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und keine anderen als die angegebenen Quellen und Hilfsmittel verwendet habe. Gedanklich,
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1 Introduction

On the basis of the recently started XENON1T project at the underground laboratory of

Gran Sasso (LNGS), a further step in relation to the dark matter search has been taken.

Since it is known that our universe consists of about 4.9% visible, baryonic matter, 26.8%

dark matter and 68.3% dark energy [8], which is based on the measurements of the Planck

satellite, a few theories have been developed to describe the unknown 95% of the universe.

Whereat physicists are still puzzled about the nature of the dark energy, several proposals

for dark matter have been made, including a Weakly Interacting Massive Particle (WIMP).

The WIMP is one of the leading candidates for cold dark matter, whereat the particle could

not be detected yet despite the proceeded research. Due to rare interactions with baryonic

matter, a very sensitive detector is needed. One feasible idea is to investigate the scintillation

light that is emitted due to a scattering of the WIMP with a nucleus.

Based on this principle, the XENON project uses a dual phase time projection chamber

(TPC) filled with liquid xenon (LXe) to detect the scintillation light. With a LXe target

mass of 62 kg, the XENON100 experiment at the LNGS started in 2008 and set a limit of a

lower cross section of 2×10−45 cm2 for a WIMP mass of 55 GeV/c2 at 90% confidence level

for direct spin-independent elastic WIMP-nucleon scattering [4]. Nevertheless, the WIMP is

not found yet, so that another LXe-TPC with a planned target mass of one ton was built at

the LNGS. The XENON1T experiment increases the sensitivity up to a planned 2x10−47 cm2

for a WIMP mass of 50 GeV/c2 [3].

As a part of the XENON collaboration, the group of Prof. Dr. C. Weinheimer of the Institut

für Kernphysik from the University of Münster built an own dual phase TPC with a LXe

target mass of 2,56 kg as a testbed for calibration and purification purposes.

The Münster TPC contains 14 photomultiplier tubes (PMTs) to detect the prompt and the

proportional secondary scintillation light in the TPC. A key parameter to characterize a

PMT is the determination of the amplification of a photoelectron that is emitted due to a

photon-interaction, namely the gain. Therefore, a fiberglass feed-through for a LED pulser

is implemented into the TPC and used for a LED calibration of the PMTs afterwards within

this thesis.
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In order to give an insight about the working principle of a dual phase TPC, this thesis

begins with the advantages of using xenon as detector material and continues with the design

of a xenon dual phase TPC in chapter two.

In chapter three, the design of the Münster TPC and the data acquisition is presented to

give background information on the modification of the TPC.

Within chapter four, the implementation of the fiberglass feed-through is described step by

step and the expected distribution of light that is originating from the fiberglass is shown.

In chapter five, a theoretical background of the working principle of a PMT is given followed

by the gain calibration of the PMTs with a LED pulser. In addition, the method to calibrate

the PMTs in terms of the gain is explained and followed with a sample calibration on a PMT.

Furthermore, the result of the LED calibration in gaseous xenon are given and discussed.

Additionally, the characterization of the liquid level sensors of the TPC is shown in chapter

six, as another aspect within the framework of the thesis.
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2 Xenon Dual Phase Time Projection

Chamber

Alluded to above, the XENON experiments use the technique of a xenon dual phase time

projection chamber (TPC) in order to detect the scintillation light emitted by the WIMP-

nucleon scattering. Features such as a great self-shielding and the opportunity of a position

reconstruction of the scattering-process are only two of several more advantages that are

provided by this type of detector.

Firstly, the reason why xenon excels as a detector material is given throughout the next

section. In order to give a brief overview about a dual phase TPC, the basic design and

working principle of a TPC is described aswell. In addition, the setup of the Münster TPC

and its data acquisition is presented.

2.1 Xenon as Detector Material

The noble gas xenon provides several properties that are favored for the dark matter search.

With a heavy nucleus of around A=131 [11], xenon provides a higher spin-independent cross

section in the lower recoil energy area in comparison to other detector materials such as

silicon, argon and germanium [5].

In liquid form, xenon has a density of ∼3 g/cm3 [11], which allows to build very compact

detectors. A further advantage results of the two named properties combined; the heavy nu-

cleus and the density provide a great self-shielding for radiation. Incident radiation is almost

completely absorbed at the edge of the TPC-interior so that a “‘fiducial volume”’ can be

defined in the core of the TPC, which is the target mass for the WIMPs.

Since the TPC operations shall be secured over a long period of time, the handling of the de-

tector material has to receive attention. In order to get liquid xenon, a temperature in range

of Ttriple = 161.36 K to Tboil = 165.02 K [11] at atmospheric pressure has to be reached. By

increasing the pressure up to 2 bar, the boiling temperature changes to Tboil = 177.88 K [11],

which gives more scope during the TPC operation in order to avoid a freezing of the xenon

which would destroy the PMTs.
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Moreover, xenon excels due to its scintillation light generation process, which is based on

an excited dimer Xe∗2. Since the scintillation light is emitted by the latter, the energy of

the photon is different to the one needed for another excitation of the ground state of the

Xe. Therefore, the xenon is transparent for its own scintillation light and the photon can

pass the LXe. The energy of the photon corresponds to a wavelength of 178 nm [1], so that

ultraviolet-sensitive photomultipliers are needed for a detection.

Two different initial reactions create the excited dimer, whereat the first includes an excited

xenon atom Xe*:

Xe∗ + Xe → Xe∗2

Xe∗2 → 2Xe + γ (2.1)

The second initially starts with an ionized xenon, where heat is produced aswell:

Xe+ + Xe → Xe+
2

Xe+
2 + e− → Xe∗∗ + Xe

Xe∗∗ → heat

Xe∗ + Xe → Xe∗2

Xe∗2 → 2Xe + γ (2.2)

By applying an electric field to suppress the recombination of the electrons with the xenon,

the electrons are then extracted and drift along the field lines to produce proportional sec-

ondary scintillation light in the gaseous phase of the TPC, which is explained as one aspect

of the working principle of a dual phase TPC in the next section.

2.2 Basic Design of a Dual Phase TPC

As indicated by its name, the dual phase TPC contains xenon in two different phase states.

The cylindrical detector is made of PTFE (Teflon c©) and almost completely filled with liq-

uid xenon (LXe) up to a small gap for gaseous xenon (GXe) between the LXe surface and

photomultipliers (PMTs) at the top of the TPC as shown in figure (2.1). In addition to the

PMTs at the top, the same amount is placed at the bottom end of the detector to detect the

scintillation light that is emitted in the interior of the TPC due to a WIMP-nucleon scattering

or radiation. Moreover, electrons are emitted in the scintillation process aswell as mentioned
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in chapter 2.1, where three meshes provide two different electrical fields for electron drifting

and acceleration.

In case of an interaction between particles and the LXe, a prompt scintillation light, called

S1-signal, is produced immediately in the top and bottom PMTs due to the speed of light

propagation, whereas the electrons drift to the top of the TPC along the field lines by a

constant electrical drift field ~Edr. A secondary stronger electrical field ~Eex extracts the elec-

trons from the liquid phase by acceleration and provides them with enough energy to cause

proportional secondary scintillation light in the gaseous phase, which is detected by the top

PMTs and called S2-signal.

Figure 2.1: Sketch of a dual phase TPC. The TPC is almost completely filled with liquid
xenon (LXe) until there is only a small gap of the LXe surface to the top PMTs
for gaseous xenon (GXe). Particles that hit the LXe produce prompt scintillation
light (S1-Signal), which is immediately collected by the PMTs. Moreover, electrons
are emitted and drift along the field lines of an electrical drift field ~Edr to the top
of the TPC. A stronger electrical extraction field ~Eex provides the electrons with
enough energy to cause proportional secondary scintillation light in the GXe that
is absorbed by the top PMTs (S2-signal). [7]
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These two signals can be utilized to distinguish the background radiation from WIMP-

interactions very effectively. As a consequence of the self shielding capacity of xenon due

to its heavy nucleus and high density, the background radiation interacts with the LXe al-

most everytime at the edge of the TPC-interior (chapter 2.1). A 3D-position reconstruction

of the scintillation process can determine whether or not the interaction is at the edge of the

TPC or in the defined fiducial volume in the core.

The depth of the interaction, the z-coordinate, is determined by means of the electron drift

time in the LXe. Since the influence of the time the photons spend to reach the PMTs

is insignificant due to the speed of light propagation, the time difference of the S1- to the

S2-signal provides the information about the depth of the interaction. For a full 3D-position-

reconstruction, the remaining radial position of the interaction, the x-y-coordinate, is ob-

tained by determining the hit pattern of the top PMT array.

A further aspect relates to the different amplitudes of the S1- and the S2-signal for different

incident particles. In case of an interaction with the LXe, the energy of a nuclear recoil is

mostly deposited in the nucleus of the LXe, whereat the energy of an electronic recoil is

deposited in the emitted electron. This results in a greater amplitude of the S2-Signal for

electronic recoil in comparison to the S2-Signal of a nuclear recoil. Vice versa, the S1-Signal

of the nuclear recoil is greater than the the S1-Signal of the electron recoil, whereat this is

difficult to distinguish due to the small amplitude of the S1 overall.

The relation of electron recoil (ER) and nuclear recoil (NR) can then be described as follow-

ing:

(
S2

S1
)ER � (

S2

S1
)NR (2.3)

This takes advantage for the background discrimination, because nuclear recoils are caused

either by WIMP- or neutron-scattering whereat electron recoils are initiated by incident

γ-radiation or β-decays. Moreover, WIMPs scatter only once due to their low cross section

whereas the neutron scatters twice and can be discriminated by multiple scatter identification.

Based on the technique of a dual phase TPC, a TPC was built in Münster as a testbed for

calibration and purification purposes. The following chapter gives a brief overview about the

design of the Münster TPC.
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3 The Münster Time Projection Chamber

In 2011, a small TPC with a LXe target mass of 2.56 kg has been built in Münster to con-

struct a device to monitor the purity of xenon by electron drift length measurements. Over

time, it has become a testbed for calibration and purification purposes for future XENON

experiments, such as the recently started XENON1T.

Throughout this chapter, the design aswell as the data acqusition of the Münster TPC are

presented to give background information for the following chapter about the modification

of the TPC.

3.1 Design of the Münster TPC

The Münster TPC is a cylindrical volume with a height of 170 mm and an inner diameter of

80 mm. The structure is made of Polytetrafluorethylen (PTFE), also known as Teflon c©, due

to reflectivity for light of 178 nm wavelength. In addition, PTFE functions as a spacer and

can be produced with high purity. Because of a dielectrical strength of 20kV/mm - which is

defined as the maximum electrical field strength that can be applied without causing sparks

- PTFE performs well as an isolator in high voltage (HV) areas. This becomes handy in

terms of the applied meshes with a HV supply up to 20 kV. In total, five meshes are installed

inside the detector as shown in figure (3.1), whereat all meshes are made of stainless steel

and have an inner diameter of 101.8 mm, an outer diameter of 120.5 mm and a thickness of

2 mm. Apart from the two screening meshes that are placed in front of the PMTs to protect

them from high field regions, the cathode-, anode- and centered screening-mesh create the

drift- and the extraction field that are mentioned in chapter 2.2.
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Figure 3.1: Picture of the design of the Münster TPC. The cylindrical volume is made of
PTFE and contains 7 PMTs at the top and 7 PMTs at the bottom to detect
scintillation light. Three meshes, the cathode-, anode- and the centered screening
mesh provide two different electrical fields for electron drifting and acceleration.
In addition, two screening-meshes were placed in front of the PMTs to protect
them from high field regions due to the HV. A total of 12 copper rings shape
the electrical field at the edge to gain a homogenous field for a constant drift-
velocity. [6]

Due to the shape of the meshes and their parallel placement they function as a plate capacitor

and create homogeneous straight field lines along the height of the TPC and thus generate

a constant drift velocity of the electrons. As a common effect of plate capacitors, the field

lines lose their straight shape and are bent at their edge. Therefore, 12 electrodes in terms

of oxygen free high conductivity copper rings were installed around the cylindrical volume

in same distance to each other between the cathode- and anode-mesh, whereat two separate
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resistor chains provide an increasing positive potential for the electric field.

A detailed description of the design concept and building of the TPC can be found in the

diploma thesis of J. Schulz [12].

3.1.1 The Hamamatsu R8520-06-AL PMTs

On the basis of the photon with a wavelength of 178 nm that is emitted during the transition

of the exited dimer Xe∗2 to the ground state, which is explained in chapter 2.1, special ultra-

violet sensitive photomultipliers are needed to detect the scintillation light. Therefore, the

dual phase TPCs uses Hamamatsu R8520-06-AL PMTs, which are developed for LXe exper-

iments. On the left hand side of figure (3.2), one of the R8520-photomultipliers is shown.

A total of 14 Hamamatsu R8520-06-AL PMTs were attached to the Münster TPC, whereat

half of them were placed at the top and half of them at the bottom of the detector in a 2-3-2

array. On the right hand side of figure (3.2), a drawing of the top PMT holder shows the

configuration of the PMTs.

Moreover, the photocathode is made of bialkali material with a spectral response of 160 nm

to 650 nm, providing the PMT with a quantum efficiency of ∼ 30% for scintillation light of

178 nm wavelength. An UV transparent window of synthetic silicia glass covers the photo-

cathode. Behind the latter, ten dynode stages, connected by a resistor chain with a high

voltage supply of max. 900 V, amplify the photoelectrons emitted by the photocathode.

As a result of the given temperature range of Ttriple = 161.36 K to Tboil = 177.88K at 2 bar

for liquid xenon as mentioned in chapter 2.1, the R8520-06-AL PMTs have a temperature

range of 163.15 K to 323.15 K and a maximum pressure resistance of ∼5 bar.

A description about the working principle of a photomultiplier is given in chapter 5.1.

Figure 3.2: On the left hand side, the one inch squared Hamamatsu R8520-06-AL PMT hous-
ing aswell as the silicia glass window that cover the photocathode is shown. On
the right hand side, the top PMT array configuration is shown. The bottom is
similar but does not contain the holes in the PTFE structure. [12]
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3.1.2 The Liquid Level Sensors

When the TPC operates in dual phase mode, the LXe surface level has to be monitored to

adjust the required gap of ∼5 mm between the surface level and the anode for the propor-

tional secondary scintillation light in the GXe.

The level monitoring is realised by three capacitor tubes with a length of 294 mm for a full

TPC coverage, whereat an average value is taken to determine the fill height, which is ex-

plained in detail in chapter 6.

Every sensor consists of a stainless steel rod surrounded by a stainless steel tube with a slit

of 1 mm over the full length to reduce capillary effects as shown in figure (3.3). The tube has

a diameter of 6 mm and a wall thickness of 1 mm, whereat the rod shares the wall thickness

of 1 mm but has a diameter of 3 mm. A PTFE tube surrounds the capacitors for isolation

purposes. The electrical contact plates are welded onto the respective tube and rods and is

isolated by polyether ether ketone (PEEK) spacers.

The monitoring of the sensors is based on a capacity change when filled with LXe due to the

different dielectrical constants of the LXe and the GXe. As a part of this thesis, all sensors

were tested outside of the TPC in liquid nitrogen. A closer description of the setup, the

calculation of the capacity change aswell as the results are given in chapter 6.

Figure 3.3: Picture of the top end of one liquid level sensor is shown. For isolation reasons,
the sensor is surrounded by a PTFE tube. One can see the contact plates welded
onto the respective tube and rod and the slit in the sensor to avoid capillary effects.
[12]
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3.2 The Data Acquisition

In order to digitize the signals of the PMTs, the Münster TPC uses two CAENV1724-boards

with 14 bit, 2.25 V input range, 100MHz and 8 input channels. Each acquisition window is

chosen to consists of 512 samples, whereat every sample has a width of 10 ns. The 14 bits allow

a signal up to 214 = 16384 ADC units (analog-to-digital converter unit) for every sample.

As it will be described in chapter 5.1, the signal of the PMTs is produced due to a potential

drop, so that a negative signal is expected. Therefore, a baseline around 16150 ADC units is

set for every input channel of both digitizers. The full range of the baseline is not adjusted

due to fluctuations that appear throughout the acquisition window, which are determined

and used to reduce the influence on the signal peaks.

For the LED calibration later on in this thesis, both digitizers are triggered externally by a

AFG3102 pulse generator developed by Tektronix. The trigger is set to 50 samples after the

acquisition window started, allowing a baseline substraction as explained in chapter 5.2. The

remaining 462 samples are intended for the photon signals. Both digitizers are triggered at

the same time due to a cross connection of the external trigger channels of the boards.

The signals of the PMTs are transferred directly to a 16 channel CAEN Mod. N979 fast-

amplifier with an amplification factor of 10. Afterwards, they are guided into the digitizers,

where they are converted into ADC units. Afterwards, a SIS-board transform the data and

transmit it with a fiberglass to a PC. An acquisition software, called FPP-DAQ, saves the

ADC values of every sample in every waveform. These values can be converted to Volt by

using the equation

UV = UADC ·
Uir
2n
. (3.1)

Here UV is the signal voltage in Volt, UADC the signal voltage in ADC units, Uir the input

range of the CAEN-board and n is the number of bits. Here, the multiplication factor to

convert from ADC to Volt equals 0.137 mV.
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TPCLED

AFG3102

CAEN N979
Fast-Amp x10

CAENV1724
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SIS-board

CH2CH1

Trigger in

Trigger out

Trigger in

Trigger out

Figure 3.4: Schematic of the data acquisition setup for the Münster TPC.
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4 The LED Pulser for the Münster TPC

In the early stage of the Münster TPC and in relation to the diploma thesis of Johannes

Schulz of the University of Münster, the photomultipliers were calibrated individually in a

dark box before they were attached to the TPC. By the time the assembly of the Münster

TPC was finished and the detector was brought into the insulation vacuum, another LED

calibration was unavailable without disassembling it.

As a consequence of the low temperature of the LXe in a running dual phase TPC, a LED

can not be installed inside the detector due to a malfunction at such low temperatures and

the LED would evaporate and pollute the high purity LXe. A solution is to implement a

fiberglass feed-through into the TPC, whereat a LED shines through the fiberglass from out-

side into the detector, allowing a LED calibration at any time.

The modification also opens up the possibility of several LED calibrations over a period of

time, being able to measure the difference of the gains over a longer TPC operation. As an

example, data sheets of a weekly calibration of the XENON100 TPC have shown fluctuations

of the gains within ±2% (1σ) [2].

Based on the idea of a weekly LED calibration to improve the gain performance of the PMTs,

a fiberglass feed-through was implemented into the Münster TPC aswell as a part of this the-

sis. Whereat the XENON100 project uses one fiberglass that is split into four above the

diving bell [2], a single fiberglass that passes the top PMTs has proven to be more feasible

for the Münster setup. Thus at the cost of a non-uniform distribution of light originating

from the single fiberglass. This has to be considered for a LED calibration, which is why a

calculation of the distribution is done later on in this chapter to estimate the differences for

the PMTs.

Since the light-distribution depends on the position of the fiberglass in the TPC, the modi-

fication of the Münster TPC is described first.

The TPC itself is covered by a stainless steel vessel which is brought into a greater steel

tube, called insulation vacuum. Therefore, the fiberglass has to pass the insulation vacuum,

the vessel and the PTFE structure to reach the interior of the TPC. Hence, two fiberglasses,

developed by Ceramoptec, are implemented, one with a length of 1.5 m for the way from the

insulation vacuum to the cryostat vessel and one 500 mm pigtail that leads from the cryostat
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to the TPC. Both fiberglasses have a 200µm diameter pure synthetic fused silica core sur-

rounded by a 220µm Fluorine-doped synthetic fused silica cladding. The jacket has diameter

of 245µm and is made of polyimide so that both fiberglasses can operate in temperature

range of 83.5 K to 623.15 K [14]. Moreover, the fibers can transport light of a wavelength

from (160 to 1200) nm [14] and have a numerical aperture of 0.22.

Starting from the outside, a CF40 flange is welded on the side of the existing feed-through

for the cathode voltage supply that leads directly into the insulation vacuum as seen on the

left hand side of figure (4.1). One can also see the coated fiberglass lying in the CF40 flange

with a SMA-plug at the end. The latter is used to link the 1.5 m fiberglass to a green LED by

a secondary SMA-plug. The coating is made of a stainless steel conduit in order to prevent

kinks. Inside the insulation vacuum, the same fiberglass is guided to a CF16 flange at the

top of the cryostat, which was added especially for the modification. On the right hand side

of figure (4.1), the wiring from the top feed-throughs to the cryostat outside of the insulation

vacuum is shown. Furthermore, the route of the fiberglass is shown aswell, which is curved

in order to offer more protection against kinks.

CF40
flange

cathode
feed-through

coated 1.5m fiberglass + SMA-plug

coated 1.5m fiberglassfeed-through in
CF160 flange

PMT signal wires

Figure 4.1: On the left hand side, the cathode voltage supply feed-through is shown. The CF40
flange for the fiberglass is welded on the side of the feed-through which leads to
the interior of the insulation vacuum. One can also see the coated 1.5 m fiberglass
lying in the CF40 flange. On the right hand side, the circled path of the coated
fiberglass from the CF40- to the CF16-flange in the insulation vacuum is shown.



4 The LED Pulser for the Münster TPC 15

Proceeding to the surface of the cryostat, several feed-throughs in a CF160 flange provide the

ability to reach the PTFE structure. For the fiberglasses, an additional feed-through with a

CF16 flange was added to the cryostat, shown in figure (4.2). Again, a SMA-plug connects

the fiberglasses with the flange.

PTFE structure

CF160 flange
of cryostat

SMA-plug

CF16
flange

feed-through for
fiberglass

CF16 flange

level meter

CF160 flange
of cryostat

Figure 4.2: Pictures of the TPC with the top-flange of the cryostat during the modification.
On the left, the TPC with the added feed-through for the fiberglasses is shown.
Additionally, one can see the CF16 flange with the SMA-plug attachment in close-
up on the top right aswell as its other side on the bottom right.

Inside the cryostat, a second shorter pigtail fiberglass is linked to the 1.5 m fiberglass by a

SMA plug at the CF16 flange (figure (4.3)). With a length of 500 mm, the second fiberglass

is guided in a circle around the signal wires of the top PMTs - to prevent kinks due to the

small spacing between the top-flange and the TPC surface - to a hole in the PTFE structure.

Here, the fiberglass does not have a conduit to avoid impurity. A PTFE spacer is mounted

onto the other end of the fiberglass to stabilise the fiber in the hole. Furthermore, the spacer

functions as a diffusor, which takes advantage for the distribution of the light in the TPC as

explained later on.
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fiberglass

hole in
PTFElevel meter

the 7 top
PMTs

the 7 top
PMTs

CF16 flange

CF160 flange
of cryostat

500mm fiberglass

PTFE
diffusor

SMA-plug

Figure 4.3: Pictures of the 500 mm fiberglass inside the vessel with the circled route around
the wires of the top PMT signals to one of the holes in the PTFE structure.

As it is shown in figure (4.3), the holes are around the top PMT array and not in the

center of the PMT holder. Therefore, a characteristic of the fiberglass is used to calculate

the distribution of the light in the TPC. Based on the numerical aperture NA, which is a

dimensionless factor that is in dependence of the sinus of the half maximum opening angle α of

the emitted cone of light and the refraction index n of the gas in the TPC, the projection of the

cone onto the bottom PMT area can be calculated. By using equation (4.1) for calculating

the maximum angle and knowing the height of the TPC with 170 mm, this projection is

obtained.

NA = sin(α) · n, (4.1)

With an numerical aperture of NA= 0.22 for both fiberglasses and a refraction index of

n = 1.00 [13] for gaseous xenon, the half maximum opening angle is α = 12.71 ◦. Considering

that the inner diameter of the PTFE structure is a bit less than the distance from one outer

PMT to the opposite one, the amount of light that is collected by the outer PMTs of the

holder is reduced due to the edge of the inner PFTE structure. Still, the resulting circle

covers only 87.42% of the inner PTFE structure of the bottom PMT area.

The remaining PMTs, especially the top ones, rely on the reflections of the photons at the

PTFE structure. In order to partly compensate for the different illumination, the used spacer

on the short fiberglass is made of PTFE and functions as a diffusor.



4 The LED Pulser for the Münster TPC 17

Still, it is expected that the bottom PMTs among themselves see slightly different amount of

light. Additionally, the top PMTs are expected to see less amount of photons in comparison

to the bottom ones.

After the fiberglass was implemented into the TPC and coupled with the LED, a pulse gener-

ator was used to drive the LED, which is the same used for the external trigger pulse. In the

following section, the settings of the pulse generator are given for future LED calibrations.

4.1 Settings of the Pulse Generator

In relation to the LED calibration of this thesis in gaseous xenon, the pulse generator

AFG3102 of Tektronix was used to drive the LED aswell as the external trigger signal.

Starting with the trigger, the amplitude of the signal was set to 1.5 V. The offset was set to

the negative half of the amplitude to produce a negative peak due to the preset NIM-signal

setting of the FADC.

The LED is switched on for 5µs after the trigger signal, which is more than the remaining

4.62µs aquistion window as mentioned in chapter 3.2. The LED intensity is varied throughout

the measurements in order to compensate for the different amount of light that is absorbed

in the top and bottom PMTs. The whole range of the intensity that was used for all mea-

surements is between 900 mV to 974 mV.

Both, the trigger signal and the LED pulse are produced with a rate of 100 Hz.
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5 PMT Calibration with the LED Pulser

As mentioned above, the Münster TPC contains 14 photomultiplier tubes, whereby each

of them reacts differently to incident photons. As a consequence, PMTs generate different

outputs for the same amount of absorbed photons, which needs to be considered for an

energy calibration. Therefore, all photomultipliers are calibrated in terms of the gain, which

describes the final amount of photoelectrons created by one induced photoelectron via one

photon. This is realised by a LED pulser shining into the TPC with a low intensity to receive

single photon events. In this section, the LED calibration will be explained and the results of

a calibration in gaseous xenon are shown. In order to understand the origin of the gain, the

working principle of a photomultiplier is described first in more detail in the next section.

5.1 The Working Principle of a PMT

Photomultipliers (PMTs) are extremely sensitive detectors for light in the range of ultra-

violet to infrared. They absorb incident photons, produce photoelectrons and amplify them

up to 106 times or even further, which allows investigations of single photon events and hence

at smaller scales of the matter. Therefore, PMTs find many applications in nuclear and

particle physics aswell as in the medicine (for diagnostic purposes or medical imaging) due

to their ability to reveal low intense effects.

The design of a PMT consists of a photocathode, an anode and several dynodes as shown in

figure (5.1). At first, photons hit the photocathode and create photoelectrons (pe) because

of the photoelectric effect. Afterwards, an electric field forces the pe to drift to the first

dynode. On impact, secondary pe are emitted, which are accelerated to the next dynode in

which the effect repeats and an avalanche of photoelectrons is created. This method requires

an increasing positive potential on the dynodes, which is realised by a global voltage supply

and a resistor chain. In a final step, the signal is produced by a potential drop when the

avalanche reaches the anode.
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Figure 5.1: Sketch of a PMT. A photon hits the photocathode and creates a photoelectron
which gets accelerated to the first dynode by an electric field. Secondary photo-
electrons are emitted and accelerated to the next dynode until the avalanche of
photoelectrons hits the anode, whereat a potential drop creates a signal. A chain
of resistors provides an increasing positive potential for the electric field. [9]

One of the most important characteristics of a photomultiplier is the quantum efficiency

(QE). The QE describes the amount of photoelectrons Npe emitted per number of incident

photons Np(λ).

QE(λ) =
Npe

Np(λ)
(5.1)

Thus the QE depends on the wavelength of the incoming photons. As an example, the

QE of the Hamamatsu R8520-06-AL PMT is able to achieve a QE up to 30% for 178 nm

wavelength.

Another characteristic of a PMT is the gain, which is the final number of photoelectrons

induced by a single photoelectron via one photon. The gain can be calculated by dividing

the charge of the PMT-signal with the charge of a single electron.

gain = Nse =
Q

e
(5.2)

Here Nse is the final number of secondary photoelectrons, Q is the charge and e is the charge

of an electron. Noticeable is the independence of the gain from the wavelength of the incident

photon, which is why a green LED can be used for a calibration of the PMT. The gain of a
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PMT can be set by changing the voltage supply, whereat the relation is given by equation

(5.3):

gain = A · V kn (5.3)

Here, A is a constant that describes the efficiency of secondary photoelectron production

from a given dynode, V the supply voltage, k a PMT specific parameter depending on the

structure and material of the dynodes, and n the number of dynodes (which is n = 10 for

the Hamamatsu R8520-06-AL). A detailed description of calibrating the detector by using

the gain is given throughout the subsections of this chapter.

5.2 The Gain Calibration

In the previous section, the gain was described as the final amount of pe created by one

induced pe via one photon. Furthermore, the gain differs from PMT to PMT for same

supply voltages. Accordingly, it is possible to calibrate all PMTs by changing each of their

gain to the same value, so that every PMT creates the same amount of pe originating from one

photon. This is of particular importance for the energy analysis of the prompt scintillation

light in the bottom PMTs. A signal that is created by one single photon will have around

the same amplitude for a certain gain. A double photon signal will have around the doubled

amplitude.

However, in order to determine the gain of a PMT, only a single photoelectron has to be

emitted and accelerated. Therefore, only a single photon ought to hit the photocathode to

ensure that there is only the single pe emitted.

A common method for a gain calibration is to use a LED that is operated at low intensity.

As a result, the probability to absorb multiple photons at the same time decreases due to a

lower amount of photons created by the LED in the first place. The intensity can be adjusted

to a level, in which in about 95% of the cases the PMT does not absorb any photon. In

the remaining 5%, the PMT absorbs a single photon and in 0.1% two photons are absorbed.

These values are generated by the poisson distribution

Pλ(k) =
λk

k!
e−λ, (5.4)

in which P is the probability of a certain value k and λ the expectation value.

This method provides two advantages: In addition to a low amount of two and multi photon

events, the noise peak has a major presence in the histogram with its proportion of 95%,

which can be used to determine the single pe peak as shown later on in this section.

However, all PMTs are lightened at once, which makes it difficult to comply with the desired
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percentages for every PMT if there is only a relatively short LED pulse aswell as the non-

uniformly distribution of light in the TPC (due to the position of the fiberglass feed-through

in the top of the TPC, according to chapter 4). Therefore, the LED is switched on for

almost the whole acquisition time to increase the probability of a single photoelectron event.

This allows an adjustment of the software instead of an elaborately individual calibration by

changing the LED’s intensity for every PMT.
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Figure 5.2: Waveform of an event with baseline of 16150 ADC and an acquisition time of
5120 ns (512 samples); with probably two 1pe peaks, two 2pe peaks and a multi pe
peak. After 50 samples the LED is switched on; this allows a baseline substraction
with the average of the first 50 samples. The window for analysing the peaks is
between samples 250-270.

As an example, a waveform of a PMT during one acquisition window is shown in figure (5.2).

The LED is switched on after 50 samples, because these are used for a baseline substraction:

As a consequence of the potential drop in the PMT, the peaks are negative, which is why a

baseline of around 16150 ADC units is set. Additionally, thermodynamic fluctuations in the

PMT and cables exist over the full acquisition time. In order to reduce the influence of the

fluctuations and the baseline on the gain, the average of the first 50 samples are calculated

and subtracted to every single sample throughout the acquisition time. As a result, the

baseline is set to 0 ADC units after the subtraction.
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In order to obtain the gain of a PMT, the peaks of the waveform are investigated further,

whereat the goal is still to have only 5% single pe events. Therefore, a window of a few

samples anywhere in the waveform (after the LED is switched on) is chosen to isolate a peak.

As seen in figure (5.2), the window is in range of samples 250-270. By increasing or reducing

the width of the window, the probability of appearances of photon events in the window

changes, so that the 5% limit can be adjusted.

Regarding the fixed window, an issue arises if the PMT absorbs a lot of photons. Several

peaks can appear in the window and falsify the gain output by pretending to be a multi pe

peak. However, it is kept within limits because of the initial low intensity of the LED that

leads to a low amount of peaks overall throughout the waveform.

Now that the peak is isolated, its charge can be calculated by integrating over the window.

For this purpose, the values of the samples has to be converted from voltage to charge.

Q =

∫ tf

ti

U(t)

R
dt (5.5)

Here, ti and tf are the initial and final time of the window, U(t) is the voltage at a certain

time and R the impedance of the input channel of the FADC (for CAEN1724, R=50Ω).

Since the waveform is discrete and the samples are an expression of time, the integral can be

transformed to

Q =

sf∑
si

U(s)

R
∆s, (5.6)

in which si and sf are the initial and the final samples of the integration window and U(s)

is the voltage value of the respective samples. As explained above, the gain represents the

final number of photoelectrons. Therefore the charge Q is divided by the charge of a single

electron as seen in equation (5.2).

If Nse is calculated for every waveform, a histogram as seen in figure (5.3) can be assembled.

Within this thesis, a program called “ROOT” was used to process the datapoints collected

by the data acquisition.
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Figure 5.3: Histogram of the photoelectron output of 50000 events. It consists of the noise
peak at around 0Nse; caused by fluctuations in the window. Additionally, there is
a single pe peak at around 2 · 106Nse and a double pe peak at around 4 · 106Nse.

The histogram consists of a noise peak around 0Nse, a single photoelectron peak around

2 · 106Nse and a double photoelectron peak around 4 · 106Nse. The noise peak results from

the low LED intensity, because in 95% of the cases there is only noise in the window as chosen

by the setting. Moreover, the y-axis is in logarithmic scale because of the high proportion of

the noise. As a result of the baseline substraction, the mean of the peak is always at around

0Nse. In addition, the noise peak contributes to the determination of the single pe peak,

since it overlaps with the single pe peak distribution. The width of the peak occurs due the

fluctuations that are not completely nullified by the baseline substraction.

In case of a high LED intensity, so that several peaks occur in the window, the width of the

histogram increases due to higher Nse entries of consecutive peaks, so that multiple gaussians

are needed to fit properly. Yet, it is recommendable to adjust the LED intensity to the de-

sired 5% single pe level. As an example, figure (5.4) shows the corresponding histogram for

that case.
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Figure 5.4: Histogram of the photoelectron output with 50000 entries. Apart from the single pe
and double pe peak, several consecutive events appeared in the integration window
of the waveform which caused additional multi pe peaks in the histogram.

Although it is difficult to distinguish the double pe peak from the multi pe peak in such a

histogram, it is expected to always have the doubled gain value of the single one.

At last, by fitting a gaussian to every peak, the gain of the photomultipliers can be read by

determining the mean of the single pe peak as shown in the following.

5.2.1 Single and Double Photoelectron Peak Fit

In order to determine the mean of the single photoelectron peak, a gaussian is fitted to every

peak existing in the histogram. In best cases, only the noise peak as well as the single pe

peak is present, so that two gaussians are enough to extract the single pe peak mean.

g(x) =
1

σ1

√
2π
e
− 1

2

(
x−xnoise

σ1

)2

+
1

σ2

√
2π
e
− 1

2

(
x−x1pe
σ2

)2

(5.7)

Here is σ the standard deviation, x is a variable for the gain value and xi is the expectation

value. Figure (5.6) shows a histogram with only the noise peak and the single pe peak, fitted

with equation (5.7).
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Figure 5.5: Histogram of the photoelectron output with 50000 events. Two gaussian terms are
fitted to the histogram, whereat the gain is determined by reading the mean of the
single pe peak.

As already mentioned, a greater double pe peak is expected for some PMTs, which leads to

an additional gaussian term in order to fit properly.

g(x) =
1

σ1

√
2π
e
− 1

2

(
x−xnoise

σ1

)2

+
1

σ2

√
2π
e
− 1

2

(
x−x1pe
σ2

)2

+
1

σ3

√
2π
e
− 1

2

(
x−x2pe
σ3

)2

(5.8)

In the following figure (5.6), an example of a measurement with a greater double pe peak is

shown. The effect of the slightly higher LED intensity is reflected in the greater amount of

entries of the single pe peak with over 102 events.
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Figure 5.6: Histogram of the electron output with a greater double pe peak. Due to the higher
amount of absorbed photons, the double pe peak becomes an influence for the fit of
the histogram. The higher amount also increases the height of the single pe peak
to over 102 entries.

Due to the relation of gain and high voltage supply, the gain of a PMT can be set to a certain

value by changing the voltage supply. Thus far, the difference in gain by changing the voltage

supply of a PMT is not determined yet, since there is only the gain known for one specific

voltage value. Therefore, four different supply voltages are investigated further and their gain

is plotted against their respective voltage. The dataset is fitted afterwards to calculate the

exact needed supply voltage for a desired gain, which is described in the following.

5.2.2 Gain vs. High Voltage

The gain of the PMTs can be modified by changing their voltage supply, whereat the relation

is given by

gain = A ·Vkn, (5.9)

as alluded to previously. If the mean of the single pe peak is determined for several voltages,

the dependence of the gain to high voltage (HV) of a PMT is given. Furthermore, the
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datapoints can be fitted with equation (5.9) with a fixed n (n=10 for Hamamatsu R8520-06-

AL, chapter 3.1.1) and A aswell as k as variable parameters, which is shown in figure (5.7)

for PMT4 of the Münster TPC.
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Figure 5.7: A graph of gain against the supply voltage of PMT4 of the Münster TPC. Four
measurements with different voltages in range of 750 V to 900 V in 50 V steps
were investigated further by determining the single pe peak mean. With equation
(5.9), the datapoints can be fitted, whereat the voltage for a certain gain can be
obtained.

The gain against HV graphs for the remaining PMTs of the Münster TPC are available in

the appendix. Each of the plots was fitted and every PMT was set to an individual voltage

supply to achieve a gain of 2 · 106Nse. The results are shown and discussed at the end of the

chapter. At first however, a sample calibration on PMT2 is given throughout the following

section.

5.2.3 Sample Calibration on PMT2 of the Münster TPC

In the TPC, PMT2 one of the outer PMTs of the bottom array. As for any other PMT, the

gain of PMT2 is determined for four different supply voltages in range of 750 V to 900 V in

50 V steps. In figure (5.6), a measurement with a voltage of 800 V and a LED intensity of

950 mV, is shown.
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On the top right of figure (5.6), the mean of the single pe peak with (1.697±0.029)Nse

is displayed. Similar to the performance of the 800 V measurement, the remaining three

voltage supplies were set and their gain was determined. The following tabular contains the

gains and their deviation to the respective voltage supply.

Table 5.1: Tabular of the gains to their respective voltage supply of PMT2.

Voltage [V] gain [106 Nse]

750±2 1.055±0.022

800±2 1.697±0.029

850±2 2.881±0.060

900±2 4.350±0.251

In the next step, the gain is plotted against the HV with a logarithmic y-axis and fitted with

equation (5.3). Based on fluctuations, a deviation for the voltage supply of ±2 V is assumed

for every PMT.
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Figure 5.8: A graph of gain against HV is shown for PMT2. By fitting the datapoints, the
fitparameter can be used to calculate the voltage supply that is needed to set the
PMT to a certain gain.

Again, the program “ROOT” is used to fit and the resulting parameters

A = (2.345 ± 0.410) · 10−16 and k = 0.754 ± 0.026 are included into equation (5.3)
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aswell as the desired gain of 2 · 106 Nse. Considering the constant parameter of n = 10, the

only remaining variable is the supply voltage V .

gain = A · V kn

V =
kn

√
gain

A

V = 811.67 (5.10)

At last, the deviation is calculated with error propagation. Finally, the individual voltage

supply of V= (811.67± 8.15) V can be set for PMT2.
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Figure 5.9: Result of the gain calibration in gaseous xenon of PMT2, fitted with two gaussian
terms.

The result of the calibration of PMT2 with a gain of (1.921 ± 0.048) · 106Nse is shown in

figure (5.9). This procedure is repeated for every other PMT. The results are shown and

discussed in more detail in the following.

5.2.4 Results of PMT-Gain-Test in Gaseous Xenon

All the measurements of the PMTs with different voltages have shown, that a gain of 2·106 Nse

is adjustable for every PMT without stressing them (as mentioned in chapter 3.1.1, a limit
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of 900 V is given for the used PMTs). Given by equations (5.2) and (5.6), the amplitude

of a single pe signal in the waveform is expected to be around UADC = 116.93 ADC or

UmV = 16.02 mV for a gain of 2 · 106 Nse (with the ampflification of 10 by the used AMP).

The following figures show the results of an individual supply voltage setting for the top

and bottom PMTs. It should be kept in mind, that the amount of photons absorbed in the

bottom PMTs is higher in comparison to the top ones as explained in chapter 4, so that

the two graphs were measured with different LED intensities to ensure less multi pe peaks.

Therefore, the LED was driven within a range 940 mV to 974 mV for the result measurement

in gaseous xenon.
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By means of fitting the histograms with gaussians, the respective single pe peak for every

PMT can be analysed as shown in the sample calibration of PMT2. The following table

shows the new voltage settings and the consequential gain for every PMT.

Table 5.2: Tabular of all PMT gains and high voltages after the LED calibration in gaseous
xenon.

PMT (BOT) gain [106 Nse] Voltage [V] PMT (TOP) gain [106 Nse] Voltage [V]

0 1.405±0.336 816.83±22.38 7 1.998±0.053 837.08±6.04

1 2.303±0.046 729.43±7.81 8 1.916±0.055 859.09±3.57

2 1.921±0.048 811.67±8.18 9 2.217±0.038 760.36±3.06

3 2.015±0.147 827.10±11.62 10 2.180±0.075 834.60±6.18

4 1.865±0.058 776.82±14.22 11 2.014±0.059 845.27±10.36

5 0.240±0.076 865.20±28.85 12 1.937±0.086 787.90±5.87

6 1.126±0.185 838.49±3.31 13 2.061±0.083 746.69±6.30



5 PMT Calibration with the LED Pulser 33

The results show a reasonable calibration for ten of the fourteen photomultipliers. Unfortu-

nately, PMT0 shows a low statistic for single pe events, so that the gain of (1.405±0.336) Nse

has to be treated with caution. Apart from this, PMT6 has a low gain of (1.126±0.185) Nse,

which is unexpected due to the good data for the gain vs. HV plot so that the difference can

not be explained by error propagation.

Furthermore, shoulders appeared in the histogram of PMT12 as shown in figure (5.10). For

a proper fit, a third gaussian is added to the fitfunction for the histogram. Nevertheless, the

resulting gain could be influenced by the additional peak, because a reason might be photons

that pass the photocathode without interacting, which get absorbed afterwards in the first

dynode and emit a photoelectron. As a consequence, one amplification stage is missing, so

that the single pe signal is decreased. Yet, it does not explain the left shoulder, so that second

and stronger fluctuations (stronger due to the greater width in comparison to the noise peak)

are assumed.
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Figure 5.10: Result of the gain calibration in gaseous xenon for PMT12. Beside the noise
peak, another peak appeared at around 0 Nse in the histogram and caused shoul-
ders. A third gaussian term is added to the fitfunction to fit properly.

In addition, throughout all measurements, PMT5 showed a much lower sensitivity for photons

than all the other PMTs, which is assumed to be due to a lower quantum efficiency in
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comparison to the other PMTs. As a consequence, the measurements for the gain vs HV

plot were repeated with a much higher LED intensity of 1024 mV. Yet, the gain at a supply

voltage of 750 V was most likely so low that it could not be distinguished from the noise peak.

The gain of the remaining voltage values also have a great error because of a greater width

of the noise peak in comparison to other PMTs, which is apparent in the gain vs HV plot of

the PMT in the appendix. Due to the low QE and the HV supply value of 865.20±28.85 V

with such a high error, the gain calibration of PMT5 is assumed to be unsuccessful.

Finally, a first calibration of the PMTs of the Münster TPC in gaseous xenon to a desired

gain of 2 · 106Nse by using a LED pulser has been performed. Further investigations of the

calibration results will be realised when the TPC is in dual phase operation, in which the

PMTs are working at low temperatures. During this TPC operation, the detector is almost

completely filled with LXe until there is only a small gap of around 5 mm between the LXe

surface and the anode. The gap is kept low because of the high voltage that is applied for the

extraction field. In order to monitor the surface level while filling the TPC and during the

operation to maintain a constant surface level, three liquid level sensors are placed around

the detector.

On account of the modification of the TPC for the fiberglass feed-through, the opportunity to

test the liquid level sensors outside of the setup was given. Therefore, the sensors were tested

in a container filled with liquid nitrogen, whereat the results are shown in the following.
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6 Liquid Level Sensors

Alluded to above, monitoring the surface level of the LXe while filling the TPC, and during

the operation to maintain a constant surface level with a gap of around 5 mm to the anode

is desired. Therefore, the TPC contains three liquid level sensors with a length of 294 mm

that cover the full height of the TPC and are placed around the detector.

In the past, the read-out of the sensors showed unusual and incorrect values for the level

sensors, but it was not clear whether the read-out or the sensors are working properly. By

the given opportunity to remove the sensors from the TPC, due to the modification of the

TPC for the fiberglass feed-through, they were tested in a separate container filled with liquid

nitrogen (LN2). Whereas the design of the level sensors are described in chapter 3.1.2, the

setup and the results of the measurements are focused on in the following.

The level sensors were dived to about three-quarter of their length into LN2. Due to an

evaporation of the LN2 of around 0.5 cm per half an hour, the capacity of the sensors were de-

termined for several fill-heights. They were measured with a capacity-bridge called LCR400,

developed by TTi (Thurlby Thandar Instruments).

Since each of the sensors build a cylindrical capacitor with the tube and the rod, their capacity

change per height can be calculated as following:

∆C

l
= 2πε0∆εr

1

ln
(
r2
r1

) (6.1)

Here, ∆C is the capacity change per height l, ε0 the electric field constant, ∆εr the difference

of the dielectrical constants between the gas and liquid, and r2 aswell as r1 the diameters of

the tubes.

In this setup, LN2 (with a dielectrical constant of εr = 1.43 [10]) displaces the air (εr = 1.00

[10]) in the sensors, which results in ∆εr = 0.43. The diameters of the tube and the rod are

influenced by the thickness of their walls, which leads to values of R2 = 4 mm and R1 = 3 mm.

The expected capacity change is therefore:

∆C

l
= 2πε0 · 0.43

1

ln
(

4
3

)
= 0.83

pF

cm
(6.2)
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Given by the small size of the container, the first level sensor was measured separately.

Unfortunately, the fill height for this measurement differs from the ones of the remaining two

sensors in a secondary measurement. Nevertheless, the capacity change per height should

not be influenced, so that the average capacity change of the sensors can still be compared to

the expected value. The change of capacity of the sensors with an increasing liquid surface

is given by determining the slope of the respective datapoints in figure (6.1).
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Figure 6.1: The capacity change ∆C per height l is shown for all three capacitors used for
the liquid level monitoring in the TPC. The change per height can be obtained by
determining the slope of the respective datapoints.

Level Meter ∆C
l [pF/cm]

1 0.998± 0.032

2 0.568± 0.136

3 0.548± 0.133

Alluded to the tabular above, the change of capacity for the respective level meters have a

deviation to the theoretical value of 20.28% for the first level meter, 29.57% for the second

and 31.99% for the third. Apart from the inaccuracies of the read-out of the height with

0.1 cm, which was done by a fixed measuring tape, the calculation in equation (6.2) assumes

a perfect cylindrical capacitor and does not include the slit of the sensors.

Furthermore, the slope of first level meter shows a deviation to the second and third sensor,
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whereat the separate measurement may have caused this.

At least, the goal to test the sensors and the read-out could be accomplished. A recent

modification of the read-out system has shown the origin of the failed level meter read-out

in the TPC. The capacity meter used for the TPC was non-potential-free, so that the level

meters and the capacity meter were on the same ground. Therefore, a capacitance meter

called U1732C developed by Keysight was installed at the TPC, which does a potential-free

read-out due to a battery supply. A further and more accurate investigation of the sensors

in the TPC during the dual phase operation with the new read-out system is recommendable.
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7 Conclusion and Outlook

Within this bachelor thesis, a LED gain calibration of the 14 photomultipliers of the Münster

TPC has been performed in gaseous xenon by means of a fiberglass implementation. An

investigation of the results has shown a reasonable calibration for ten photomultipliers, al-

though individual PMTs deviate up to 15% from the desired gain of 2 · 106Nse. Two of the

remaining four PMTs struggled due to a low amount of absorbed photons, whereat a lower

quantum efficiency for PMT5 and a less illuminated PMT0 is assumed. The origin of PMT6’s

low gain is not known thus far. For PMT12, the origin of the shoulders are assumed to be

caused by secondary stronger fluctuations in the PMT.

Concerning the deviations of the gains, a reason might be the error propagation throughout

the several steps that lead to the individual voltage setting. Apart from that, the software is

adjusted manually so that the 5% single pe level is not achieved very accurately. With the re-

cent change of the data-processor for the Münster TPC to the Processor for Analyzing Xenon

(PAX), a new method in terms of determining the single pe peak mean by using a hit count

can be tested. This method sets a trigger-line above the noise-level, which is calculated by

taking the average of a few samples similar to the method used for this calibration. Samples

with more than 8σ 1 above the baseline will be counted as a hit. Again the area of the peak is

used to calculate the final amount of photoelectrons for the assembling of the histogram. The

difference to the method used in this thesis lies in the removed noise peak which may allow a

more accurate determination of the single pe peak mean. In addition, the hit-finding method

is less susceptible for high LED intensity measurements with closely consecutive peaks.

In relation to the implementation of the fiberglass, the expected difference of the light col-

lection between the top and bottom PMTs, aswell as the bottom PMTs among themselves,

occurred but were much more underwhelming than the calculation estimated. Apparently,

the PTFE diffusor distributes the light greatly. A further explanation might be a different

projection of the cone of light in the TPC due to an unknown angle of the fiberglass in the

hole of the PTFE housing.

The measurements of the liquid level meter test have a systematic error, so that the values

for the capacity change has to be treated with caution. Nevertheless, they led to the origin of

the failed read-out system of the TPC. Recent tests with a potential-free capacitance meter

1Pretests have shown good results for a σ of 8.
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showed good results of the level sensors in the TPC during a dual phase operation which will

be topic of the bachelor thesis of Denny Schulte.

A first step for a repeatable calibration of the Münster TPC has been facilitated with the

implementation of the fiberglasses. An initial calibration of the PMTs in gaseous xenon with

a LED pulser has shown opportunities to improve the software for a LED gain calibration,

which can be tested in further investigations of the PMTs in the dual phase operation of the

Münster TPC. Due to a surface level of the LXe in the TPC, refractions aswell as reflections

at the xenon-gas-liquid interface have to be considered. Firstly, refractions of the photons

appear at the transition from the gas phase into the liquid phase, so that the distribution

of light in the TPC changes but the photons still reach the bottom PMTs. This may differ

for photons that are reflected at the PTFE structure and propagate from the LXe to the

GXe. Based on a higher refractive index of LXe in comparison to GXe, the photons could do

total reflections at the interface which leads to less illuminated top PMTs. As a consequence,

the setting for the LED intensity used within this thesis certainly have to be adjusted to a

higher value for the top PMTs until a reasonable amount of photons appear throughout the

waveform.

The dual phase operation also provides an advantage for the LED calibration due to the

low temperature that is needed for the LXe. Since the photocathode of the PMTs consists

of materials with a small energy gap and electron affinity, the lower ambient temperature

causes less noise which reduces the width of the noise peak in the histogram and allows a

more accurate determination of the single pe peak mean.

In conclusion, the gain calibration in dual phase operation has to be tested to estimate the

different illumination in the TPC, but the settings of the calibration in GXe provides a first

indication to adjust the LED aswell as the software for a desired PMT performance.

Furthermore, the implementation of the feed-through offers the possibility to change the LED

or couple a laser to the fiberglass to investigate whether or not the gain is truly independent

from the wavelength, which could become a future task of the Münster TPC.
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