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0.05) × 10−4 with a systematic error of ∆sys(PKK) =+0.030
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Introduction
Electron capture decay is a process in which an inner shell electron interacts
with a proton inside the nucleus. The interacting proton is transformed into a
neutron and the Q-value of the decay is carried away by an electron neutrino.
In the case of K-shell electron capture, there is a low probability in the region
of 10−5 − 10−4 that the second K-shell electron is also affected due to electron-
electron interactions and gets excited to a higher shell or most likely into the
continuum. An atom with an empty K-shell is called a hollow atom [1]. Since
the second K-shell would not be created without electron-electron interactions,
studies of hollow atoms and their X-ray lines are an important probe into electron
correlations within atoms [2]

The first experimental study of K-shell double vacancy production has been
conducted by Charpak in 1953 by coincident detection of X-rays with a pair of
proportional counters [3]. The value of PKK has since then been measured several
times with energy-sensitive detectors (NaI or Ge) usually being deployed in a
coincidence setup [1]. The results of these measurements supported the tendency
of PKK to decrease with Z−2 [1] as predicted by the Primakoff-Porter theory [4].
The dependence of measured values of PKK on Z is shown in Figure 1, where the
Z-2 behavior is indicated.

A recent measurement was done in 2016 by Bergmann et al. with a pair of
Timepix detectors [5], finding PKK = (1.388 ± 0.037) × 10−4 with a systematic
error of ∆(PKK) = 0.042 × 10−4. The key shortcomings of this measurement
setup have been the very long measurement time of approximately two years,
due to a relatively high amount of dead time, and not having energy information.
This is significantly improved by using a newer Timepix3 detector utilized within
this thesis and featuring a (dead-time free) data-driven readout scheme and a
simultaneous measurement of energy and time.

The double K-shell vacancy production in 54Mn has been studied in 1984 by
Nagy and Schupp [6] by measuring coincident X-rays of a 54Cr atom produced
in electron capture decay of 54Mn. They measured the value of PKK = (3.6 ±
0.3) × 10−4. Another measurement has been done by Hindi in 2003 [7] with
the measured value PKK = (2.3+0.8

−0.5) × 10−4. Nagy and Schupp also conducted
a measurement of 65Zn PKK in 1983 with the result PKK = (2.2 ± 0.2) × 10−4

[8]. Values of PKK predicted by various theories including Primakoff-Porter (PP)
theory have been compared to measured values by Intemann in 1985 [9]. The
presented table can be seen in Figure 2. A discrepancy between measured values
(Expt.) and values predicted by Primakoff and Porter (PP) is apparent in 54Mn
and 65Zn.

The double K-shell vacancy production in three distinct isotopes 55Fe, 54Mn
and 65Zn is studied in the experimental part of this thesis using a pair of Timepix3
hybrid pixel detectors. Measured data are first preprocessed and investigated.
Methodology for calculation of PKK in electron capture decay of 55Fe and 54Mn
is developed and detection efficiencies of participating particles are simulated.
Measured values of 55Fe and 54Mn PKK are presented with an outlook on the
calculation of 65Zn PKK.
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Figure 1: Overview of measured PKK values as a function of the atomic number
Z. The Z-2 predicted by Primakoff-Porter is indicated.

Figure 2: Summary of theoretically predicted values of PKK for various isotopes
and a comparison to measured values. From [9]
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1. Theoretical background

1.1 Double K-shell vacancy production during
electron capture decay

Electron capture decay occurs when an electron from one of the shells interacts
with the nucleus, reducing the proton number while increasing the neutron num-
ber each by 1. An electron neutrino can carry away energy up to the Q-value of
the reaction. The whole process can be expressed subsequently:

A
ZX + e− → A

Z−1Y + νe− (1.1)
The vacancy left by the electron participating in the electron capture is then

quickly filled by an electron from a higher shell, and an X-ray photon or an Auger
electron is emitted. The two electrons residing in an atom’s K-shell possess the
highest probability to participate in this type of decay. The probability of K-
shell electron capture is denoted PK. There is a non-negligible probability for
the second electron to be affected during K-shell electron capture and carry away
part of the Q-value of the reaction. The second electron can either be elevated
to a higher shell, also called the shake-up process, or it can travel away from the
atom completely in the so-called shake-off process. In electron capture decay, the
shake-off process is dominating, and the shake-off electron can carry away energy
up to approximately the Q-value of the reaction. An atom with an empty K-shell
is called a hollow atom, and both of the vacancies are almost instantly filled by
electrons from higher shells. Either two x-rays or two Auger-electrons, or one of
each, are emitted. In the case of two X-rays, the first one is called a hypersatellite
photon, and the second one is called a satellite photon. The probability of X-
ray emission due to a single K-shell vacancy is denoted ωK and is also called
fluorescence yield. In the case of K-shell double vacancy, fluorescence yields are
denoted ωHS and ωS. Hypersatellite and satellite photons are characterized by
slightly higher energies than corresponding main diagram lines due to a decrease
in Coulomb shielding when spectator vacancies are present [10]. We denote the
double K-shell vacancy production probability in electron capture decay as PKK.

1.2 Decay of 55Fe
55Fe isotope decays solely by electron capture. The Q-value of the reaction is
equal to 231.31 keV. The half-life of the isotope is 2.747 years. As can be seen in
Figure 1.1, there is a negligible probability of the isotope decaying into an excited
state of 55Mn which subsequently decays by gamma emission. This happens only
in 1.3 × 10-7% of all electron capture decays of 55Fe.

K-shell electron capture is accompanied either by K-line X-ray photon or by
Auger electron from produced a 55Mn atom. The energy of K-line X-ray photons
can be found in Table 1.1. Fluorescence yield in the case of K-line X-ray photons
is ωK = (0.321 ± 0.007) [11].

There is a probability of PIB = (2.58 ± 0.04) × 10−5 [12] for 55Fe electron
capture decay to be accompanied by internal bremsstrahlung (IB) photon, which
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Figure 1.1: Scheme of nuclear decay of 55Fe [11].

Line Energy [keV] Relative prob.
Kα2 5.88765 51
Kα1 5.89875 100
Kβ3 6.49045 20.5
Kβ

′′
5 6.5352 20.5

Table 1.1: Energies of K-line X-ray photons following electron capture decay of
55Fe [11].
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Figure 1.2: The energy spectrum of coincident bremsstrahlung emitted in electron
capture decay of 55Fe. Solid curves correspond to theoretical predictions shown
for comparison with the measured values [14].

can be emitted with energy up to the Q-value of the reaction. Spectrum of
55Fe internal bremsstrahlung is shown in Figure 1.2. There is also a chance that
electron capture is accompanied by a shake-off electron. The probability for K-
shell and L-shell shake-off electrons can be found in [13], and we denote the joint
probability as PKLLK. The spectrum of shake-off electrons can be seen in Figure
1.3.

1.3 Decay of 54Mn
54Mn decays mostly by electron capture with a negligible branching ratio for β+

decay. The half-life of the isotope is 312.19 days. In almost all of the cases, 54Mn
decays into an excited level of 54Cr which consequently decays by γ-ray emission
of approximately 835 keV to the ground state of 54Cr. The scheme of the decay
is shown in Figure 1.4.

The decay can be accompanied by a shake-off electron and by an IB photon
with probability PIB = (6.5 ± 1.5) × 10−5 [17]. The spectrum of IB photons is
shown in Figure 1.5.

Since 54Mn decays almost always to an excited state of daughter nucleus, aside
from γ-ray emission, it may also deexcite by internal conversion (IC). During such
a process, the excited nucleus electromagnetically interacts with an atomic elec-
tron, which is then released with energy close to the γ-ray. Internal conversion
involving the second K-shell electron creates a second vacancy in the K-shell.
It thus acts as a competing process to K-shell double vacancy creation in elec-
tron capture decay. The probability of internal conversion in case of an excited
daughter nucleus following electron capture decay of 54Mn is called an internal
conversion coefficient αT = (2.45 ± 0.04) × 10−4 [16]. We denote the internal
conversion coefficients for separate shells as αK, αL and αM.

K-shell electron capture decay may be accompanied by a K-line X-ray photon
with fluorescence yield ωK = (0.289 ± 0.005) [16], their energies can be found in
Table 1.1.

6



Figure 1.3: The energy spectrum of shake-off electrons emitted in electron capture
decay of 55Fe. The solid curve corresponds to a theoretical spectrum shown for
comparison with the measured values [15].

Figure 1.4: A scheme of nuclear decay of 54Mn [16].
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Figure 1.5: The energy spectrum of internal bremsstrahlung emitted in electron
capture decay of 54Mn. [17].

Line Energy [keV] Relative prob.
Kα2 5.40557 50.91
Kα1 5.41479 100
Kβ1 5.94667 20.31
Kβ

′′
5 5.987 20.31

Table 1.2: Energies of K-line X-ray photons following electron capture decay of
54Mn [16].

8



Figure 1.6: Scheme of the nuclear decay of 65Zn [18].

Line Energy [keV] Relative prob.
Kα2 8.02792 51.33
Kα1 8.04787 100
Kβ1 8.90539 21.05
Kβ

′′
5 8.9771 21.05

Table 1.3: Energies of K-line X-ray photons following electron capture decay of
54Mn [18].

1.4 Decay of 65Zn
65Zn isotope decays either by β+ with branching ratio of 1.421 and by electron
capture. By the latter, it decays either to an excited level of 65Cu with a branching
ratio of 50.23 or to a ground level with a branching ratio of 48.35. The excited
level then almost immediately decays by γ emission either to another excited level
and then to the ground level or directly to the ground level. 65Zn decays with a
half-life of 244.01 days and the scheme of the decay is shown in Figure 1.6

Same way as for the previous two isotopes, electron capture decay of 65Zn may
be accompanied by shake-off electron, IB photon, γray photon, or by IC electron.
K-shell electron capture decay is accompanied either by an Auger electron or by
K-line X-ray photon; their energies can be found in Table 1.3 and the fluorescence
yield is ωK = (0.454 ± 0.004).
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2. Experimental setup and
methods

2.1 Timepix3
The Timepix3 detector is a hybrid pixel detector designed and developed within
the Medipix3 collaboration [19]. The fundamental idea behind hybrid pixel detec-
tors is the separation of the detection medium, which is commonly referred to as
the sensor layer, from the readout electronics. This allows the user to choose the
material for the sensor layer according to the application. The most commonly
used materials include semiconductors like silicon, GaAs, and CdTe. Flip-chip
bump-bonding (also called solder bonding) [20] is used to connect each pixel of
the sensor layer to the electronics in the readout chip, as can be seen in Figure
2.1 illustrating assembly of the detector [1]. Katherine readout [21] has been used
for the measurement of data analyzed in this thesis.

2.1.1 Working principle
The working principle of Timepix3 detectors can be explained as follows. The
sensor layer is fully depleted by an applied reverse bias voltage. Incoming ioniz-
ing radiation creates free charge carriers in the sensor layer, negatively charged
electrons, and positively charged holes, with their number being proportional to
the deposited energy. The produced electrons and holes then drift through the
sensor layer either to the pixelated side or the common electrode. The direction
depends on their charge. In our case, electrons drift toward the backside, holes to-
wards the pixelated electrode. During this process, electric currents are induced
at the nearest pixels and subsequently converted to voltage pulses, which are
shaped and amplified by the analog part of the electronics present in each pixel.
The voltage pulses are then compared to an adjustable threshold level (THL), as
shown in Figure 2.2. The time of arrival of a particle is measured by the pulse
crossing of THL on the rising edge, and the deposited energy is measured by the
time, during which the pulse remains over THL, or so-called Time-over-Threshold
(ToT). Deposited energy is proportional to ToT. To calculate deposited energy
from the measured ToT, the detector needs to be calibrated, meaning we need to
know the E(ToT ) dependency for each pixel. We can obtain this by calibration
with characteristic X-ray fluorescence lines [22].

Timepix3 features a data-driven readout scheme capable of measuring time
of arrival (ToA) and time over threshold (ToT) independently in each pixel. The
pixelated side is divided into 256 × 256 = 65,536 pixels, and a time resolution of
1.5625 ns can be achieved. Noise-free operation of Timepix3 should be possible
at THL = 500 e−, which is equal to 1.8 keV in silicon [1]. Tracks of particles
measured by the Timepix3 detector are called clusters. An example of clusters
can be seen in Figure 2.3.
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Figure 2.1: An illustration of the Timepix3 detector in assembly [1].
.

Figure 2.2: An illustration of working principles of the Timepix3 detector [1].
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Figure 2.3: Electrons from internal conversion and from the photoelectric effect
of 835 keV photons from decay of 54Mn measured by the Timepix3 detector [1].
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Figure 2.4: A scheme of the measurement setup showing a pair of Timepix3
detector facing each other [2]. The sensor parts can be found in the center where
the detectors are held by the holder. The radiation source can be found in between
the sensors.

2.2 Experimental setup
All measured data used throughout this thesis have been measured in Erlangen
Centre for Astroparticle Physics (ECAP) in Germany. A pair of Timepix3 detec-
tors with 500 µm thick silicon sensor has been used with sensors facing each other
with a radioactive source placed in the middle. The sources are small drops of
radioactive material enveloped in polyethylene foil. A scheme of the measurement
setup is shown in Figure 2.4.

2.3 Software
Several software tools have been used in the experimental part of the thesis. The
most important one has been the ROOT framework [23], which is a powerful tool
for data processing developed at CERN and is widely used for data analysis in
particle and nuclear physics. ROOT can be used either interactively, within a
fully compiled C++ program, or by utilizing a set of prepared bindings to use in
Python scripts. All these approaches have been used throughout the experimental
work.

Clustering software developed by scientists at IEAP used to reconstruct tracks
from simulated or measured data has been utilized throughout the experimental
part of this thesis. The idea of clustering is that we group pixels hits that are
time (∆t < 200 ns) and spatially (8-fold neighborhood) coincident. Such groups
of pixel hits are then called clusters. Their attributes are calculated and stored
in ROOT files.

Allpix2 is a simulation framework for semiconductor particle detectors devel-
oped in C++ [24]. It utilizes the well-known Geant4 framework for the deposition
of charge carriers while the core of the Allpix2 framework focuses on the simula-
tion of charge carriers transport in semiconductor detectors. The reconstruction
of tracks has to be performed by the user [25]. The framework is configured by
the use of configuration files, three of which are mandatory [26]:
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• Main configuration file - the most important one, it includes a global
framework definition and the list of modules with their configuration to be
executed in the given order. An example of the main configuration file used
within the experimental part of this thesis:

[ Al lPix ]
l o g l e v e l = ”WARNING”
log fo rmat = ”DEFAULT”
d e t e c t o r s f i l e = ” Si geometry twin . conf ”
model paths = ”/ s imu la t i on s /Mn 54/ K l i n e s /models ”
ou tpu t d i r e c t o ry = ”/ s imu la t i on s /Mn 54/ K l i n e s /output /”
r o o t f i l e = ” modules . root ”
number of events = 5000000

[ GeometryBuilderGeant4 ]
wor ld mate r i a l = ” a i r ”

[ Deposit ionGeant4 ]
p h y s i c s l i s t = FTFP BERT LIV
source type = ”macro”
f i l e name = ”/ s imu la t i on s /Mn 54/ K l i n e s / source . g4mac”
max step length = 1um
range cut = 200um

[ E l e c t r i cF i e l dReade r ]
model = ” l i n e a r ”
b i a s v o l t a g e = 230V
d e p l e t i o n v o l t a g e = 80V
output p l o t s = true

[ Gener icPropagat ion ]
temperature = 315K
cha rg e pe r s t ep = 20
i n t e g r a t i o n t i m e = 40 ns
propagat e ho l e s = true
p r op aga t e e l e c t r o n s = f a l s e
ou tput p l o t s = true

[ Pu l seTrans f e r ]
t imestep = 0 .1 ns

[ ROOTObjectWriter ]
exc lude = PropagatedCharge
f i l e name = ” data out . root ”

14



• Geometry configuration file - a file used for the configuration of the
detector positions and passive materials. An example of a geometry config-
uration file used within the experimental part of this thesis:

[ d e t e c to r0 ]
type = ” timepix ”
p o s i t i o n = 0.193mm −0.065mm 5.05mm
or i entat ion mode = ”zyx”
o r i e n t a t i o n = 0deg 0deg 0deg

[ de t e c to r1 ]
type = ” timepix ”
p o s i t i o n = 0.020mm 0.135mm −4.95mm
or i entat ion mode = ”zyx”
o r i e n t a t i o n = 180 deg 180 deg 0deg

[ c y l i nd e r 1 ]
type = ” c y l i n d e r ”
o u t e r r a d i u s = 15mm
i n n e r r a d i u s = 0mm
length = 0.052mm
p o s i t i o n = 0mm 0mm 0mm
o r i e n t a t i o n = 0 0deg 0deg
mate r i a l = ” po lye thy l ene ”
r o l e = ” pa s s i v e ”
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• Detector model configuration file - a file containing parameters of the
detector model used in the simulation. An example of a detector model
configuration file containing the definition of the Timepix3 detector:

type = ” hybrid ”

number o f p ixe l s = 256 256
p i x e l s i z e = 55um 55um

s e n s o r t h i c k n e s s = 500um
s e n s o r e x c e s s = 1mm

bump sphere radius = 9 .0um
bump cy l inder rad ius = 7 .0um
bump height = 20 .0um

c h i p t h i c k n e s s = 300um
c h i p e x c e s s l e f t = 15um
c h i p e x c e s s r i g h t = 15um
ch ip exces s bot tom = 2040um

[ support ]
t h i c kne s s = 1 .76mm
s i z e = 47mm 79mm
o f f s e t = 0 −22.25mm

[ support ]
t h i c kne s s = 1 .0um
s i z e = 14mm 14mm
mate r i a l = ” s i l i c o n ”
l o c a t i o n = ” abso lu te ”
o f f s e t = 0um 0um −500.5um

[ support ]
t h i c kne s s = 0 .8um
s i z e = 14mm 14mm
mate r i a l = ”aluminum”
l o c a t i o n = ” abso lu te ”
o f f s e t = 0um 0um −501.4um
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3. Experimental studies of double
K-shell vacancy production in
electron capture decay
Data for the experimental studies performed in this thesis has been acquired
at ECAP by performing measurements with the double-sided stack of Timepix3
detectors explained in Section 2.2. The measurement software saves measured
data to files with a specific structure containing information about the detector’s
settings applied during the measurement and information about pixel hits, namely
the position, ToA, and ToT. To analyze measured data correctly, we need to
process them using Clustering software. The output of this process is a ROOT
file containing two ROOT trees with information about both detectors settings
and a tree with clustered data (one entry per cluster). The most important
cluster quantities contained in the ROOT files are cluster energy, cluster size,
time of arrival, layer number etc. The energy of a cluster is obtained by summing
individual energies in pixels belonging to the cluster. Cluster size is the number of
pixels forming a cluster. Time of arrival is given by the lowest ToA in individual
pixels in the cluster. Layer number indicates in which detector the cluster was
detected, and in the case of our experiment, it can only have a value of 1 or 2.

3.1 Data preprocessing
Several effects need to be considered during data preprocessing. ToA values need
to be corrected for the time-walk effect, a time offset between the two detectors,
noisy pixels need to be identified and masked, and a ToA bug in several columns of
pixels needs to be adjusted for. The time-walk effect is caused by the dependence
of the slope of the rising signal on the pulse height. This causes a dependency
of the measured timestamp on the pulse height and is corrected in the data
preprocessing [27]. Noisy pixels were masked manually by spotting them in a 2D
histogram of pixel hits. The mask is then understood to be a text file with a
(256, 256) matrix full of values 1 or 0. Value 1 means the pixel is masked, while
value 0 means the pixel is not masked. Masks of noisy pixels are then utilized
in subsequent analysis in which clusters hitting masked pixels are considered as
noise and are removed from the analysis. A measured 2D histogram of pixel hits
with noisy pixels masked can be found in Figure 3.1.

The ToA bug in several columns of pixels is visible in Figure 3.2. During the
preprocessing of measured data, it became apparent that this bug only occurs
in the interval of columns (170:210) where measured ToA in some columns of
pixels gets shifted by 25 ns. The approach chosen to correct this bug was to write
a Python script that plots average ∆ToA in columns of pixels, locates columns
suffering from the bug, and produces text files indicating which columns need to
be shifted by ±25 ns during Clustering. Histograms in Figure 3.3 show the effect
of these corrections on the histogram of ∆ToA normalized by pixel hits. With
this approach, every measurement file has received a specific correction file for
this type of bug.
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Figure 3.1: The histogram of pixel hits measured with 55Fe source and with noisy
pixels masked.

Figure 3.2: The histogram of ∆ToA divided by histogram of hits in a dataset
measured with 54Mn source displaying the ∆ToA bug.

Figure 3.3: The histogram of ∆ToA divide by histogram of hits in a dataset
measured with 54Mn source with the ∆ToA bug corrected.
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Figure 3.4: The measured energy spectrum of 55Fe. The peak at energy < 20
keV is dominated by K-line X-ray photons emitted after K-shell electron capture
decay. The end-point of the IB photons spectrum and the shake-off electrons
spectrum is expected at 231 keV and visible.

3.2 Measurement with 55Fe source
Measurement has been conducted using a 55Fe radioactive source. The man-
ufacturer has supplied information on the activity of the source, and it was
A0 = (195 ± 3) kBq on January 1, 2013, 00:00. Measurement with the source
using the setup explained in Section 2.2 has been performed with a total of
13.5 days of measurement time. The energy spectrum of measured clusters is
shown in Figure 3.4.

Thanks to the knowledge of the activity of the source, we can calculate the
activity of the source during the measurement, and from the measured number
of clusters in an energy region of [3, 13] keV, we can calculate detection efficiency
δK of the setup for K-line X-ray photons of the 55Mn atom to which 55Fe decays
by electron capture. Detection efficiency is defined as:

δK = Nmeas

Nemit
= Nmeas

A(t) t PK ωK
(3.1)

where

A(t) = A0 exp

(︄
−ln(2)

T1/2
tmeas

)︄
(3.2)

and where Nmeas is a number of measured clusters in the energy region of
[3, 13] keV, Nemit is a number of K-line X-ray photons emitted after electron
capture decay, t stands for measurement time, PK is the probability of K-shell
electron capture decay, ωK is the corresponding fluorescence yield. Values used
for calculation and the resulting δK are shown in Table 3.1

The value of δK for the setup stands at δK = (0.384 ± 0.001) with the system-
atic error ∆syst(δK) = 0.006 which was determined from the error of the activity
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Quantity Value σ(x) ∆syst(x) Source
A [kBq] 53.9 0.8 measured

t [s] 1164760 measured
t [d] 13.5 measured

Nmeas 6832441643 82659 measured
PK 0.8853 0.0016 [11]
ωK 0.321 0.007 [11]
δK 0.384 0.001 0.006 measured

Table 3.1: Quantities used for calculation of δK.

of the source supplied by the manufacturer. The radioactive source’s activity
A was assumed to be constant for the calculation and a value in the middle of
the measurement time was chosen. The calculated value of δK was then used to
calculate and plot the source’s activity throughout the measurement. The result
is shown in Figure 3.5.

The ultimate goal of the measurement with 55Fe source is the measurement
of PKK. To do that, we utilize Timepix3’s time resolution and measure incoming
pairs of particles in coincidence. The time spectrum of two coincident clusters is
shown in Figure 3.6

The peak of true coincidences is clearly visible in the time spectrum in the re-
gion of ∆ToA < 40 ns. By fitting a constant to the region of random coincidences,
we can estimate their contribution to the region of true coincidences. We locate
the endpoint of the region of true coincidences as the first bin of the histogram, in
which the value is lower than the constant fit to the region of random coincidences
C = (39955±17). This way, we calculate the contribution of random coincidences
to the region of true coincidences as Nacc = (1718602±1366). The total number of
coincidences in the true coincidences region is equal to Npeak = (1867184±1311).
The number of true coincidences is then equal then calculated as:

Ntrue = Npeak − Nacc

and is equal to Ntrue = (148582 ± 2677). We will utilize the number of true
coincidences in the calculation of PKK.
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Figure 3.5: A measurement of the 55Fe source activity with Timepix3 detectors.
We fit an exponential exp(ax + b) to the data with resulting coefficients: a =
(−3.08 ± 0.27) × 10−5, b = (3.99 ± 0.19).

Figure 3.6: The time spectrum of two coincident clusters from 55Fe. The spectrum
was fitted by a constant in the flat region, with result C = (39955 ± 17), to
estimate the number of random coincidences in the region of true coincidences
(∆ToA < 40 ns). Only clusters of energy [3,13] keV are considered.
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3.2.1 Derivation of methodology for calculation of 55Fe
PKK

Processes contributing to signal

In the calculation of the PKK for 55Fe, we have to consider the main processes
contributing to the measured signal in the two-particle coincidences measurement.
The first process considered is the K-shell electron capture, in which the second
K-shell electron is emitted from the atom due to electron-electron interaction.
Hypersatellite and satellite photons are subsequently emitted. Three particles in
total are emitted and can be detected. This gives three distinct contributions in
two particles coincidence measurement:

NHS,S = NK

δKωK
PKK δHS δS ωHS ωS (1 − δe) = PKKN∗

HS,S (3.3)

NHS,e = NK

δKωK
PKK δHS (1 − δS) ωHS ωS δe = PKKN∗

HS,e (3.4)

NS,e = NK

δKωK
PKK (1 − δHS) δS ωHS ωS δe = PKKN∗

S,e (3.5)

while using the relation A(t )tmeas = NK
PKωKδK

. The letters in the subscript of N
indicate the particles detected. The second set of contributions comes from the
same process, the only difference being that instead of either a hypersatellite or
satellite photon, an Auger electron is emitted. Their low energy means they will
not reach the sensor and cannot be detected. Due to this fact, we get only two
contributions from such a process:

NSAuger
HS,e = NK

δKωK
PKK δHS ωHS (1 − ωS) δe = PKKN∗SAuger

HS,e (3.6)

NHSAuger
S,e = NK

δKωK
PKK δS (1 − ωHS) ωS δe = PKKN∗HSAuger

S,e (3.7)

We will denote the sum of all five combinations of δS, δHS, δe, ωS, ωHS as ∆KK.

Processes contributing to background

We have to also consider major background processes. The first is the coincident
detection of two K-line X-rays from two separate K-shell electron captures. The
contribution of this process can be estimated by fitting a straight line to the
linear part of the time spectrum and is denoted as Nacc. The second background
process considered is a coincident detection of K-line X-ray from K-shell electron
capture and an internal bremsstrahlung photon:

NK,IB = NK PIB δIB (3.8)
The last background process considered involves K-capture and L-shake-off

or L-capture and L-shake-off. In both cases, we can only detect the K-line X-ray
and the shake-off electron as the L-line X-ray has too low energy to be detected
(0.5 - 0.6 keV [11]). The contribution of this process amounts to the following:

NK,e = NKPKLLKδe (3.9)
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Final formula for PKK

The final formula for calculation of PKK can then be derived subsequently:

Npeak = PKK(N∗
HS,S + N∗

HS,e + N∗
S,eN

∗SAuger
HS,e + N∗HSAuger

S,e ) + Nacc + NK,IB + NK,e

PKK = Ntrue − NK,IB − NK,e

N∗
HS,S + N∗

HS,e + N∗
S,e + N∗SAuger

HS,e + N∗HSAuger
S,e

The formula can be written as follows:

PKK = δK ωK

∆KK

(︃
Ntrue

NK
− PIBδIB − PKLLKδe

)︃
(3.10)
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Figure 3.7: Comparison of measured and simulated pixel hits data. Projection
to the X axis in layer 1. The blue line corresponds to the simulated data, while
red to the measured data.

3.2.2 Optimization of setup in the simulation framework
To be able to simulate all the detection efficiencies, we need to first establish the
correct geometry of the measurement setup inside the simulation framework. We
use the K-line photons signal to optimize the geometry of the measurement setup
within the Allpix2 simulation framework. During this process, the size of the
radioactive source, the thickness of the PE foil in which the source is wrapped,
and the distance to both detectors were varied within the framework to achieve
similar δK as during measurement while maintaining a similar structure of pixel
hits as shown in Figure 3.1. This comparison was made by plotting simulated
and measured projections of pixel hits to the X and Y axis; results can be seen
in Figures 3.7 - 3.10.

To remind ourselves, δK of the measurement setup was calculated to be
δK = (0.384 ± 0.001). After optimization of the simulation setup, a value of
δsim

K = (0.383 ± 0.001) was achieved with the energy of K-line X-ray photons set
at 6.03 keV as a properly weighted average value taken from [11].

Following detection efficiencies were simulated using the optimized setup:

• δS - detection efficiency for satellite photons. their energy was set at 6.09 keV
[10]

• δHS - detection efficiency for hypersatellite photons. their energy was set at
6.3 keV [28]

• δe - detection efficiency for shake-off electrons, their energy was set as a
spectrum taken from [15]

• δIB - detection efficiency for internal bremsstrahlung photons, their energy
was set as a spectrum taken from [14]

The resulting values of simulated detection efficiencies are summarized in
Table 3.2 in the following section.
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Figure 3.8: Comparison of measured and simulated pixel hits data. Projection
to the Y axis in layer 1. The blue line corresponds to the simulated data, while
the red to the measured data.

Figure 3.9: Comparison of measured and simulated pixel hits data. Projection
to the X axis in layer 2. The blue line corresponds to the simulated data, while
the red to the measured data.
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Figure 3.10: Comparison of measured and simulated pixel hits data. Projection
to the Y axis in layer 2. The blue line corresponds to the simulated data, while
the red to the measured data.

3.2.3 Calculation of PKK

All the values needed for the calculation of PKK can be found in Table 3.2.
We can calculate signal and background contributions, results of these calcu-

lations can be found in the following Tables 3.3 and 3.4.
The PKK value for 55Fe amounts to:

PKK = (1.406 ± 0.005) × 10−4

with systematic error of ∆sys(PKK) =+0.030
−0.034 ×10−4. The statistical and system-

atic errors of PKK have been assigned by performing a Monte Carlo simulation.
All statistic errors have been considered gaussian while all the systematic errors
as uniform. The result of the Monte Carlo error propagation can be seen in
Figures 3.11 and 3.12.
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Quantity Value σ(x) ∆syst(x) Source
δK 0.384 0.001 0.006 measured
δS 0.387 0.001 +0.010

−0.009 simulated
δHS 0.401 0.001 +0.010

−0.009 simulated
δe 0.00203 0.00004 0.00005 simulated
δIB 0.0000579 0.0000011 +0.0000019

−0.0000033 simulated
ωK 0.321 0.007 [11]
ωS 0.383 0.007 [29]
ωHS 0.383 0.007 [30]
PIB 2.58 × 10−5 0.04 × 10−5 [12]

PKLLK 3.16 × 10−4 0.32 × 10−4 [13]
NK 6832441643 82659 measured

Npeak 1867184 1311 measured
Nacc 1718602 1366 measured
Ntrue 148582 2677 measured

Table 3.2: Quantities used for calculation of 55Fe PKK

Quantity Value Signal contribution (%)
N∗

HS,S 999019688 97.45
N∗

HS,e 3224293 0.31
N∗

S,e 3036798 0.30
N∗SAuger

HS,e 9666337 0.94
N∗HSAuger

S,e 10249260 1.00

Table 3.3: Contributions to signal in 55Fe PKK calculation

Quantity Value Background contribution (%)
Nacc 1718602 99.745
NK,IB 10 0.001
NK,e 4384 0.254

Table 3.4: Contributions to background in the 55Fe PKK calculation
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Figure 3.11: The result of a Monte Carlo error propagation of statistical error of
55Fe PKK. A gaussian function was fitted to the histogram with µ = 1.406 and
σ = 0.005.

Figure 3.12: The result of a Monte Carlo propagation of systematic error of 55Fe
PKK.
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3.2.4 Discussion of PKK result
The value of PKK = (1.406 ± 005) ×10−4 with the systematic error of ∆sys(PKK)
= +0.030

−0.034 × 10−4 has been measured. Bergmann et al. in 2016 [5] presented the
value with currently highest precision PKK = (1.388 ± 0.037) × 10−4 with the
systematic error of ∆sys(PKK) = 0.042 × 10−4, using a pair of Timepix detectors.
While the resulting values of PKK agree on a 1σ level, the statistical error has been
significantly improved thanks to using a pair of Timepix3 detectors. Measurement
time has also significantly decreased from approximately two years to 13.5 days.
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Figure 3.13: Measured energy spectrum of 54Mn. The full energy peak at 835
keV and the Compton edge theoretically predicted at 639 keV are clearly visible

Quantity Value σ(x) ∆syst(x) Source
A [kBq] 141.8 0.5 measured

t [s] 2580936 measured
t [d] 29.8 measured

Nmeas 2479518319 49795 measured
PK 0.8896 0.0017 [16]
ωK 0.289 0.005 [16]
δK 0.318 0.001 0.001 measured

Table 3.5: Quantities used for calculation of δK.

3.3 Measurement with 54Mn source
Measurement with the 54Mn source has been conducted using the same measure-
ment setup as with the 55Fe source. Information on the activity of the source
has been supplied by the manufacturer and it was A0 = (141.8 ± 0.5) kBq on
November 1, 2014, 00:00. Total measurement time with the source amounted to
29.9 days. The energy spectrum of measured clusters can be seen in Figure 3.13.

In the same way, as in the measurement with the 55Fe source, we can calculate
the detection efficiency δK of the setup for K-line X-ray photons from daughter
54Cr atom produced by K-shell electron capture decay of 54Mn. We use Equation
3.1 for the calculation of δK and the same cut for Nmeas, meaning we only consider
clusters of energy in the region [3, 13] keV. The quantities used for the calculation
and the result can be found in Table 3.5.

The value of δK for the setup stands at δK = (0.318 ± 0.001) with the system-
atic error ∆syst(δK) = 0.001 which was determined from the error of the activity
of the source supplied by the manufacturer. The radioactive source’s activity
A was assumed to be constant for the calculation, and a value in the middle of
the measurement time was chosen. The calculated value of δK was then used to
calculate and plot the source’s activity throughout the measurement. The result
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Figure 3.14: Measurement of the 54Mn source activity with Timepix3 detectors.
We fit an exponential exp(ax + b) to the data with resulting coefficients: a =
(−8.09 ± 0.76) × 10−5, b = (2.49 ± 0.21).

is shown in Figure 3.14.
To be able to calculate PKK, we will employ a similar approach as with the

55Fe by utilizing the time spectrum of two coincident clusters shown in Figure
3.15, while recognizing all major processes contributing to signal and background.

Peaks of true coincidences ara clearly visible in the time spectrum in the region
of ∆ToA < 80 ns. By fitting a constant to the region of random coincidences, we
can estimate their contribution to the region of true coincidences. We locate the
endpoint of the region of true coincidences as the first bin of the histogram, in
which the value is lower than the constant fit to the region of random coincidences
C = (2386 ± 4). This way, we calculate the contribution of random coincidences
to the region of true coincidences as Nacc = (205101 ± 453). The total number of
coincidences in the true coincidences region is equal to Npeak = (1086105±1042).
The number can be calculated according to the equation 3.2 and is equal to
Ntrue = (881004 ± 1495). We will utilize the number of true coincidences in the
calculation of PKK.

The peak in the time spectrum at the value of 30 ns can be attributed to a
difference in drift time during coincident measurement of a K-line X-ray and a
γ-ray. The measured timestamp tmeas is given by:

tmeas = tinteract + tdrift (3.11)
where tinteract is the time when the particle interacts in the sensor and tdrift is

the time that the holes take to drift to the pixelated side of the sensor. In case
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Figure 3.15: Time spectrum of two coincident clusters from 54Mn. The spectrum
was fitted by a constant in the flat region, with result C = (2386±4), to estimate
the number of accidental coincidences in the peak region of ∆ToA < 80 ns. Only
clusters with energy in the region [3, 13] keV are considered.

of coincident detection of a K-line X-ray and a γ-ray the time difference will be
∆t (or ∆ToA):

∆t = tX
meas − tγ

meas = tγ
meas = (tX

interact + tX
drift) − (tγ

interact + tγ
drift) (3.12)

Since tγ
interact ≈ tX

interact, ∆t will be given by the difference in drift times of
the K-line X-ray and the γ-ray. X-ray photons of 6 keV energy interact very
soon after they enter the sensor, which in our measurement setup means close
to the side of the common electrode. The holes created by this interaction then
need to drift through almost the whole sensor. In the case of a 0.5 mm thick Si
sensor and 230 V bias voltage applied, this means 30 ns drift time according to
measurements conducted by Bergmann [27]. The γ-rays interact anywhere due
to their high energy and can even penetrate the sensor. However, interactions
close to the pixelated side have a large probability to lie within the required
energy range of 3-13 keV: In addition to the low energy Compton electrons, here
additionally electrons leaving the sensor are counted. In that case, their drift time
will be almost 0. This means that pairs of K-line photon and γ-ray measured in
coincidence and passing the energy cut should have:

∆t ≈ tX
drift − tγ

drift ≈ 30ns

This results in the peak-like structure at 30 ns seen in the time spectrum.
Since no additional γ-ray is emitted in the electron capture decay 55Fe, there is
no second peak in Figure 3.6.

The discernible edge at ≈55 ns in the time spectrum is probably due to an
incomplete compensation of the time-walk in some of the pixels.
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3.3.1 Derivation of methodology for calculation of 54Mn
PKK

Processes leading to an empty K-shell

We first consider the signal process, K-shell electron capture where through
electron-electron interaction the second K-shell electron is removed from the
atom. Four particles are emitted in such case, and we can assume Pγ = 1.

The first contribution comes from the detection of the hypersatellite photon
together with the satellite photon, while the γ photon and the shake-off electrons
are not detected:

NHS,S = A(t)t PKPKK δHSδS(1 − δe)(1 − δγ) ωHSωS (3.13)

With NK = PKωKδKA(t)t, we get:

A(t)t = NK

PKωKδK
(3.14)

Inserting 3.14 into equation 3.13 gives:

NHS,S = PKKNK

ωKδK
δHSδS(1 − δe)(1 − δγ) ωHSωS (3.15)

Analogously, we obtain twelve other contributions:

Ne,HS = PKKNK

ωKδK
δHS(1 − δS)δe(1 − δγ) ωHSωS (3.16)

Ne,S = PKKNK

ωKδK
(1 − δHS)δSδe(1 − δγ) ωHSωS (3.17)

Nγ,HS = PKKNK

ωKδK
δHS(1 − δS)(1 − δe)δγ ωHSωS (3.18)

Nγ,S = PKKNK

ωKδK
(1 − δHS)δS(1 − δe)δγ ωHSωS (3.19)

Nγ,e = PKKNK

ωKδK
(1 − δHS)(1 − δS)δeδγ ωHSωS (3.20)

NHS Auger
γ,S = PKKNK

ωKδK
δS(1 − δe)δγ (1 − ωHS)ωS (3.21)

NHS Auger
e,S = PKKNK

ωKδK
δSδe(1 − δγ) (1 − ωHS)ωS (3.22)

NHS Auger
γ,e = PKKNK

ωKδK
(1 − δS)δeδγ (1 − ωHS)ωS (3.23)

NS Auger
γ,HS = PKKNK

ωKδK
δHS(1 − δe)δγ ωHS(1 − ωS) (3.24)

NS Auger
e,HS = PKKNK

ωKδK
δHSδe(1 − δγ) ωHS(1 − ωS) (3.25)

NS Auger
γ,e = PKKNK

ωKδK
(1 − δHS)δeδγ ωHS(1 − ωS) (3.26)

NHS,S Auger
γ,e = PKKNK

ωKδK
δeδγ (1 − ωHS)(1 − ωS) (3.27)
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Summing up all individual contributions results in:

NKK = PKKNK

ωKδK
× ∆KK (3.28)

where ∆KK denotes the sum of the different combinations of δHS, δS, δe, δγ, ωHS,
and ωK.

The second set of equations is due to the internal conversion of the K-shell
electron. In this case, three particles are emitted in coincidence: the conversion
electron with an energy of 829 keV, the hypersatellite and the satellite photons.
We find:

NHS,S = A(t)t PKαK δHSδS(1 − δIC) ωHSωS = αKNK

ωKδK
δHSδS(1 − δIC) ωHSωS (3.29)

and analogously, we find the other combinations:

NHS,e = αKNK

ωKδK
δHS(1 − δS)δIC ωHSωS (3.30)

NS,e = αKNK

ωKδK
(1 − δHS)δSδIC ωHSωS (3.31)

NS Auger
HS,e = αKNK

ωKδK
δHSδIC ωHS(1 − ωS) (3.32)

NHS Auger
HS,e = αKNK

ωKδK
δSδIC (1 − ωHS)ωS, (3.33)

which sum up to:

NK−shell
IC = αKNK

ωKδK
× ∆K−shell

IC (3.34)

we can again denote the sum of the combinations of δi and ωi as ∆K−shell
IC .

Background processes involving a K-shell and an L-shell vacancy

Internal conversion on higher shells (L, M) leads to the creation of an atom in the
state with a K-shell vacancy and an L/M-shell vacancy, which decays through the
emission of a satellite photon, which can mimic the signal if measured together
with the internal conversion electron. We find:

NK−capture
LM−IC = A(t)t PKαLM δSδIC ωS = NK

ωKδK
αLMδSδIC ωS. (3.35)

And likewise, higher shell electron capture with internal conversion electron
on the K-shell:

NLM−capture
K−IC = A(t)t PLMαK δSδIC ωS = NK

PKωKδK
PLMαKδSδIC ωS. (3.36)

Adding equations 3.35 and 3.36 gives:

NKLLK
IC = NK

ωKδK

(︃
αLM + PLM

PK
αK

)︃
∆KLLK

IC , (3.37)
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with ∆KLLK
IC = δSδICωS.

The second set of processes leading to a K- and L-shell vacancy state is K-
capture followed by L-shake off (“KL”) or vice versa. In such case, three particles
are emitted in coincidence: a shake-off electron, γ photon from the nucleus, and
a satellite photon. We find the following combinations:

NKL
e,S = NK

PKωKδK
PeLPK δSδKL(1 − δγ) ωS (3.38)

NKL
γ,e = NK

PKωKδK
PeLPK (1 − δS)δKLδγ ωS (3.39)

NKL
γ,S = NK

PKωKδK
PeLPK δS(1 − δKL)δγ ωS (3.40)

NKL, S Auger
γ,e = NK

PKωKδK
PeLPK δKLδγ (1 − ωS) (3.41)

NLK
e,S = NK

PKωKδK
PeKPL δSδLK(1 − δγ) ωS (3.42)

NLK
γ,e = NK

PKωKδK
PeKPL (1 − δS)δLKδγ ωS (3.43)

NLK
γ,S = NK

PKωKδK
PeKPL δS(1 − δLK)δγ ωS (3.44)

NLK, S Auger
γ,e = NK

PKωKδK
PeKPL δLKδγ (1 − ωS) (3.45)

(3.46)

where PeK and PeL are probabilities of K-shell and L-shell shake-off electrons
emission. With δKL = δLK = δe, it can be simplified to

NKLLK = NK

PKωKδK
(PeKPL + PeLPK) ∆KLLK (3.47)

Processes with isolated K-shell vacancies

The most important decay-related background is the coincident detection of the γ
photon with the K-line X-ray photon emitted during the electron capture decay:

Nγ,K = A(t)t PKδKδγωK = NKδγ (3.48)
Secondly, we consider the combination of the internal bremsstrahlung photon

with either the K-line X-ray photon or the γ photon. We find the following
combinations:

NIB,K = A(t)t PKPIB δKδIB(1 − δγ) ωK = NKPIBδIBδγ( 1
δγ

− 1) (3.49)

Nγ,IB = A(t)t PKPIB (1 − δK)δIBδγ ωK = NKPIBδIBδγ( 1
δK

− 1) (3.50)

Nγ,K = A(t)t PKPIB δK(1 − δIB)δγ ωK = NKPIBδIBδγ( 1
δIB

− 1) (3.51)

NK−Auger
γ,IB = A(t)t PKPIB δIBδγ(1 − ωK) = NKPIBδIBδγ( 1

ωK
− 1) (3.52)
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By summing all these contributions together, we find:

NIB = NKδIBPIBδγ

(︄
1
δγ

+ 1
δIB

+ 1
δK

+ 1
ωK

− 4
)︄

= NKPIB∆IB. (3.53)

The last contribution to the background is the detection of two K-shell X-
ray photons from two separate K-shell electron capture decays. We denote its
contribution as Nacc and calculate it from fitting a straight line to the flat part
of the time spectrum as shown in Figure 3.15.

With all the signal and background processes considered, we can now derive
the final formula for the calculation of PKK:

Npeak = PKKNK

ωKδK
∆KK + αKNK

ωKδK∆K
IC

+ NK

ωKδK

(︃
αLM + PLM

PK
αK

)︃
∆KLLK

IC

+ NK

ωKδK

(︃
PekPL

PK
+ PeL

)︃
∆KLLK + NKδγ + NKPIB∆IB − Nacc (3.54)

PKK = ωKδK

∆KK

(︃
Ntrue

NK
− δγ − PIB∆IB

)︃
−
(︃

αLM + PLM

PK
αK

)︃ ∆KLLK
IC

∆KK
−

− αK
∆K

IC
∆KK

−
(︃

PeKPL

PK
+ PeL

)︃ ∆KLLK

∆KK
(3.55)

3.3.2 Optimization of setup in the simulation framework
The same way as in the case of 55Fe source, we use the K-line photons signal to
optimize the geometry of the measurement setup within the Allpix2 simulation
framework. A comparison of the structure of pixel hits from simulation, and
measurement is shown in Figures 3.16 - 3.19.

The measured detection efficiency of K-line X-rays is δK = (0.318 ± 0.001).
After optimization of the simulation setup, the simulated detection efficiency was
δsim

K = (0.317 ± 0.001). The energy of K-line X-ray photons within the simulation
was set to be 5.53 keV as a weighted average of value taken from [16].
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Figure 3.16: Comparison of measured and simulated pixel hits data. Projection
to the X axis in layer 1. The blue line corresponds to simulated data, while the
red to measured data.

Figure 3.17: Comparison of measured and simulated pixel hits data. Projection
to the Y axis in layer 1. The blue line corresponds to simulated data, while the
red to measured data.
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Figure 3.18: Comparison of measured and simulated pixel hits data. Projection
to the X axis in layer 2. The blue line corresponds to simulated data, while the
red to measured data.

Figure 3.19: Comparison of measured and simulated pixel hits data. Projection
to the Y axis in layer 2. The blue line corresponds to simulated data, while the
red to measured data.
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Following detection efficiencies were simulated using the optimized simulation
setup:

• δS - detection efficiency for satellite photons. their energy was set at 5.58 keV
[10]

• δHS - detection efficiency for hypersatellite photons. their energy was set at
5.77 keV [10]

• δe - detection efficiency for shake-off electrons, their energy was set as a
spectrum taken from [15] and properly scaled to reflect the higher endpoint
of the spectrum.

• δIB - detection efficiency for internal bremsstrahlung photons, their energy
was set as a spectrum taken from [17]

• δIC - detection efficiency for internal conversion electrons, their energy was
set at 829 keV

• δγ - detection efficiency for γ photons was set at 834.9 keV

The resulting values of simulated detection efficiencies are summarized in
Table 3.6 in the following section.

3.3.3 Calculation of PKK

Values of all quantities needed for calculation of 54Mn PKK can be found in Ta-
ble 3.6.

The PKK value for 54Mn amounts to:

PKK = (3.93 ± 0.44) × 10−4

with systematic error of ∆sys(PKK) =+0.25
−1.11 ×10−4. The statistical and sys-

tematic errors of PKK have been assigned by performing a Monte Carlo error
propagation. All statistic errors have been considered gaussian, while all the sys-
tematic errors as uniform. Results of the Monte Carlo simulation can be seen in
Figures 3.20 and 3.21.
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Quantity Value σ(x) σsyst(x) Source
δK 0.318 0.001 0.001 simulated
δS 0.321 0.001 +0.008

−0.010 simulated
δHS 0.336 0.001 +0.008

−0.009 simulated
δe 0.00195 0.00004 +0.00002

−0.00001 simulated
δIB 0.0000566 0.0000011 +0.0000024

−0.0000022 simulated
δγ 0.000282 0.000005 +0.000017

−0.000006 simulated
δIC 0.00602 0.00011 +0.00012

−0.00009 simulated
ωK 0.289 0.005 [16]
ωS 0.305 0.005 extrapolated
ωHS 0.310 0.005 extrapolated
PK 0.8896 0.0017 [16]
PL 0.0948 0.0002 [16]
PIB 6.5 × 10−5 1.5 × 10−5 [17]
PIC 2.45 × 10−4 0.04 × 10−4 [16]
PeK 3.99 × 10−4 0.20 × 10−4 interpolated
PeL 0.43 × 10−4 0.02 × 10−4 interpolated
αK 2.22 × 10−4 0.04 × 10−4 [16]
αLM 0.233 × 10−4 0.034 × 10−4 [16]
Npeak 1086105 1042 measured
Nacc 205101 453 measured
Ntrue 881004 1495 measured
NK 2479518319 49795 measured

Table 3.6: Quantities used for calculation of 54Mn PKK

Figure 3.20: Result of Monte Carlo error propagation of statistical error of 54Mn
PKK. A gaussian function was fitted to the histogram with µ = 3.93 and σ = 0.44.
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Figure 3.21: Result of Monte Carlo error propagation of systematic error of 54Mn
PKK.

3.3.4 Discussion of PKK result
The value of PKK = (3.93±0.44)×10−4 with systematic error of ∆sys(PKK) =+0.25

−1.11
×10−4 has been measured. When comparing the achieved result to the value
measured in 1984 by Nagy and Schupp PKK = (3.6 ± 0.3) × 10−4 [6], we find
that the results agree on 1σ level. When comparing it to the value measured in
2003 by Hindi PKK = (2.3±+0.8

−0.5) × 10−4 [7], we find that the results agree on 2σ
level. The errors of PKK are mostly given by the errors of δγ since the coincident
detection of a K-line X-ray and a γ-ray is on the same level of magnitude as
the signal. A triple coincidence measurement is recommended for the future to
completely avoid this background process.
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Figure 3.22: Measured energy spectrum of 65Zn. Full energy peak and the Comp-
ton edge theoretically predicted at 908 keV are clearly visible

Quantity Value σ(x) ∆syst(x) Source
A [kBq] 7.94 0.56 measured

t [s] 1634571 measured
t [d] 18.9 measured

Nmeas 2003987955 44766 measured
PK 0.8823 0.0017 [18]
ωK 0.454 0.004 [18]
δK 0.385 0.001 0.003 measured

Table 3.7: Quantities used for calculation of δK.

3.4 Measurement with 65Zn source
Measurement with the 65Zn source has been conducted using the same measure-
ment setup as in the case of the previous two sources. The activity of the 65Zn
source was set to be A0 = (213.7 ± 1.5) kBq on November 1, 2014, 00:00. Total
measurement time with the source amounted to 18.9 days. The energy spectrum
of measured clusters can be seen in Figure 3.22.

In the same way, as in the measurement with the previous two sources, we
can calculate detection efficiency δK of the setup for K-line X-ray photons from
daughter 65Cu atom produced by K-shell electron capture decay or β+ decay of
65Zn. We use Equation 3.1 for the calculation of δK and the same cut for Nmeas,
meaning we only consider clusters of energy in the region [3, 13] keV. Quantities
used for the calculation and the result can be found in Table 3.7.

The value of δK for the setup stands at δK = (0.385 ± 0.001) with the system-
atic error ∆syst(δK) = 0.003. The radioactive source’s activity A was assumed
to be constant for the calculation and a value in the middle of the measurement
time was chosen. The calculated value of δK was then used to calculate and plot
the source’s activity throughout the measurement. The result is shown in Figure
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Figure 3.23: Measurement of the 65Zn source activity with Timepix3 detectors.
The measurement has been done in two runs with a pause in the middle. We fit
an exponential exp(ax + b) to the data with resulting coefficients: a = (−1.17 ±
0.03) × 10−4, b = (2.13 ± 0.05).

3.23.
To be able to calculate PKK, we would employ a similar approach as with the

previous two isotopes by utilizing the time spectrum of two coincident clusters
shown in Figure 3.24, while recognizing all major processes contributing to signal
and background.

The peak at 40 ns in the time spectrum and the edge at 65 ns can be attributed
to the same effects as in the case of 54Mn time spectrum. Only this time, they
are shifted by 10 ns in the positive direction. This is caused by a different bias
voltage used during the measurement with the 65Zn source. Instead of the 230 V
bias voltage used with the previous source, 150 V bias voltage is used in the
measurement with the current source. In the case of a 0.5 mm thick Si sensor
and 150 V bias voltage applied, a maximum drift time of 40 ns is expected
according to the measurements conducted by Bergmann [27]. That means due to
the change of the bias voltage, the peak and the edge are shifted approximately
by 10 ns in the positive direction.

In the case of employing a similar approach to the calculation of PKK as with
the previous two isotopes. 65Zn decays in 48.35% of cases straight to a stable
state of 65Cu, in such cases, the behaviour is the same as in electron capture
decay of 55Fe. In 50.23 % of decays of 65Zn behaves as 54Mn since the additional
transition from state 5/2- to state 1/2- is almost negligible. Nevertheless, de-
tection efficiencies δS, δHS, δe, δγ, δIC and δIB would need to be simulated using
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Figure 3.24: Time spectrum of two coincident clusters from 65Zn. The spectrum
was fitted by a constant in the flat region, with result C = 2386, to estimate the
number of accidental coincidences in the peak region of ∆ToA < 20 ns.

an optimized simulation setup. The methodology for calculation of contributions
of background processes due to β+ decay of 65Zn would need to be developed.
A triple coincidence measurement would be the recommended approach to limit
the number of coincident processes needed to be considered and to eliminate the
effect of high background contribution of coincident detection of a K-line X-ray
and a γ-ray.
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Conclusion
Experimental studies of the K-shell double vacancy production in the electron
capture decays of 55Fe, 54Mn, 65Zn using a pair of Timepix3 detectors have been
carried out. Measured data have been preprocessed and explored. The method-
ology for calculation of PKK in 55Fe and 54Mn has been developed. Simulations
using Allpix2 framework have been carried out to determine detection efficiencies
of the measurement setup for particles participating in processes coincident with
electron capture decay of 55Fe and 54Mn. Value of PKK = (1.406 ± 0.005) × 10−4

with the systematic error of ∆sys(PKK) =+0.030
−0.034 ×10−4 has been measured and it

is in agreement on a 1σ level with the previous measurement done by Bergmann
using a pair of Timepix detectors. PKK in electron capture decay of 54Mn has
been measured for the first time using hybrid pixel detectors, in our case with
Timepix3. The measured PKK = (3.93±0.44)×10−4 with the systematic error of
∆sys(PKK) =+0.25

−1.11 ×10−4. While coming with large errors, it agrees very well with
previous measurements. To reduce the systematic unertainty, triple coincidences
could be searched for in the data of 54Mn and 65Mn, thus reducing the amount
of possibilities to consider. Moreover, the additional peak appearing in the time
difference spectra for 54Mn and 65Mn, which was explained by drift time effects
might provide means to separate signal from background. Therefore, however,
the time spectrum shape needs to be reproducible in simulation.
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