75
Table 2: The position of the measurement, with the radii of the corresponding ring-shaped area and the weight  
factor used for that point.

The total weight of the points representing the PMT (up to 38 mm away from the centre of the 
PMT) without ring is 1444. The total weight of the points representing the reflector ring (from 
39 mm to 46 mm) is 672. These individual weights per point and the total weight for the PMT 
or the reflector ring can then be used to calculate the weighted average collection efficiency. 
Table  3  shows  the  relative  collection  efficiency  of  each  curve  with  0  degree  angle  of 
incidence in Figure 17. Calculations of the average collection efficiency of these three curves 
and the weighted average collection efficiency are given, too.

35



Position 
X (mm)

Coll. Eff. 
Black 
Curve

Coll. Eff. 
Red 

Curve

Coll. Eff. 
Blue 

Curve

Coll. Eff. 
Yellow 
Curve

Coll. Eff. 
Green 
Curve

Av. Coll. 
Eff.

Weighted Av. 
Coll. Eff (ω)

0 1.00 1.00 1.00 1.00 1.00 1.00 6.25
5 0.98 1.04 1.00 0.98 0.96 0.99 49.50

10 1.08 1.04 0.98 0.99 0.94 1.01 170.43
20 1.03 1.03 1.02 1.06 0.95 1.02 408.00
30 1.25 1.18 1.18 1.27 1.07 1.19 399.84
32 1.17 1.17 1.13 0.96 1.00 1.09 139.52
34 1.05 1.04 0.99 0.98 0.98 1.01 102.26
35 1.12 1.12 1.08 1.04 1.13 1.10 77.00
36 0.87 0.87 0.84 0.61 0.76 0.79 56.88
37 0.33 0.32 0.31 0.34 0.29 0.32 23.68
38 0.39 0.39 0.40 0.57 0.47 0.44 16.61
39 0.92 0.88 0.85 0.86 0.81 0.86 99.98
40 0.97 0.98 0.99 0.86 0.88 0.94 75.20
41 0.95 0.96 0.89 0.94 0.88 0.92 75.44
42 0.96 0.96 0.91 0.87 0.88 0.92 77.28
43 1.01 0.95 0.89 0.84 0.85 0.91 78.26
44 0.95 0.99 0.93 0.80 0.86 0.91 80.08
45 0.94 0.88 0.87 0.80 0.81 0.86 77.40
46 0.85 0.89 0.80 0.70 0.67 0.78 35.69

Table 3: Relative collection efficiencies per point of 5 different 0-degree angle of incidence curves in Figure 17.  
The  average  collection efficiency  is  the  average  of  the 5 curves  and the standars  deviation.  The  weighted  
average collection efficiency is the average collection efficiency multiplied with the weight of that point (Table 
2). 

To obtain the collection efficiency at the reflector ring one should add the weighted average 
collection efficiency of each point corresponding to the collector ring, and then divide this 
value by the total weight of the collector ring:

∑
r=39

46

ω

672
≈0 . 892

(27)

The weighted average collection efficiency of the PMT is calculated in the same way:

∑
r=0

38

ω

1444
≈1.004

(28)

The  gained  collection  efficiency  is  obtained  by  dividing  the  weighted  average  collection 
efficiency of the reflector ring by the weighted average collection efficiency of the PMT:

∑
r=39

46

ω

∑
r=0

38

ω

≈0 . 413 (29)
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For all other angles the gained collection efficiency is calculated in the same way, with the 
exception of the averaging step, which is skipped because these values are calculated from a 
single measurement.
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Appendix - A3

The X position in the graphs represents the position of the laser spot on the surface of the 
PMT  or  reflector  ring.  When  the  angle  of  incidence  is  changed  to  a  non-zero  value,  a 
correction has to be made in the X position of the scanning system to keep the laser spot on 
the same position as in a zero degree angle of incidence scan. 
Two methods have been used to calculate the correction in the X position of the scanning 
system. The first method is an approximation that assumes the surface of the PMT to be flat. 
The second method is a more accurate approximation that assumes a curved surface for the 
PMT and a flat surface for the reflector ring. Both methods will be discussed briefly.

Method I
Figure 25 shows a simplified sketch of the PMT, the reflector ring and the geometry of the 
incident  light.  The  distance  from the  centre  of  rotation  to  the  surface  of  the  PMT was 
measured to be 66.34 mm. 

Q=66 .34⋅tan a  (30)

where a is the absolute value of the angle of incidence. Formula 28 gives the correction Q in 
the X position of the scanning system. Since the surface of the PMT and the reflector ring are 
assumed to be flat, the correction only has to be calculated once for the X = 0 position. The 
scan could then be done with the same step sizes as in the zero-degree angle of incidence 
measurement. For measurements with a negative angle of incidence the correction has to be 
applied in the opposite X direction. 

Figure 25: Simplified sketch of the PMT with reflector ring and incident light geometry. Not to scale.

This method was used to calculate the corrections for the measurements with positive angles 
of incidence. Further analysis showed that especially near the edge of the PMT this method 
results in a too small correction, visible as a shift of the valley to the positive X direction (see 
Figure 18), since the curvature of the surface of the PMT was not properly taken into account. 
Therefore, a second method was applied that did take the curved surface into account. For the 
measurements with positive angle of incidence, Table 4 shows the difference between the first 
and the second method. In other words, how much of the shift of the valley is expected to be 
due to a too small correction for the X position of the scanning system.
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Method II
A second method was developed to take the curved surface of the PMT into account. Figure 
26 shows a sketch of the PMT, the reflector ring and the light fibre. The distance from the 
centre of rotation to the centre of the surface of the PMT was measured to be 63.34 mm. The 
surface of the PMT has a curvature with a radius of 198 mm [22]. The surface of the ring was 
assumed to be flat and at the same height as the edge of the PMT. The correction  T was 
calculated in two steps. First the length of U was determined:

U=66 .34+S=66 .34198−R (31)

with:

R=1982−Q2 (32)

where 198 is the radius of the surface of the PMT and Q the desired X position of the laser 
spot on the surface of the PMT or reflector ring. Then with the obtained value of U the shift T 
in the X position of the scanning system is calculated:

T=U⋅tan a  (33)

where a is the absolute value of the angle of incidence.
With  this  method  for  each  individual  point  a  shift  has  to  be  calculated.  By  adding  or 
subtracting this value to/from the X position of the measured point (for positive and negative 
angles, respectively), the correction in the X position of the scanning stage is obtained. For 
the points  corresponding to  the reflector  ring,  the  first  method was used to  calculate  the 
correction. This second method was used to calculate the correction for the measurements 
with negative angles.

Angle of 
incidence (degree)

Correction at 38 mm, using 
the first method (mm)

Correction at 38 mm, using 
the second method (mm)

Shift of the 
valley (mm)

10 12 12.3 0.3
20 24 25.5 1.5
30 38 40.4 2.4
40 56 58.8 2.8
50 79 83.4 4.4

Table 4: The difference in the correction for the X position of the scanning system between the first and the  
second method. The values are rounded in the same way as was done for the measurements. The ‘shift of the  
valley’ shows the expected shift of the valley towards the right due to the error in the first method.  
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Figure 26: Sketch of the PMT with reflector ring and incident light geometry. Not to scale.
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Appendix - A4

The spot size is an important uncertainty in the X position of the measurements. Therefore, 
the spot size should be as small as possible. A brass pipe was mounted on the end of the light 
fibre, to reduce the opening angle of the light exiting the fibre, see also Figure 27. The pipe 
has an inner diameter of 1.2 mm and a length of 25 mm, resulting in an opening angle of 
around 2 degrees  (compared  to  an opening  angle  of  23.6 degrees  without  the pipe).  The 
distance between the end of the pipe and the surface of the PMT at zero degree angle of 
incidence was 3 mm. This setup results in a spot size with a diameter of 1.4 mm at the centre 
of the PMT with zero degree angle of incidence. However, due to the curved surface of the 
PMT, the spot size will grow once the spot moves towards the edge of the PMT. At the edge 
of the PMT the spot size will have a diameter of 1.7 mm with zero degree angle of incidence. 

Figure 27: Sketch of the brass pipe mounted on the end of the light fibre and the geometry of the exiting light.

For non-zero angles of incidence, the spot size will be larger. Figure 28 shows a simplified 
sketch of  the  light  geometry to  demonstrate  the  general  effect  of  increasing the  angle  of 
incidence. The incident beam of light is assumed to be parallel, and the surface of the PMT is 
assumed to be flat. The diameter of the spot is given by:

x=
a

sin  I 
(34)

where  a is the width of the beam,  I the angle of incidence, and  x  the diameter of the spot. 
Assuming for example a beam width of  a = 1.3 mm and an angle of incidence of  I  = 30 
degrees, a spot diameter of 2.6 mm is obtained. This diameter corresponds to a spot size that 
is already four times larger than the spot corresponding to the one for perpendicular incidence. 
Taking the opening angle of the light and the curvature of the surface of the PMT into account 
would greatly complicate the calculations and are therefore excluded. Generally they tend to 
increase the spot size even further.

Figure 28: Simplified light geometry for calculations on the spot size.
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Appendix – A5

Angle of incidence (degrees) Average collection efficiency at 
the ring (%)

Gained collection efficiency
(%)

-65 66.8 29.4

-60 65.7 30.0

-55 68.4 30.9

-50 62.5 32.4

-45 67.2 33.5

-40 72.6 33.6

-35 63.9 31.3

-30 67.7 32.5

-20 57.0 28.6

-10 73.4 36.3

0 89.2 41.3

10 86.9 38.2

20 69.2 35.1

30 68.3 33.6

40 56.7 30.8

50 59.5 28.5
Table 5: Average collection efficiency at the reflector ring and the gained collection efficiency for different  
angles of incidence.
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Appendix – A6

In order to be able to measure at larger angles of incidence, the setup had to be changed. The 
PMT was moved 70 mm towards the positive X direction. Therefore, the X position of the 
scanning system that corresponds with the centre of the PMT had to be recalibrated.
During the analysis of the data, a systematical  error of around 1.5 mm in the positive X 
direction was observed for measurements with an angle of incidence between -35 and -65 
degrees.  The  -35 degree curve was compared with a  -35 degree curve obtained  with the 
previous  setup.  The  scanning  system  was  recalibrated  and  another  -35  degree  angle  of 
incidence measurement was taken. This measurement was then also compared with the -35 
degree curve obtained with the previous setup. This time no shift was observed, leading to the 
conclusion  that  a  mis-calibration  was  the  cause  of  the  observed  shift  in  the  first 
measurements. Figure 29 shows the recalibrated curve and the first curve. Both measurements 
were taken with the same setup, except for the following changes:

 The scanning system was recalibrated
 A problem with the light fibre  and the brass pipe,  that  affected the statistics,  was 

solved. However, these changes should have had no effect on the X position of the 
scanning system or on the error in the X position of the scanning system

To counter this systematic error the entire curve of the first measurement was 'corrected' by 
moving it 1.5 mm towards the negative X direction to fit the recalibrated measurement, as can 
be seen in Figure 30. This same shift was then also applied to all other angles of the first 
measurements.
Figure 30 also shows a near 10% systematical error in the collection efficiency at the ring. As 
already stated in paragraph 6.4, no cause of this systematic error has been found yet.

Figures 31 and 32 show the original measurements between -35 and -65 degrees without any 
'correction'. 

Figure 29: The original first measurement (red) and the measurement taken after recalibration of the setup  
(black).
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Figure 30: The first measurement with a 1.5 mm correction (red) and the measurement taken after the setup was 
recalibrated (black).

Figure 31: Same curves  as in Figure 19. However,  this time no correction is applied to the measurements  
between -35 and -65 degrees.
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Figure 32: Same curves  as in Figure 20. However,  this time no correction is applied to the measurements  
between -35 and -65 degrees.
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