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1 Introduction

The evolution of experimental particle physics and their applications has always been hand

in hand with the accuracy of the experimental methods. The subject of many current ex-

periments are searches for rare events, such as direct dark matter detection and neutrinoless

ββ-decay. Experiments like XENON1T or EXO are use ultra pure noble gas liquids to meet

their low background demands. Nevertheless, emanation of radon from natural decay chains

introduces radioactive isotopes into the detectors. Thus, the radon needs to be removed, to

keep radiogenic background as low as possible. The XENON1T collaboration addresses this

issue by cryogenic distilling its xenon gas.

The AG Weinheimer built a smaller version of the time projection chamber as it is used at

the XENON1T experiment to investigate new systems for this experiment. The aim of this

work is to examine a detector to monitor 220Rn α-decay. For this purpose the cross-detector

developed in [1] was used.

220Rn is part of the natural Thorium decay chain and ich chemically equivalent to the longer

lived 222Rn, that represents a major background for the named experiments. The detectors

investigated in this work can be used as a monitor to assess the quality of the distillation.

Another purpose can be the controlling of 220Rn as a calibration source for any type of detec-

tor. With the help of the developed detector, the concentration of 220Rn can be monitored.

The first chapter will introduce in the technique of detecting radioactive decay with noble

gases as scintillator medium. Afterward, a model is designed, which describes the activity

inside the used detector at any given time. The last chapter analyzes the measurements of

a 228Th source made with the Münster xenon TPC and the cross-detector. An energy cali-

bration for α-particles with the TPC will be done and the introduced model is fitted to the

measured activity.
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2 Detecting α-decays with xenon scintillation

detectors

The heaviest isotopes in the natural decay chains emit a 4
2He particle when they decay into

their daughter nuclides. This type of radioactive decay is called α-decay. The mother nuclide

X decays and the result is a daughter nuclide Y with a mass number A reduced by four and

an atomic number Z reduced by two [2]

A
ZX→ A−4

Z−2Y + 4
2He. (2.1)

The α-particles released by the reaction described are characterized by having a kinetic energy

in the range of MeV. Every isotope’s radioactive decay is characterized by the kinematic of

the heavy nucleus and the light α-particle and the total amount of released energy (Q-value)

of the decay. Therefore, it is possible to identify the mother nucleus of any radioactive α-

decay by measuring the energy of the released α-particle.

Lighter isotopes often decay via another decay type, called β decay. In general β−- and

β+-decay need to be differentiated. The β+-decay emits a positron and an electron-neutrino,

while the atomic number of the mother nuclide is reduced by one. The β−-decay emits the

antiparticles of the β+-decay, an electron, and an electron anti-neutrino, while the atomic

number of the mother nuclide is added by one. The reaction formula is shown in

A
ZX→ A

Z+1Y + e− + νe. (2.2)

As it is a three body decay, the spectrum of the β−-electrons (and β+-positrons) is continuous.

The endpoint energy of the spectrum roughly corresponds to the Q-value due to the low mass

of the electron compared to the nucleus.

The following section will illustrate how xenon gas can be used as a detection medium for

radioactive particles and how scintillation light can be detected with photomultiplier tubes.

Afterwards, scintillation calibration detectors and time projection chambers, two detectors

applying those principles, will be presented.
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2.1 Gaseous xenon as a detector medium

Xenon gas is used in many different experiments, e.g. XENON1T [3] and LUX [4], because

of its beneficial properties. As the heaviest stable of the noble gases, xenon has a density of

5.894 g/L at STP1[5]. Since every natural xenon isotope is stable2, xenon does not produce a

radioactive background by itself, which in turn would disturb highly sensitive measurements.

In nuclear and electromagnetic interactions the incoming particles can deposit their energy

in the xenon gas. Xenon has a high stopping power for charged particles and a small ab-

sorption length due to its high density and atomic number Z = 54 [5]. The CSDA ranges of

α-particles and electrons are shown in Figure 2.1 and Figure 2.2. The CSDA range3 is a close

approximation of the mean free path of a particle through a medium. The rate of energy

loss at any point along the track is approximated to be equal to the total stopping power of

the medium. As one can see, the CSDA range of α-particles in the MeV range in gaseous

xenon is smaller than the range of electrons. Therefore, α-particles are expected to deposit

their total energy in a smaller gaseous volume than electrons do. In both cases the deposit

of energy leads to excited (Xe*) and ionized (Xe+) atoms.

Excited xenon atoms can react with ground state xenon atoms and form xenon excimers

(Xe∗2). Depending on their spin configuration, xenon excimers have a lifetime of 4 ns for a

singlet-configuration and 22 ns for a triplet-configuration, which makes xenon a fast scintil-

lator [9]. In both cases, a xenon excimer will de-excite to two ground state atoms and one

photon:

Xe∗ + Xe→ Xe∗2

Xe∗2 → 2 Xe + hν.
(2.3)

The energy of the scintillation photon is about hν = 7 eV, which equals a wavelength of

λ = 178 nm [5]. Due to the fact that the photons are emitted by xenon excimers, gaseous

xenon is transparent to its own scintillation light [10].

Together with a ground state atom, an ionized xenon atom reacts to an ionized dimer (Xe∗2)

which then will react with an electron and form an excited atom (Xe∗∗) and an atom in

1“Standard temperature and pressure” of 0 ◦C and 1 atm.
2Due to its half-life of T1/2 = 2.165 · 1021 a the natural 136Xe is practically stable [6].
3Continuous slowing down approximation range.
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Figure 2.1: CSDA range of α-particles in gaseous xenon for energies between 5 keV and
0.9 GeV, taken from [7]. The xenon gas density at STP is 5.894 mg/cm3 [5].

the ground state. In the next step the excited xenon atom can emit sub-excitatin quanta,

commomly referred to as heat, and become Xe∗.

Xe + Xe+ → Xe+
2

Xe+
2 + e− → Xe∗∗ + Xe

Xe∗∗ → Xe∗ + heat

(2.4)

From there on the excited xenon atom undergoes the reaction described in Equation 2.3.

The mentioned reactions can be identified by detecting the emitted photon with a specific

wavelength of λ = 178 nm. One kind of detectors to do so are photomultiplier tubes, which

will be described in the following section.
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Figure 2.2: CSDA range of electrons in gaseous xenon for energies 10 keV and 1 GeV, taken
from [8]. The xenon gas density at STP is 5.894 mg/cm3 [5].

2.2 Working principle of photomultiplier tubes

In order to detect individual photons, sensitive measurement instruments are needed. One

kind of detector which is accurate enough for those measurements is the photomultiplier tube.

The theoretical background to understand their working principle will be elicidated in this

section.

2.2.1 The photoelectric effect

When a 7 eV photon hits a semiconducting or conducting material, like xenon scintillation

photons as described in Section 2.1, the photon can be absorbed by a bound electron. In this

case, an electron will either be excited to a different state or an atom will get ionized. The

latter event can only take place if the energy of the photon is higher than the binding energy

of the electron. This process is called the photoelectric effect. The binding energy Ebinding

depends on the Fermi energy EFermi of the bound state and the vacuum energy Evacuum of

the atom, such that

Ebinding = Evacuum − EFermi. (2.5)
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The kinetic energy

Ekin = hν − Ebinding (2.6)

of the released electron is given by the difference between the energy of the photon hν and

the binding energy [1].

When a voltage is applied to the electron emitting material the material becomes a pho-

tocathode. Released electrons are called photoelectrons and they will be accelerated to a

positively charged anode.

The photoelectric effect is a stochastic effect and, therefore, not every photon will release

a photoelectron, even if the energy is sufficient. The probability for a photon to release a

photoelectron is called quantum efficiency η(ν), which is characterized by the ratio

η(ν) =
Npe

Nph
, (2.7)

where Npe is the number of released photoelectrons and Nph is the number of incoming pho-

tons. Since the number of incoming photons will, in any case, be larger than the number

of released photoelectrons, the quantum efficiency is always smaller than 1. The quantum

efficiency mainly depends on the frequency ν of the photons and the photocathode mate-

rial [11].

2.2.2 Structure of a photomultiplier tube

The principle of a Photommultiplier Tube (PMT) is based on the photoelectric effect and

place dynodes as potential dividers, such that secondary electron emission can take place.

A scheme of a PMT is shown in Figure 2.3. To filter the incoming photons by their energy,

the faceplate has to have its maximum of transmittance close to the wavelength of the pho-

tons to be detected. The photons passing the faceplate will then hit the photocathode. The

released electrons are accelerated to the first dynode passing a focusing electrode. When an

accelerated electron reaches the first dynode its kinetic energy is a multiple of the binding

energy of the electrons in the dynode. Therefore, the electron will release multiple electrons

and these will subsequently be accelerated to the next dynode where the same procedure

takes place leading to charge amplification along the dynode chain. After they hit the last

dynode the electrons will be attracted to the anode where a current signal can be detected.

To ensure that every released electron is accelerated to the next dynode, every dynode has to

be on a higher potential than the previous one. Therefore, a chain of electric resistors forms

a voltage divider.

Due to thermal fluctuations, it is possible to release electrons from the photocathode without

incidence of photons. The rate of events of this type is called dark count rate; the measured
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current caused by this effect is called dark current.

The number of measured secondary electrons at the anode per incoming photoelectron is

called gain σ. The gain is a measure for the efficiency of the PMT and depends on the

material of the dynodes, on the voltage between the photocathode and the anode, as well as

on the number of dynodes. As the gain σ and the quantum efficiency η(ν) are well-defined

properties, one can calculate the number of incoming photons in a period of time.

Figure 2.3: Drawing of a PMT showing the principle of multiplying charge with dynode struc-
ture, taken from [12].

The Hamamatsu R8520-06-AL PMT

The R8520-06-AL by Hamamatsu is used for every measurement presented in this thesis. The

photocathode is made of a bialkali mixture with a squared surface of 20.5 mm x 20.5 mm.

The maximum quantum efficiency is at least 20% at a wavelength of 178 nm [11]. Figure 2.4

shows one of the used PMTs with the faceplate looking to the front.

The PMT has a dark current of 2 nA on average [13], while the maximum gain in the range

of 2 · 106 up to 3 · 106 can be measured with a voltage of 803 V [10, 11].
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Figure 2.4: Picture of a Hamamatsu R8520-06-AL PMT, taken from [11]. The dark plate
is the bialkali mixture photocathode with the faceplate in front. At the back,
the pins can be seen which are connected to electronic readout devices and high
voltage power supplies.

2.3 Working principle of liquid noble gas time projection chambers

on the example of the Münster xenon TPC

A common type of particle detectors is the Time Projection Chamber (TPC) [14]. The basic

idea of how to reconstruct the particle interaction vertex is outlined. Afterwards, the working

principle of time projection chambers is described and in the last part the technical details

of the Münster xenon TPC are clarified.

Particles leave ions and electrons when they collide with atoms in a typically cylindrical noble

gas volume. An electric field is generated between two electrodes at end cups of the cylinder

and the released electrons will be drifted to the anode. If it is possible to spatially dissolve

those electrons at the anode, one can reconstruct a two-dimensional projection of the particle

track. By measuring the time difference between particle interaction and electron registration

a third coordinate can be added to the projection, so that a fully three-dimensional recon-

struction of the interaction point is possible.

In a dual phase TPC, besides a narrow gaseous phase, the detector volume contains a liquid

phase of the same element. Noble gases such as xenon and argon are commonly used. Three

meshes with different potentials are mounted inside the TPC. The cathode mesh is placed

in the bottom on a negative potential. A gate mesh is placed in the upper part of the liquid

detector medium and normally grounded. The anode mesh is placed in the gaseous part of

the TPC on a significantly higher potential than both of the other meshes are. Field shaping

rings can be used to stabilize and homogenize the electric field inside the TPC. Figure 2.5

illustrates the Münster dual phase TPC with xenon as the detector medium.

The energy deposit of incoming particles produces scintillation light and ionization charges
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like e.g. xenon gas as described in Section 2.1. The photons from primary scintillation and

recombining ionization charges form the S1 signal which can be registered by PMTs at the

bottom and top of the TPC. As the PMTs are mounted in a perpendicular plane to the

drifted electrons, the plain is used to define x-y-coordinates of the interaction vertex. The

electric field between cathode and gate mesh drifts the ionization electrons that have not

recombined to the surface of the detector medium. When they cross the gate mesh, the

electric field between gate mesh and anode accelerates the electrons into the gas phase, such

that collisions causing secondary electrons appear. This interaction emits photons, causing

a second scintillation signal, called S2. As the secondary electrons can undergo the same

reaction as long as they get enough energy from the electric field, the S2 signal is stronger

than the S1 signal. By measuring the time difference between the S1 and S2 signal, the depth

of the interaction, to the z-coordinate can be determined. The high stopping power of liquid

argon and liquid xenon allows to define a fiducial volume with drastically reduced external

radiation

An energy reconstruction can be done with a linear combination of the S1 and the S2 signal,

the number of released photons and electrons corresponds to the deposited energy of the

incoming particles.

The AG Weinheimer from Münster has built a TPC filled with xenon as detector volume

[15]. The following section will highlight the technical specifications of the Münster xenon

TPC.

Münster dual-phase xenon TPC

The Münster TPC is a dual-phase TPC with xenon as the detector medium. A 3-dimensional

technical drawing of the Münster xenon TPC can be seen in Figure 2.5. The cylindrical de-

tector vessel can accommodate 2.56 kg of liquid and gaseous xenon. The inner vessel is made

of polytetrafluoroethylene (PTFE)4 and is 170 mm high and 80 mm in diameter [10]. PTFE

was chosen as vessel material due to its good properties as an insulator and reflector for

178 nm photons [16]. In total, 14 Hamamatsu R8520-06-AL PMTs are mounted in the TPC,

7 at the top and 7 at the bottom, arranged in 2-3-2 arrays. The electric drift field is shaped

by copper rings and has a strength of about Edrift = 500 V/cm, which leads to a drift velocity

of 2 mm/µs for the free electrons [10]. The stronger extraction field which accelerates the

electrons through the liquid-gas interface has a strength of Eextraction = 5 kV/cm [10].

Since the aim of the measurements with the Münster xenon TPC is to get reference data for

4More commonly known under its trade name TeflonR©.
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the measurements with the scintillation detectors presented later in Section 4.3, the scintilla-

tion medium has to be the same for both detector types. Therefore, the Münster xenon TPC

is filled with gaseous xenon only. In this case, the electric field inside the TPC is switched off

and every particle interacting with the detector volume can cause only one signal, since the

released electrons are not drifted through the TPC, but recombine. Therefore, the PMTs will

only measure S1 signals. Thus, the position reconstruction with the drift time is not possible.

Nevertheless, it is possible to get some information about the depth of the interaction. For

every measured signal the PMTs can be evaluated separately. If a signal is close to the top

part of the TPC, the fraction of the signal measured by the top array of PMTs is larger than

if the signal occurs in the bottom part. This variable, called “signal area fraction top”, is

connected to the depth of the interaction. Figure 2.6, shows a simulation of the correlation

between the signal area fraction top and the z-axis, which is roughly proportional to the

depth of the TPC. The data for the figure is taken from the gas only GEANT4 simulations

in [17]. Since the resulting plot is approximately linear, the determination of the depth of the

interaction with the signal area fraction top is possible, even if this method is less accurate

than measuring the drift time.

In this section, the working principle of a time projection chamber was described as well as

the difference between dual phase and gas only detection mode. As the TPC measurements

are made as a reference for the scintillation detector measurements, those kinds of detectors

will be described in the subsequent section.
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Figure 2.5: 3-dimensional model and working principle of the Münster xenon TPC. The white
PTFE structure surrounded by the stainless steel vessel is shown along the insu-
lation. The insulation vacuum vessel which surrounds the structure and protects
it from outer influences is not shown. The PMTs, marked in blue, are mounted
in 2-3-2 shaped arrays. The incoming particle causes scintillation photons, which
can be measured as an S1 signal. The resulting electrons are drifted to the gate
mesh. After they pass the gate mesh the electrons get accelerated through the
liquid-gas interface to the anode. During this acceleration, they cause secondary
electrons and photons if their kinetic energy is sufficient. The photons are mea-
sured as the S2 signal. The red stripes inside the PTFE coating mark copper
rings which are used to shape the electric drift field. The picture was drawn by
C. Huhmann and modified by H. Schulze Eißing.
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Figure 2.6: Z-position of particle interaction plotted against the signal area fraction top.
The data to plot this figure is taken from the gas only GEANT4 simulations in
[17]. The x-y-position of the simulated data points is distributed isotropically
and uniformly. Since the resulting plot shows an approximately linear shape, the
depth determination via measuring the signal area fraction top is sufficient.
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2.4 Working principle of scintillation detectors

Scintillation detectors are one of the oldest kinds of radiation detectors. When a charged

particle passes through a scintillator, kinetic energy is absorbed by the molecules and as

result from the transition to an excited state, scintillation photons are emitted. If the number

of photons is large enough, they can, for example, be measured with the human eye or a

photographic film. Modern experiments rely on digital readout of semiconductor detectors,

PMTs and others [5].

For the following measurements two separate scintillation calibration detectors were used. In

both detectors the scintillator is gaseous xenon and the Hamamatsu R8520-06-AL PMT have

been used.

The detector is shown in Figure 2.7a, called “T-detector” due to its shape, has only one PMT

and it consists of a stainless steel pipe with a diameter of 40 mm. A second pipe containing

the PMT is mounted perpendicular to the gas pipe. To increase the number of photons

detected by the PMT, the inner side of the pipes is covered with PTFE.

The other detector, called “cross-” or “X-detector”, is shown in Figure 2.7b. The cross-

detector contains two PMTs facing each other. To prevent technical differences, the key

parameters are the same as for the T-detector. The stainless steel tubes have a diameter of

40 mm and the inside of the tubes is coated with PTFE.

In contrast to the T-detector, the cross-detector has a lower background level caused by

a demanding the coincidence of both PMTs. Dark count events or other non-radiogenic

backgrounds do not induce a signal in both of the PMTs, so the coincidence requirement

rejects them.
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(a) T-detector, taken from [18]. The faceplate of the PMT is visible on the right. The white coating
inside the tube is the reflecting PTFE foil.

(b) Cross-detector, taken from [1]. The two PMTs are mounted in the left and right tube. In the
orientation of this picture, the gas will flow through the pipes at the top and bottom. The white
coating in the bottom part entrance of the detector is the PTFE reflector.

Figure 2.7: Different types of scintillation detectors
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3 The 228Th source

The aim of this work is to investigate the α-decay of 220Rn, that emanates from a 228Th source,

as it is used in [19]. The 228Th source is present as a thin film electrolytically deposited onto

a stainless steel disc, shown in Figure 3.3. The source has been incorporated into the Münster

xenon gas system and allows different operation modes. A simplified schematic of the gas

system is shown in Figure 4.1. The source is integrated such that the circulated xenon gas

has to go through the 228Th block. To prevent larger radioactive particles from getting into

the gas system the inlet and outlet of the source were equipped with Millipore FGLP 01300

PTFE filters with a pore size of 0.22µm [20]; one of those filters is shown in Figure 3.2. Based

on the source’s information sign, where an activity of 30 kBq on 21st December 2015 is stated,

an activity of approximately 11 kBq at the time of the measurements can be calculated.

The following chapter describes the 228Th decay chain and its modeling for data analysis

carried out in this work.

Figure 3.1: Picture of the 228Th source. Besides the source, two hand valves with their green
handles can be seen. The valves separate the source from the gas system such
that no radiation will get into it, as long as the valves are closed.



18 3 The 228Th source

Figure 3.2: Picture of a Millipore FGLP 01300 PTFE filter next to a 5 cent coin for scale.
The filter is similar to the ones mounted at the inlet and outlet of the 228Th
source. The filter has a pore size of 0.22µm which is small enough to prevent
chunks of particles to get into the gas system.

3.1 228Th decay chain

The radioactive isotope 228Th is part of the thorium series whose decay scheme is shown in

Figure 3.4. The decay chain starts with 228Th which decays with a half-life of 1.9 years via

α-decay to 224Ra, which again decays via an α-decay to 220Rn with a half-life of 3.6 days.

The 220Rn has a half-life of 55.6 seconds and will also decay via α-decay to 216Po. The last

element of the decay series is the stable isotope 208Pb. The kinetik α-energies and endpoint

β-energies of all involved decays are shown in Table 3.1. The decay of 212Bi is different from

the other nuclides, since it has the possibility to decay in different ways. The α-decay has

a probability of 35.94%, while the β−-decay has a probability of 64.06%. Any other isotope

appearing as a daughter nuclide of 228Th can only decay via one decay type.



3 The 228Th source 19

Figure 3.3: Picture of the 228Th film on a stainless steel disc. The picture shows an opening
of the source shown in Figure 3.1

Table 3.1: 228Th and its daughter isotopes with the kinetic energy of the released particles
with a branching ration larger than 5 %. In brackets the branching ratio of the
particle energy is specified. The data was taken from [21]

.
Isotope Decay type Particle-energy [MeV] Isotope Decay type Particle-energy [MeV]
228Th α 5.423 (72.20 %) 212Pb β− 0.335 (82.5 %)

α 5.340 (27.2 0%) β− 0.573 (12.3 %)
β− 0.158 (5.17 %)

224Ra α 5.685 (94.92 %) 212Bi α 6.051 (69.91 %)
α 5.449 (5.06 %) α 6.090 (27.12 %)

β− 2.254 (55.46 %)
220Rn α 6.288 (99.88 %) 212Po α 8.784 (100 %)
216Po α 6.778 (99.99 %) 208Tl β− 1.308 (48.7 %)

β− 1.292 (24.5 %)
β− 1.525 (21.8 %)
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Figure 3.4: Decay scheme of 228Th. The decay type occurring between two isotopes is given
along the arrows. Below each isotope its half-life is given. The legend alludes to
the detectability in the Münster xenon TPC and the T- and cross-detectors. The
α-decay from 224Ra is undetectable for both detectors since it cannot reach them.
The half-lives are taken from [22].
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3.2 Modelling the decay of 228Th

In order to see if it is possible to use the gas only detectors together with a 228Th source

to detect 220Rn α-decay, it is necessary to build a model of the daughter isotopes’ activities

caused by 228Th. As the mean free path of α-particles in gaseous xenon is shorter than

each detector’s size, the particles are assumed to deposit their whole energy in the detector.

Therefore, with the applied settings, which will be described in Section 4.1, the measured

α-decaying isotopes are 220Rn, 216Po, 212Bi and 212Po, as seen in Figure 3.4. 224Ra is a

decay daughter but it is expected to plate-out at the surface of the gas pipes or stay inside

the source. Thus, it will not be able to pass the pipes all the distance to the detectors and

cannot be measured directly. Consequently, the first measured isotope of the decay chain

is 220Rn. The β−-decaying isotopes are expected to deposit only a fraction of their energy

inside the detector volume, as their mean free path is large enough to reach the wall or the

outlet of the detector, as discussed in subsection 4.2.3.

At the beginning of the measurement, as long as the 228Th source is opened, a constant rate of

220Rn will be injected into the detector volume. With 2.5 slpm circulation flow inside the gas

system, it is assumed that the 220Rn is equally distributed in the whole system. Therefore,

the flow of 220Rn can be neglected. In conclusion, the number of 220Rn nuclei NRn inside the

detector is given by

dNRn

dt
= R− λRnNRn, (3.1)

where λRn the decay rate of 220Rn. This differential equation can be solved as

NRn(t) =
R

λRn
+

(
N0,Rn −

R

λRn

)
· e−λRnt, (3.2)

where N0,Rn represents the number of radon particles at the beginning of the measurement

(N0 = N(t = 0)).

To get the number of nuclei Ni for the i-th daughter isotope, one has to solve the differential

equation

dNi

dt
= λi−1Ni−1 − λiNi − λflowNi

1− e
λi

λcirculation

Ki

+
Ri

Ki
. (3.3)

The number of mother nuclei λi−1Ni−1 reduced by the number of decayed nuclei λiNi and

the number of particles flushed out of the detector λflowNi. The number of nuclei circulated

in the gas system λflowNi · e
λi

λcirculation has to be added as well as the number of nuclei Ri the

source is emanating. The exponential term accounts for decays outside of the detector during

the circulation. Ki is the reduction of nuclei which will plate-out in the pipes, like 224Ra does
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and it is expected to be different for every isotope i. Plugging Equation 3.2 into Equation 3.3

leads to the number of 216Po nuclei in the detector at any given time:

dNPo

dt
= λRnNRn − λPoNPo − λflowNPo

1− e
λPo

λcirculation

KPo

+
RPo

KPo
(3.4)

Since this equation is inhomogeneous, it is not straightforward to solve. An approximation is

to consider that the source does not emit any isotope other than 220Rn into the gas system.

Therefore, the last term of Equation 3.4 is dropped and the equation can be rewritten as

dNPo

dt
= λRnNRn − λeff,PoNPo, (3.5)

where λeff,Po is given by

λeff,Po = λPo + λflow

1− e
λPo

λcirculation

KPo

 . (3.6)

The solution of Equation 3.4 is given by

NPo(t) =
R

λeff,Po
+
N0,RnλRn −R
λeff,Po − λRn

· e−λRnt (3.7)

+

(
N0,eff,Po −

λRnR

λeff,PoλRn
−
N0,RnλRn −R
λeff,Po − λRn

)
· e−λeff,Pot. (3.8)

Taking into account that the solutions will get even longer for every next isotope one wants

to calculate, a recursion formula which solves Equation 3.3 for every i-th isotope is defined.

Every solution is given by a number of coefficients ci,j and one summand Si, such that

Ni(t) = Si +
i∑

j=1

ci,j · e−λeff, jt. (3.9)

As Equation 3.3 is not representative for 220Rn the recursion formula starts with 216Po as

the first isotope. The summand Si and the coefficients ci,j are defined as follows:

Si = R ·
∑i

j=1 λi−j∑i
j=0 λeff,i−j

, (3.10)

ci,j =


ci−1,j · λi−1

λeff,i−λeff,j
for i 6= j

N0,i − Si −
i−1∑
j=1

ci,j for i = j.
(3.11)
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To obtain the activity A of an isotope, one needs to multiply the number of nuclei Ni with

the decay rate λi.

One needs to keep in mind that 212Bi has the possibility to decay in two different ways. Only

64.06% of the 212Bi nuclei decay to 212Po, the remaining 35.94% will decay to 208Tl with

β−-decay.

Since it is impossible for the nuclei to get into the gas system when the source is closed, the

number of nuclei at t = 0 will be zero for every isotope of the model. Therefore, the whole

model depends only on the rate R of injecting 220Rn into the gas system and flow inside the

gas system λflow. When the source is opened in t = 0, the rate will immediately increase to

its maximum, where it will stay until the source is closed at tclose. At this moment the rate

will almost instantaneously decrease to 0. The time the rate needs to increase and decrease

is disregarded as well as fluctuations while the source is opened. With these approximations,

the rate can be described as

R =

const. for 0 < t ≤ tclose

0 else.
(3.12)

The corresponding decay model is shown in Figure 3.5. In this picture, for every i-th isotope

the used λeff,i is set to the literature value λi. The decay rates of the named isotopes are

shown and the black line is the sum of the activities of all α-decays, which is equal to the

rate measured by the detectors. As the fraction of the detected β−-decays is not known it

is set to 0, and they are not included in the total decay rate graph. The activity of 220Rn

and 216Pois , in equilibrium, approximately equal. This is reasoned by the short half-life of

216Po, which is only 0.41 s as seen in Figure 3.4, hence both activities are practically equal in

time steps of 1 s. One would expect the same behavior for 212Bi and 212Po considering the

even shorter half-life of 212Po but due to the fact that 212Bi can decay in two different types

of decay, the more likely 212Po α-decay has a higher activity than the 212Bi α-decay.

As shown in Figure 3.5 one can see two decreases of activity, one starting when the source is

closed (tclose) and another one, after nearly 7.5 hours, with a small increase in between after

about 7 hours of measuring with a fictional detector. The first decrease cannot be fitted as

an exponential decay, since is a superposition of the decay of 220Rn and increase of activity

of 212Bi and 212Po. The resulting decrease of activity is not shaped in any established way,

as shown in Figure 3.6, therefore a fit to describe the shape of this particular range is waived

at this point.

The half-life of the second decay is equal to the half-life of 212Pb which is approximatly 10.5 h.

This is expected since the decay daughters of 212Pb are 212Bi and 212Po, which both have

a much higher decay rate if they are watched separately, are not reproduced as fast as they
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decay. Therefore, their decay rate will adjust to the decay rate of 212Pb in this model, which

is exactly what the model shows.

Figure 3.5: Activity as a function of time from the decay model. The injection rate R of 220Rn
during the source is opened equals 210 nuclei per second. The total activity is
given by the sum of the activity of all α-decays. As the half-life of 216Po is very
short, both decay rates are nearly equal. Therefore, the graph of 220Rn cannot
be seen in the picture. Since 212Pb decays via β−-decay it is not included in the
total activity graph. Due to the fact that only 35.04% of the 212Bi nuclei decay
via α-decay, only this part is plotted and mentioned in the total decay rate. In
t = 0 the activity of all the mentioned isotopes is zero.
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Figure 3.6: Zoom in of the plot in Figure 3.5. The total activity is the same as in Figure 3.5.
The activity of 220Rn is decreases exponentially. The total activity also includes
a rising contribution from 212Pb daughters.
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4 Measurements with the Münster xenon

TPC and scintillation calibration detectors

The following chapter show the analysis of the measured data. Therefore, at first the data

taking and processing is explained. Afterwards, for the TPC, an energy calibration is made

and the model presented in Section 3.2 is fitted. At last the model is fitted to the data

measured with the cross-detector.

The measurements made with the T-detector will not be analyzed within this work, since the

cross-detector is an upgraded version of the T-detector with a lower signal to noise ratio.

4.1 Setup and settings of the measurment electronics

In order to provide 220Rn, a 228Th source has been installed in the Münster gas system.

Figure 4.1 shows a simplified scheme of the gas system with the mounted detectors. The

whole system is filled with xenon gas at 2.0 bar. The gas can be circulated by the QDrive R©, a

custom made pump created by the company CHART. The gas flow can be controlled by two

flow-controllers FC1 and FC2. For all measurements presented in this thesis, the flow was set

to 2.5 slpm. The valves in the gas system are ordered in a way, such that every component,

TPC, source, and scintillation detectors, can either be bypassed or traversed.

Before opening the source the flow is initiated with the QDrive. At this point, the source is

bypassed while one of the detector parts is traversed. As soon as the flow-controllers measure

a constant gas flow, the source port is opened and the bypass is closed. Since the source has a

slightly different gas resistance than the bypass, the flow has to be adjusted whilst changing

the pumping power of the QDrive. The 220Rn enriched gas from the source is then circulated

and the decays of nuclides reaching the detector can be registered by the PMTs.

The signal of every PMT is amplified by a factor of 10 with a CAEN Mod. N979 amplifier.

The amplified signal is lead into two CAEN V1724 8 channel analog-to-digital converter

(ADC) units which are connected via a LeCroy 622 Quad 2-Fold Logic Unit set to logical

“OR” mode. Therefore, both ADC units will trigger when either one of them sees a signal.

This mode is important for TPC measurements because the photons detected in every of
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the 14 PMTs could belong to the α-particle’s signal, even if its energy is under the trigger

threshold. The signals of both ADC boards are saved by the data acquisition (DAQ) PC.

Every time one of the channels triggers, an event with a size of 512 samples and 10 ns per

sample is saved. The trigger threshold for a channel is set to 1500 ADC counts over baseline.

The baseline of every photomultiplier is readout and defined using the DAQ software. After

the amplifier, the voltage generated by a single photoelectron is U = 10 mV. The CAEN

V1724 ADC is a 14-bit digitizer with a voltage range of 2.25 Vpp
1 [6, 1].

1ADC count=̂
2.25V

214
(4.1)

one finds that a single photoelectron corresponds to approximately 120 ADC counts. The

amplitude threshold of 1500 ADC counts over baseline then corresponds to roughly 13 pho-

toelectrons.

4.1.1 Data processing with PAX

PAX (Processor for Analyzing Xenon) is an open source tool for processing measurements

made with liquid noble gas TPCs developed by the XENON Collaboration [23]. The process-

ing chain with the nomenclature used in the following is pictured in Figure 4.2. PAX checks

individual PMT waveforms for samples that exceed a boundary threshold of 1σ, which is

marked by the green dashed line in the waveform presented in Figure 4.4. As soon as the

measured ADC counts of one sample2 overcome this threshold, the sample is marked as a

pulse. The PAX hitfinder marks every consecutive pulse as part of a hit, if at least one of

the pulses exceeds the 5σ threshold, marked by the red dashed line. The first excursion over

the 5σ threshold marks the “zero-length encoding” endpoint. In the zero-length encoding

interval every sample will be saved, no matter if it has some information about the pulses

or not. For all measurements presented in this work, the zero-length encoding was set to 30

samples backward in time. Therefore, the first hit in every waveform starts after 30 samples,

as can be seen in Figure 4.4.

For each hit is registered one of the PMTs the PAX clustering searches for coincident hits in

the other PMTs. If at least one other PMTs marks a hit, those hits are combined by adding

them up to a peak. The peak classification groups the peaks into S1 and S2 signals according

to their area and width. To do so it is necessary that the detector operates in dual phase

mode as described in subsection 4.2.1. Since the detectors are filled with gas only, PAX is

expected to classify only one signal type which will be S1.

The final event is built from all peaks appearing in a time window of 400µs. The summed

1Voltage peak-to-peak
21 sample ≡ 10 ns
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Figure 4.1: Simplified scheme of the gas system used during the measurements. The QDrive is
a custom made pump, made by the company CHART. It creates a gas flow inside
the system. The flow can be controlled by two flow-controllers (FC1 and FC2).
The valves are arranged in a way, that every part (TPC, source and scintillation
detectors) can be bypassed separately.

waveform of an event is shown in Figure 4.3 [24].

As the ROOT files from PAX contain more information than needed for the analysis, the

Handy Analysis for XENON (HAX) is used for data reduction. It provides a python-

compatible data structure for analysis employing pandas dataframes [6].
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Figure 4.2: PAX processing chain, taken from [24]. The objects handled by PAX are repre-
sented in the blue boxes while the used plugins are marked by purple boxes.

Figure 4.3: Waveform of an event generated by PAX. The upper part shows the waveform
with the S1 peak area. The lower part shows the PMTs measured a coincident
peak.
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Figure 4.4: One waveform measured with the T-detector. Every red area shows a hit identified
by the PAX hitfinder. Because of the zero-length-encoding-backward which is set
to 30 samples, the first hit starts at approximately the 30th sample. The boundary
threshold is marked by the green dashed line and is set to 1 sigma, while the 5σ
threshold is marked by the red dashed line. The threshold for the CAEN analog-
to-digital converter is set to 1500 counts over baseline. This threshold is marked
by the yellow dashed line.
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4.2 TPC analysis

The energy of single α-particles cannot be measured with the scintillation detectors used

in Section 4.3, since the PMTs used in the scintillation calibration detectors are not gain

calibrated, it is not possible to make an energy calibration with the cross-detector. In contrast

to this, the TPC with its larger detector volume is gain calibrated as presented in [10].

Therefore, an energy calibration is possible and will be carried out in the following. As the

way of the nuclides to reach the TPC is even longer than to reach the scintillation calibration

detectors, the plate-out effect of the 220Rn daughter will take place. The model presented in

Section 3.2 is applicable and will be fitted to the measured event rate in the TPC afterwards.

4.2.1 Data quality criteria

In order to analyze the data, it needs to be prepared, such that unphysically events don’t

disturb the evaluation. The applied criteria are introduced here.

At first, all peaks with an area smaller than 0 are cut off. These peaks seem unphysically

since every measured peak should consist out of at least one photon.

The TPC is used in gas only mode. Therefore, no S2 peaks can occur. Every event with an

S2 peak different from 0 is cut off.

As more PMTs of the TPC can see one peak, the energetic the incoming particle is. The α-

particles which are to be detected are energetic enough to cause many of the PMTs to trigger,

a coincidence is demanded. At total 133 PMTs are running while the TPC is measuring. The

number of PMTS demanded to be coincident can be set freely on every number between

1 and 13. For this work, it is chosen to demand the peaks to be coincident in at least 12

PMTs. Thereby approximately 30% of the events are rejected. If one chooses 11 PMTs to

be coincident, the portion of cut off events is approximately 28%. If all 13 PMTs have to

measure coincident peaks, the part of cut events rises to roughly 37%. As one can see, the

difference between 12 and 13 coincident measured peaks is more significant than the difference

between 11 and 12 coincident events. The number of events joining the uncut ones is much

smaller every time one PMT less has to be coincident. For this work it was decided to claim

12 times coincidence.

Figure 4.5 shows two plots with “peak area” plotted against “area fraction top”. As described

in Section 2.3, the “area fraction top” describes the percentage of the peak, detected by the

top part of the TPC. The uncut data is presented on the left side and the data with all

aforementioned cuts applied is shown on the right.

3Overall 14 PMTs are mounted in the TPC but one of the bottom PMTs is actually not connected to the
data acquisition.
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In total 5863354 events have been measured within 110 hours and 3624100 of them have passed

the cut. Therefore approximately 39% of the events are rejected by the aforementioned cuts.

Figure 4.5: Signal area fraction top plotted against the signal area. the signal area fraction
top is the proportion of the signal measured by the PMTs in the top part of
the TPC. As mentioned in Section 2.3 the “area fraction top” can be used as an
approximation for the depth of the event inside the TPC. The left side shows the
uncut data taken with the TPC, while the right plot shows the cut data. One can
see a curve shaped plot, due to reflections at the geometric structure of the inner
PTFE coating. This has to be corrected in the following since it is not physically
meaningful to have a dependency of the peak area and the depth of the signal
inside the TPC.

4.2.2 Energy calibration and determination of decay products

The whole spectrum of peak areas is shown in Figure 4.6. One can see several peaks in

the plot that correspond to 220Rn daughter isotopes. The aim of this part is to assign the

peaks and their correspondent energy to the decays and calibrate the energy per measured

photoelectron inside the TPC.

The energy deposited by a particle inside the gas-filled TPC can be calibrated using the area

of the S1 peak. In order to do so, the cut data has to be corrected by its energy using the area

fraction top, caused by the geometry of the TPC. Afterwards the corrected data is divided

into two time periods, to get information about the fast decaying isotopes 220Rn and 216Po

as well as for the isotopes which decay with the longer half-life of 212Pb, 212Bi and 212Po.

To calibrate the TPC data, the energy spectrum for each period is fitted and the energy per
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measured photoelectron is determined.

Correction of the measured energy

Figure 4.6: Histogram of the peak area of the cut data. The red line marks the most appearing
peak area at 3148 pe. This is the area, the energies are shifted to at the area
correction.

On the right plot of Figure 4.5 one can see a half-circle shaped structure. Due to the geometry

of the TPC, the scintillation photons get reflected at the edges and build up those results. The

blurred endings of the plot may be due to the proximity of events occurring close to the top or

bottom array of PMTs. The reflection is considered constant during the whole measurement,

therefore this can and needs to be corrected, for an energy calibration, because an dependency

of the peak area and the depth of the peak in the TPC is physically not plausible. The peak

areas for all values of area fraction top are corrected by shifting them towards the most

frequent value. This is indicated in the red line in Figure 4.6. The area fraction top axis of

the right plot in Figure 4.5 is sliced in 400 parts of equal length. For every slices the most

frequent peak area is identified and the correction factor

f =
most frequent peak area total

most frequent peak area slice
(4.2)

has to be calculated. Then every peak areas of a slice are multiplied with the correction factor.

The resulting corrected peak area against peak area fraction top is shown in Figure 4.7. The

middle part between area fraction top = 0.25 % and area fraction top = 0.75 % is a horizontal

line as it is expected. Outside these borders, the peak area is blurred due to other geometric
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properties of the TPC and the proximity of events to the PMT arrays. This data is not taken

into account for the further analysis, so approximatly 30 % of the data remain.

Figure 4.7: Corrected peak area plotted against the peak area fraction top. The most appear-
ing peak area was determined and the area fraction top axis is cut in 400 equal
slices. Every slices mean value is shifted to the determined peak area. The result
is shown in this plot. The blurred peak at both sides of the graph occurs because
of reflections at the geometric structure at the edges of the Münster xenon TPC.

Time dividing and energy calibration

In Section 3.2 the isotopes and their half-life is described. As shown in subsection 4.2.3 the

isotopes appear in this way such that in the beginning when the close is opened 220Rn and

216Po dominate the data. When the close is sourced after several half-lives of 220Rn those

isotopes do not have any impact on the data and 212Bi and 212Po dominate. Therefore, to

get information about both dominating parts, one can divide the corrected data into two

time periods. One period shown in Figure 4.8b when the source is opened until the red line

and one period starting after around 2 h shown in Figure 4.8c when the source is closed.

As expected, both of the plots show two highlighted regions, representing the dominating

isotopes. The regions in Figure 4.8b are closer together then the regions in Figure 4.8a like it

is expected from the difference of the α-energies of the corresponding decays. In Figure 4.8b

and Figure 4.8c one can see, that every energy signature has a tail to lower energies. This tail

belongs to some fractions of energies which are lost in detection and some β-particle energies.

As the energy loss influences the shape of the resulting energy spectrum a simple Gaussian



36 4 Measurements with the Münster xenon TPC and scintillation calibration detectors

curve will not describe the shape correct. Therefore, the energy spectrum has to be fitted

with a Crystal Ball function [25]:

f(x;α, n, x, σ) = N ·

exp
(
− (x−x)2

2σ2

)
, forxxσ > −α

A ·
(
B − x−x

σ )−n
)
, forx−xσ ≤ α

(4.3)

was developed by the Crystal Ball collaboration to model processes with an energy loss.

The function depends on the mean of the Gaussian function x, the standard deviation of

the Gaussian distribution σ, the turning point between the Gaussian and the exponential

function α and the exponential power n. The other variables are substitutions for expressions

depending on the parameters:

A =

(
n

|α|

)n
· exp

(
−|α|

2

2

)
B =

n

|α|
− |α|

N =
1

σ(C +D)

C =
n

|α|
· 1

n− 1
· exp

(
−|α|

2

2

)
D =

√
π

2

(
1 + erf

(
|α|√

2

))
The function consists mainly of a Gaussian function but with an exponential tail on one side.

This tail describes the fraction of energy lost in detection.

The energy spectrum in the time after 2 , which is more than 12 220Rn half-lives after the

moment the source is closed, of the measurement is shown and fitted in Figure 4.9. As men-

tioned, both peaks have to be fitted with a Crystal Ball function. The radiation underlying

the data is unknown but supposed to be the energy of β-electrons. As the rate is very low in

comparison to the total rate, a Gaussian function is used to model the β-spectrum. In total

the combined fit is composed of two Crystal Ball functions added with a Gaussian function.

The fit seems likely for the measured data. The reduced χ2 is close to one but it is not

equal since the residuals show some fluctuations in the edges of the plot. At left side, these

fluctuations may be caused by the approximation of the β-spectrum with a Gaussian distri-

bution. For the time when the source is opened, two different peaks corresponding to 220Rn

and 216Po, appear, as shown in Figure 4.10. Since the peaks are very close to each other, no

information about the exponential behavior of the left side of the right peak is given. Instead

of a Crystal Ball function, a plain Gaussian is used to fit the data. For the left peak, a Crystal

Ball function is fitted to the data. The resulting reduced χ2 is more different from one than it

is for the fit in Figure 4.9. This may be reasoned by plain Gaussian, which is fitted to one of
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Table 4.1: Most appearing α-energy and mean of corrected peaks of the isotopes, in order of
their α-energy. As the error for the mean values, the fittet FWHM value of the
Gaussian part of the Crystal Ball functions is used.

Isotope α-energy [MeV] Mean of corrected peak area [pe]
212Bi 6.051 2811.1± 88.5
220Rn 6.288 3121.7± 110.8
216Po 6.778 3366.3± 100.3
212Po 8.784 4040.3± 126.0

the peaks. This approximation brings a methodical uncertainty which causes the residuals to

fluctuate. Furthermore, no Gaussian radiation background can be fitted to the measurement.

The uncertainty of the data points is very small since the statistical error for such a number

of counts is very small. Therefore, it is not possible to approximate the β-spectrum with a

Gaussian but it needs to be known, but this is not the case. On top of the left peak, two data

points stand out the data. This may be reasoned by the energy correction. N evertheless,

the resulting peaks can be used to determine the energy of the peaks, since the calibration

can be done with the two more precise fitted peaks in Figure 4.9. The vertical black lines

show the means of the functions.

For both fitted spectra, the uncertainty which is given by IMinuit is very small in comparison

to the mean value as one can see in the captions of Figure 4.9 and Figure 4.10 due to the

small uncertainty of the data points. The four fitted functions can be sorted by peak area

as well as the α-energys of the 228Th decay daughters can. A lower peak area belongs to

a lower decay energy since lower energies release less scintillation light what could be de-

tected. Therefore, every peak area can be matched with a certain decay energy as shown in

Table 4.1. To calibrate the number of measured photoelectrons per MeV, the mean of the

fitted functions has to be plotted against the decay energy of the concerned isotope as shown

in Figure 4.11. The linear fit

f(x) = m · x (4.4)

is applied to the data to calculate the variablem which gives factor between the energy in MeV

and the released photoelectrons of every isotope. If the number of released photoelectrons

equals zero, the corresponding energy should be zero as well. Therefore, the fitted function

is forced to run through the origin.

The fit results

m = 477.55± 7.60
pe

MeV
. (4.5)

One can see, that the values above the fitted line both belong the calculated means of Fig-

ure 4.10, while the data under the line belongs to Figure 4.9. For the fit in Figure 4.9, it

was necessary to add some background radiation to the fitted function, it was impossible to
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do so for the data in Figure 4.10. This may cause the mentioned conspicuity of the fitted

data, especially because the Fit in Figure 4.10 has a reduced χ2 of 5.69. As the data is not

described well by the fitted functions, which consists of on Gaussian- and one Crystal Ball

function instead of two Crystal Ball functions, the mean values of the peaks may be shifted

to higher values than they actually are.
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(a) Corrected peak area plotted against the time of the measurement. The red line shows the moment
when the source was closed. Below the red line, one bright yellow stripe with a wider energy
population to lower energies can be seen. Above the close source line two separate signatures can
be recognized.

(b) Corrected peak area plotted against the time
of the measurement. The plot shows the Time
before the source was closed, this moment is
marked by the red line. One bright yellow line
with a small, darker stripe in the middle can
be seen. On the left side of the bright stripe, it
looks like the stripe is blurred, while the right
side is not. Two other energy signatures can be
seen, one on the right of the yellow stripe and
one above. Those signatures are corresponding
to the signatures presented in Figure 4.8c.

(c) Corrected peak area plotted against the time of
the measurement. The plot shows the Time af-
ter the source was closed. Two equivalent look-
ing stripes can bee seen. Both have a high rate
at the beginning which is decreasing when the
time is going in. Both peaks are blurred to
lower peak areas.

Figure 4.8: Corrected peak area plotted against the time of the measurement. Figure b) and
c) show different time periods of Figure a).
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Figure 4.9: Histogram of the corrected peak area after the source was closed. Made with
the same data as used for Figure 4.8c. The fit is combined by two Crystal Ball
functions and one Gaussian function fitted simultaneously. The Crystal Ball
functions represent the two peaks, while the Gaussian function renders the back-
ground which is overlaying the data. The residuals of the fit in units of σ are
plotted underneath. The black vertical lines mark the means of the Crystal Ball
functions. The left means position is 3811.130 ± 0.419 pe and the right ones
4040.260± 0.336 pe.
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Figure 4.10: Histogram of the corrected peak area before the source was closed. Made with
the same data as used for Figure 4.8b. The fit is combined by one Crystal Ball
function and one Gaussian function fitted simultaneously. The Gaussian fit has
to be applied, because the data gives no information about the exponential part
of the Crystal Ball function of the right peak, since both peaks are too close
together. Due to the fact, that a Crystal Ball function is made of a Gaussian
function, this is an acceptable way to avoid this problem. The left peak is
fitted with a Crystal Ball function. The black vertical lines mark the mean
of the Gaussisn and Crystal Ball function. The mean of the Gaussian is at
3366.280± 0.751 pe and the mean of the Crystal Ball at 3121.700± 0.638 pe
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Figure 4.11: Energy as a function of peak area. The α-energy of the datapoints is taken from
[21]. The peak area is corresponding to the mean, fitted in Figure 4.10 and
Figure 4.9. The uncertainty of the peak area is the full width half maximum
value of the Gaussian fit of the Crystal Ball function. The linear fit is forced to
run through the origin, since an energy of 0 MeV is equivalent to no peak area.
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4.2.3 Application of the 228Th decay model

Besides the energy calibration, another way to identify 220Rn α-decays is to fit the model

presented in Section 3.2 to the measured event rate inside the TPC.

In order to do so, it is necessary to determine the signal rate measured with the detector. The

data was grouped in intervals of 1 second and the number of measured events per interval is

counted. It was not possible, to ensure a constant pressure inside the detector volume, which

is necessary because it is proportional to the number of particles in the detector and fewer

particles are equivalent to a lower rate measured by the PMTs. Therefore, the measured data

has to be pressure corrected. The pressure inside the detector is measured during the whole

measurement. Before the source was opened, a constant pressure was obtained and is used

as the reference pressure. To correct the detected signal rate at any given time, the relative

deviation of the pressure from the reference pressure is multiplied with the rate.

The pressure corrected activity inside the detector is shown in Figure 4.12. The data is

separated into two parts with different binning. The black cross marks the boundary. The

left side of the data is binned in 5 s intervals while the binning at the cross itself and on the

right of it is 100 s. The β-decay mentioned in chapter 3 needs to be taken into account, as

Figure 4.12: Activity as a function of time. The pressure corrected TPC measurement is
plotted. The black cross marks the border between two different binnings of the
data point. left from the cross the data is binned in 5 s intervals, while it is
binned in 100 s intervals on the cross itself and right of it.

the detector dimensions are of the same order of magnitude as the mean free path of the β−-

electrons shown in Table 4.2. The TPC is 17 cm in height and 8 cm in diameter [10]. As the

β-spectrum is continous, one would expect every of the named isotopes to emit β-electrons

which deposit an amount of energy in the TPC which makes at least one PMT trigger. As

the 13 TPC PMTs are demanded to be 12 times coincident a β-electron is unlikely to pass
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Table 4.2: CSDA range of the β-decaying 220Rn decay daughters with their mean free path
in 2± 0.2 bar xenon gas with a density of (11.7± 0.1) mg/cm3. The CSDA ranges
are taken from [8], where only CSDA ranges for certain enpoint energies are given.
Therefore, the exact CSDA ranges for the given β-electrons is unknown. To ap-
proximate this value, the mean of the CSDA range of the upper and lower energy is
taken and the range between them is the used uncertainty. The endpoint electron
energies is taken from [21].

Isotope Electron energy [MeV] Branching ratio [%] CSDA range [g/cm2] Mean free path [cm]
212Pb 0.335 82.5 (1.7± 0.5) · 10−1 14.3± 4.5
212Bi 2.254 55.46 1.7± 0.5 145± 45
208Tl 1.308 48.7 (1± 0.25)10−1 87.4± 23.1

Table 4.3: Fitted parameters

Fit parameter Fitted value

tclose (6291± 1) s

R (155.0± 0.1) particle s−1

λflow, opened (9.24± 0.18) · 10−4 s−1

λflow, closed (8.89± 5.45) · 10−8 s−1

ε 0.42± 0.02

the data quality criteria. Therefore, only β-electrons which deposit all of their energy in a

short track will remain after the cuts. 212Bi and 208Tl are unlikely to do so due to their high

mean free path in comparison to the TPC dimensions. To simplify the fit and reduce the

number of fit parameters, only the fraction of detected 212Pb β-decays ε is fitted. Since the

other beta decaying isotopes are daughters with a shorter half-life, they adjust to the half-life

of 212Pb and if any of their β−-electrons are measured, they would be represented by ε as

well.

The other parameters for the fit are the moment when the source is closed tclose, the rate R

of 220Rn isotopes emanating into the gas system and reaching the detector, the flow of the

gas inside the system while the source is open λflow, opened and the flow inside the system,

while the source is closed λflow, closed. Two flow parameters are necessary because other than

described in chapter 3, the flow at the measurement was not turned off at the moment, the

source was closed. Due to the inner resistance of the source another flow was set.

The fitted decay model is shown in Figure 4.13. The fitted parameters are shown in Table 4.3.

In Section 3.2, a factor Ki is described, which represents the plate-out of the isotopes. As

the TPC has a large surface, the isotopes which plate-out in the gas pipe will also plate out

inside the TPC and can therefore not be flushed out again. By reason of that those isotopes

will enrich in the TPC. Therefore, the flow when the source is closed λflow, closed does not

flush any nuclei out of the TPC and is fitted close to zero. The fraction of β−-decays ε is

fitted to (42± 2) % which is reasonable given the 12 times coincidence and the dimensions of
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Figure 4.13: Fitted model from Section 3.2. The fitted parameters are shown in Table 4.4.
The black line is the fitted sum of all α-decays and the fraction ε of the 212Pb
β−-decay. This fraction is represented by the purple line.

the TPC as described before. To get an approximation for λflow, opened one needs to measure

the volume of the circulated gas. The gas system has a length of (1850 ± 50) cm, while the

pipes have a diameter on 1/2 inch. This results in a volume of (2349 ± 70) cm3. The TPC

dimensions as they are mentioned before calculating to a volume of (854 ± 219) cm3. The

sources volume is defined by two cylindrical volumes, one with a diameter of 5 cm and a

height of 2.5 cm and the other one with a diameter of 8.5 cm and a height of 3 cm. This

results in a source volume of (219± 63) cm3. The volume of the QDrive is unknown but it is

not at the order magnitude of the entire volume. Therefore it will be neglected. In addition

the total circulated gas volume sums up to (3370 ± 240) cm3. With a gas pressure of 2 bar,

in total (6740 ± 830) sl xenon gas is filled into the system. As the flow controller measures

an offset corrected flow of (2.5± 0.2) slpm, the λflow, opened is approximated to be

λflow, opened =
Flow

Volume
=

(0.042± 0.003) slps

(6740± 830) sl
= (6.0± 0.9) · 10−6 s−1. (4.6)

In comparison to this, the fitted value of λflow, opened = (9.24± 0.18) · 10−4 s−1 is two orders

of magnitude to high. This may be reasoned by nuclei, which plate-out in the detector itself.

Those can not be flushed out of the detector again, which is not described by the model. If

this happens λflow, opened is fitted to higher values, since a higher amount of nuclei needs to

be flushed out to compensate the plated ones. The rate R of 220Rn emanating into the gas

system, seems to be very small in comparison to the activity of the source as calculated in the

beginning of chapter 3. This may be reasoned by a small emanating efficiency of the source.
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As the daughter nuclei of a α-decay have a low kinetic energy, it is not likely for them to

leave the solid source they are bounded in.

4.3 Scintillation calibration detector analysis

The decays of 220Rn daughter emanated form a 228Th source were measured with one cross-

and one T-detector. As the signal to noise ratio of the cross-detector is expected to be much

better because of the coincidence of two PMTs, only this measurement is analyzed.

The following section describes the preparation of the measured data and resulting time

evolution of the measured event rate in the detectors as it can be described with the model

developed in Section 3.2.

4.3.1 Data quality criteria

In order to analyze the data, it needs to be prepared, such that unphysically events don’t

disturb the evaluation. The applied criteria are introduced here.

To prevent the measured data from dark counts or other noise, the PMTs of the cross-detector

are demanded to be coincident. All other events are cut. The peak size of every measured

particle should be larger than 0, otherwise, the measured peak is an anomaly in the PAX

peak building. Therefore, every event with an area less than 0 is cut.

The measured PMT waveforms should consist of only one hit. As shown in Figure 4.4, not

every waveform complies with this condition. Every red marked area stands for one hit which

is handled as a single event by the data analysis program. Obviously, the shown hits only

belong to one event. Therefore, another cut has to be applied, which separates the small hits

from the main hit. The described zero length encoding ensures, that 30 samples before the

main hit are measured with no other hit. Therefore one can be sure, that the decay-signal of

every event is the hit starting after around 30 samples. Figure 4.14, shows two histograms

with the most left pulse of a hit plotted against the most right pulse. One can see two regions

of hits, the left region has a left hit pulse at around 30 samples. The right region which is

diagonal through the plot has many different left hit pulses, but none of them is under 40

samples since even the smallest signal of the left region has a width of 20 samples. Therefore,

every signal with a left side of the pulse higher than 32 samples is cut off. This intends to get

rid of all the small hits measured between the end of the main hit and the end of the trigger

window.
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Figure 4.14: Most left pulse of the hit plotted against the most right pulse of the hit. The
left plot shows the uncut data, the right one the cut data. One the left plot
one can see two areas of hits. The vertical area represents the hits which are
energetic enough to make the board trigger, while the diagonal area shows the
events appearing after the trigger event.

4.3.2 Application of the 228Th decay model

The model presented in Section 3.2 will be applied to the data measured with the cross-

detector in the following chapter and 220Rn will be identified. the T-detector is not analyzed,

as it lacks the coincidence information.

As mentioned in subsection 4.2.3, the measured data needs to be pressure corrected and is

then grouped in intervals of 1 s to get the measured rate per second. The resulting corrected

signal rate is shown in Figure 4.15. The black cross marks a change in the binning of the

data points. On the left side of the cross, the data points are binned in 5 s intervals while

the binning of the black cross itself and on its right is 100 s. The red data points are not

taken into account for the fit. Before the measurement starts, a secular equilibrium is present

inside the source. When the source is opened, the particles are flushed into the gas system

immediately. This results in the red peak at the beginning. As the model in Section 3.2

does not describe this process, the points are cut. In chapter 3 the detectability of the β−-

decay is mentioned and it has to be considered for the cross detector measurements. The

212Pb β-electrons with the most likely branching ratio have a mean free path of less than of

(14.3± 4.5) cm [8]. As this is in the range of the detector size, it is expected, that a fraction

ε of the decays will be detected. The mean free path of the other β− decaying is 87 cm for

208Tl and 144 cm for 212Bi [8]. As this is much larger than the cylindrical detector volume

with a diameter of 40 mm, they will be neglected to keep the model simple and reduce the

number of fit parameters. If a small fraction of these decays is detected, it will be subsumed
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Figure 4.15: Activity as a function of time. The pressure corrected cross-detector measure-
ment is plotted. The black cross marks the border between two different binnings
of the data point. left from the cross the data is binned in 5 s intervals, while it
is binned in 100 s intervals on the cross itself and right of it. The red data points
mark a region which is not taken into account for the further analysis.

in ε. Therefore, ε not only contains the fraction of the detected 212Pb β-electrons, but some

part of the other β-electrons as well. To fit the model described in Section 3.2, the measured

data has to be split into two parts. One part during the source is opened and the gas is

circulated and the other part, when the gas flow stops and the source is closed. The parts are

distinguished only in the rate R of 220Rn emanating into the gas system and the flow of the

gas inside the system. In the second part, no 220Rn is flushed in the system, while a constant

rate is flushed in the first part. The number of nuclei for every isotope is set to zero at the

beginning of the first part when the source is opened. The rate R of 220Rn flushed into the

gas system per second is a fitted parameter as well as the circulating flow through the gas

system λflow
4, the moment when the flow is stopped tclose and the percentage of measured

β− decays ε which is dominated by 212Pb β-electrons. The decay rate of every isotope in

the second part of the data is fixed to the literature values for the decay constants named in

Figure 3.4.

The fitted activity for 220Rn and its daughter isotopes and the summed containing the fraction

of the 212Pb β−-decay is shown in Figure 4.16. The fitted parameters are shown in Table 4.4.

The fitted result of the fraction of measured 212Pb particles ε is 30 % which is reasonable

given the 2 PMT threshold and the detector dimensions. The rate R of 220Rn emanating

into the gas system, seems to be very in small in comparison to the activity of the source as

calculated at the beginning of chapter 3 as it already is described in subsection 4.2.3. The get

some information about the expected value of λflow, the volume of the gas system needs to be

4described in Section 3.2
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Table 4.4

Fit parameter Fitted value

tclose (12704± 1) s

R (57.3± 0.1) particle s−1

λflow (2.399± 0.008) · 10−4 s−1

ε 0.31± 0.03

approximated as it is done in subsection 4.2.3. The total length of the pipes is measured to be

(1180± 30) cm with a pipe diameter of 1/2 inch, this results in a volume of (1490± 40) cm3.

The length of the cross detector is (11 ± 1) cm with a diameter of 4 cm. As the detector

is shaped like a cross out of two of those pipes, the middle volume needs to be subtracted.

This volume is approximated as a cube with 4 cm edge length. Therefore, the total volume is

calculated to be (212± 25) cm3. The volume of the T-detector is calculated in the same way,

but one side of the “X” is subtracted. Therefore, its volume is (168 ± 35) cm3. The volume

of the source is calculated as described in subsection 4.2.3 and equals (219 ± 63) cm3. By

the same reason as named in subsection 4.2.3, the volume of the QDrive will be neglected.

In addition, the circulated volume of the measurement sums up to (2089 ± 86) cm3. As the

gas system is filled with (2 ± 0.1) bar of xenon, (4178 ± 271) sl. With a measured flow of

(0.042± 0.003) slps this results in an approximated

λflow =
Flow

Volume
=

(0.042± 0.003) slps

(4178± 271) sl
= (0.100± 0.013) · 10−4 s−1. (4.7)

The calculated λflow is one order of magnitude smaller than the fitted. This may have the

same reason as mentioned in subsection 4.2.3. Nuclei plating-out inside the detector volume

cannot be flushed out again and therefore, the flow is fitted higher than is actually is.
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Figure 4.16: Fitted model from Section 3.2. The fitted parameters are shown in Table 4.4.
The black line is the fitted sum of all α-decays and the fraction ε of the 212Pb
β−-decay. This fraction is represented by the purple line.
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5 Conclusion and outlook

In this bachelor thesis, measurements of the decay of a 228Th source are performed using

two different scintillation detectors systems, the Münster xenon TPC in gas only mode and a

scintillation calibration detector with two PMTs facing each other. Both detectors showed up

the possibility to identify the decay daughters, which was done and presented in two different

ways.

At first, the principle of detecting radioactive decay particles was explained. Therefore,

gaseous xenon as scintillator medium and the photoelectric effect were presented. Afterwards,

two types of detectors applying those principles are outlined. The time projection chamber,

which can be used to reconstruct the interaction vertex was explained in general and for the

configurations build up in the Münster xenon TPC. Scintillation calibration detectors are

characterized as a second type of detectors to measure radioactive α- and β-decay.

In the second chapter the used 228Th source was delineated. A model was created, which

shows up the expected activity inside any of the detectors at any given time. Before the model

was fitted to the measured data, the processor for analyzing XENON and the measurement

setup was elucidated.

In the last chapter, the measurement done with both detectors have been analyzed. An

energy calibration for the TPC data was done by obtaining peaks in the energy spectrum

and identifying their corresponding isotopes and α-energies. With the energy calibration the

light yield of the TPC was calculated to be

m = (477± 7.60)
pe

MeV
. (5.1)

Additionally, to this, the activity measured with the TPC was fitted with the model developed

before. As the model fits the data except for the discussed effects, the expected isotopes are

identified. After this, the measurements made with the cross-detector are analyzed. Due

to the fact, that the dross-detector PMTs are not gain calibrated, it was not possible, to

make an energy calibration. The activity was determined as it was done for the TPC and

the model was fitted. Again, the fit can describe the measured data except for the discussed

issues. Therefore, the expected isotopes can be identified. For the T-detector no analysis
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was done since the signal to noise ratio of the cross-detector is much better due to the PMT

coincidence.

The described model was used to calculate the activity of every isotope of the 228Th decay

chain. Therefore, the number of nuclei can easily be calculated by dividing with the decay

rate. As this can be done, the cross detectors can be used as a monitor for 220Rn nuclei

inside a system. This application is beneficial in many different experiments. For example,

the performance of a distillation of one of the 220Rn mother isotopes or itself can be observed.

Furthermore, it is possible to control the rate of emanated particles from a calibration source

into a gas system.
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