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1 Introduction

The process of photoionization, creating a single vacancy in an atomic shell, is a well
known process. But due to electron correlation effects it may happen, that not only
the photoelectron, but also another electron is liberated from the atom. If both are
K-shell electrons, a so called "hollow atom” is created. These hollow atoms are also
created in radioactive decays, where shake processes dominate the double K-shell vacancy
production (This is described in more detail in section 2.1). The empty K-shell is then
filled by electrons from higher shells emitting two fluorescence photons, that are shifted to
higher energies than the usual diagram lines: the ”hypersatellite” and ”satellite” photon.
The study of this hypersatellite line aroused the interest of many workers as it is an
extremely sensitive probe of electron correlations within atoms, since double ionization
would not occur in the absence of the electron-electron interaction [1]. It also provides
information about relativistic effects (especially for medium-Z and heavier elements),
the scheme of coupling (LS- or jj-coupling) or the Breit-Wigner interaction [2], [3]. The
main problem hereby is that these hypersatellite lines are suppressed by about a factor
of 10000 compared to the usual diagram lines.

The first observation of the hypersatellite satellite cascade following the electron capture
decay of %Fe was performed by Charpak in 1953, who used two proportional counters
in coincidence [1]. In 1973, Briand used a pair of germanium detectors and pointed out
the energy shifts of the hypersatellites and the satellites from the normal diagram lines
[4]. He also gave a value for the probability of the double K-shell related to the single
vacancy production. Fast electron impact and ion-atom collisions are used to produce
highly stripped atoms that result in complex spectra including hypersatellite and satellite
lines.

In the experimental approach presented in this work the double K-vacancy production
in the decay of a %°Fe source was investigated using Timepix detectors in coincident
measurements. The Timepix is a semiconductor hybrid pixel detector, that provides time
as well as spatial information. Thus, these detectors have the capability of measuring a
possible angular distribution between the hypersatellite and satellite momenta for the
first time, which is shown in chapter 6.

Unfortunately, the Timepix is not able to provide time- and energy-information
simultaneously. Nevertheless, the data evaluation for a high precision measurement of the
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probability of the creation of a double K-shell compared to the single vacancy production
is presented in chapter 3, solving the problem of not knowing the energies of the detected
particles. The result obtained after 73 days of measuring is given in chapter 5.



2 Theoretical Background

Contents
2.1 Double K-shell vacancy production and hollow atoms .... 3
2.2 Electron Capture Decay of °Fe . . . . . . . . ... ... ... 6
2.3 Timepix detectors . . . . .. . . ... v v, 8
2.4 FitPix-Readout and Pixelman software . . ... ..... ... 13
2.5 Monte-Carlo simulation package ROSI. . .. ... ....... 13

2.1 Double K-shell vacancy production and hollow atoms

Hollow atoms, i.e. atoms with an empty K-shell, are produced either in radioactive
decays or in photoelectric absorptions with a probability denoted Pxk, which is in the
order of 107°-10~%, depending on the atomic number Z with respect to the production of
a single vacancy.

In the usual photoelectric absorption the incoming photon transfers its energy to
a K-shell electron. If the energy of the incident photon is high enough, the second
K-shell electron can also be emitted. This effect is mainly due to the electron-electron
scattering, called knock-out (KO) that dominates at lower incident photon energies, and
the shake-processes (SSO), where a fast photoelectron leaves with most of the energy
and the second electron is shaken-up or -off due to the relaxation of the excited atom.
This also leads to the concept of an energy independent asymptotic limit of the ratio
between double and single K-shell vacancy production [1]. The energy dependence of
these effects for silver can be seen in figure 2.1.

A good tool for the investigation of asymptotic limits are electron capture decays. In
this, one of the electrons is absorbed in the nucleus and consequently there is only one
electron and the empty K-shell states. The double K-shell vacancy production proceeds
only by a shake-off process.

Now, the double to single K-shell vacancy production does not solely depend on the
energy of the EC/photo-electron (which depends on the incident photon energy in case of
photoionization) but also on the element used. Pgk as a function of the atomic number



2 Theoretical Background

100

] A | Thomas model Yae, o
N K-M/a, ek
—— Fit (KO+SS0O)
—— 880
—.— KO(x5.8)
+ =+  Mikhailov er al.
1 j 1 L | | I 1 1 1 1 1 1 11 | 1 1 | 1
100 1000
Photon Energy (keV)

Il IJIIIlll

Figure 2.1 Energy dependence of Pkk for silver. The value for the asymptotic limit is
given by the green arrow [1].

can be modeled as a power-law, i.e. Pxk o< Z~ 10! (solid line in figure 2.2).

As next let’s have a closer look at the decay scheme of hollow atoms. As there are two
vacancies in the K-shell that have to be filled, this can be seen as a two step process:

1. The first K-vacancy is filled by an electron from a higher shell. With a given
probability, which is called the fluorescence yield wgk, a fluorescence photon is
emitted. The energy of this fluorescence photon is shifted to higher energies
as the Coulomb-potential is less shielded due to the empty K-shell. It is called
"hypersatellite”.

2. Now there is still one vacancy left in the K-shell plus an additional spectator
vacancy in a higher shell. Again the remaining hole in the K-shell is filled by
an electron from a higher shell. With the probability wk, another fluorescence
photon, which is referred to as ”satellite”, is emitted. This one again is shifted to
higher energies because the spectator vacancy reduces the shielding. It is assumed
that the fluorescence yields are the same for the satellites and hypersatellites:
wf(atellite _ w?{ypersatellite.

These energy shifts are illustrated for manganese in figure 2.3. It is the hollow atom that

is investigated in this work. Kg denotes the K,-hypersatellite and K,L! the K,-satellite
with one spectator vacancy in the L-shell.

The Pxk-values are theoretically calculated using the so called sudden approximation.
The theoretical results are summarized in figure 2.4. As one can see the calculated values
strongly depend on the method that is used for their calculation.
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Figure 2.2 Z-dependence of the Pk value [1].

Various experiments were performed to measure this value. These range from spectro-
scopic measurements to coincident measurements. The result with the lowest uncertainty
is given as Pxx = (1.3 +£0.2) - 107* [5] in 1991 and shows only moderate improvement to
the first one obtained by Briand in 1973: Pxk = (1.2 +£0.4) - 1074 [4].
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Figure 2.3 Energy spectrum of the manganese fluorescence lines obtained with an X-Ray
spectrometer. RAE means Radiative Auger Effect, i.e. electrons are emitted instead of

fluorescence photons [2].

PKK Method
48x%10°* Correlation effects neglected
0.881x10* Initial state correlation by screening constant
1.13x107* Coulomb propagator method
24x107¢ SCF potential plus final-state correlation
0.904x 10 * Correlation-split wave function

Figure 2.4 Table of theoretical Pxk-values for 5°Fe using different methods [5].

2.2 Electron Capture Decay of *°Fe

During an electron capture an electron from an atomic shell is absorbed by a proton rich
nucleus, wherefore a proton is changed into a neutron by interacting with this electron.
A neutrino is emitted and the atom is left with a hole in the atomic shell. This can be

written as

pr+e = n+re. (2.1)

If the proton is embedded in a nucleus, this can be expressed as

AX+e =, AY + v, (2.2)
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Figure 2.5 Nuclear decay scheme of Feb5 [6].

where a nucleus X with mass number A, and atomic number Z decays into a nucleus
Y with the same mass number and atomic number Z-1.

The decay of **Fe, which is the source used throughout this work has a Q-value of
231.21keV (The Q-value is the energy difference of final and initial state) and a half-life
time of T3/ = 2.747 a to the stable ground state of the manganese (see figure 2.5). With
a negligible probability of 1.3 -107"% a gamma emission at an energy of 105.26 keV is
observed [6].

As this decay leads to an atom with one inner-shell vacancy, the electron capture
process is followed by the emission of X-rays. The probabilities of these fluorescence lines
per 100 disintegrations are given in table 2.1.
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Fluorescence Line Energy in keV  Probability per 100 disintegrations

Ko, 5.899 16.9
Ko, 5.888 8.5
Ko, 5.77 0.0000069
K, 6.49 1.98
Kp, 6.49 1.01
Kj, 6.539 0.000000085
K, 6.536 0.00089

L 0.556 - 0.721 0.524

Table 2.1 Energies and probabilities of the X-Ray emissions following an electron capture
decay of ®®Fe. Values taken from [6].

2.3 Timepix detectors

The Timepix detectors are semiconductor pixelated X-ray imaging detectors, that were
developed in the Medipix-Collaboration together with CERN and EUDET. Based on
the technology of the Medipix2, the Timepix device can provide arrival time information
in the time of arrival mode (ToA), energy information in the time over threshold mode
(ToT) and pure event counting information in the Medipix mode.

Figure 2.6 (a) shows a Timepix detector with an USB readout. The sensor layer (A),
the chipboard with the electronics (C) and readout (D) can be seen.

In the sensor layer (A) the actual interaction with the particle that should be detected
takes place. Depending on the application silicon or other semiconductors, like cadmium
telluride (CdTe) can be chosen as a sensor material. The dimensions of this layer are
usually 1.4 cm times 1.4 cm, where the thickness ranges from 0.3 mm up to 1 mm. In this
work a silicon sensor with a thickness of 0.3 mm was used.

This semiconductor layer is connected via bump bonds to the pixelated electronical
part, the ASIC. This can be seen in figure 2.6 (b). The pixel pitch, which is the size
of the electrodes, is 55 um, thus the sensor layer is divided into 256 times 256 single pixels.

The chipboard, containing the electronics, is needed for the power supply of the ASIC
as well as the data transfer from and to the readout (D), which extracts the data from
the detector.

The detection process can be described as follows: An incoming photon interacts
in the sensor layer so that a photoelectron is created. On its way through the layer
this photoelectron creates electron-hole pairs. The number of the produced pairs is
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Figure 2.6 Picture of a Timepix detector with a USB-readout (a) and the scheme of the
bump bonded sensor layer (b). A indicates the sensor layer, B the bump bonds with the
pixelated ASIC, C the chipboard that contains the electronics and D the USB-readout [7].

proportional to the energy of the photoelectron and also proportional to the energy of
the incident photon. Due to an applied electrical field this charge carriers drift either
to the top of the sensor layer or to the pixel electronics and induce charge at the pixel
electrodes. In the analogue part of the pixel electronics (see fig. 2.7) a charge sensitive
amplifier (CSA) generates a voltage pulse, with a height proportional to the charge
collected in the pixel, that is shaped with a pulse shaper and compared with a given,
adjustable threshold (THL) in a discriminator. If the pulse is high enough, the counter
is incremented depending on the adjusted mode.

In order to illustrate the different modes the shaped voltage pulse generated in the
preamplifier is shown in figures 2.8 and 2.9. In the different modes this signal is used in
different ways:

e In the counting or Medipix mode each time the pulse exceeds the threshold level
(THL) in the given acquisition time a counter is incremented by one, so one gets
the information how often a pixel has been hit in one frame.

e In the ToA mode the time is measured from the first time the pulse is over the
THL to the end of the frame. This is realized by counting the clock pulses of a
reference clock (see figure 2.8).

e The ToT mode then measures in a similar way the time that the signal is above
the THL-level and provides energy information (see figure 2.9). More details on
this mode and the calibration procedure can be found in [7], section IIL.3.

The digital to analogue converter (DAC) converts the digital detector settings for the
measurement, like THL and PreAmp, adjusted by the user into analogue signals. There
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Figure 2.7 Scheme of the analogue and digital part of the Timepix pixel cell [8].
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Figure 2.8 In ToA mode the time is measured in clock counts from the first time the
voltage pulse generated in the preamplifier is above the threshold level (THL) to the end of
the frame. According [9].

are several values that can be set. The important ones for measurements in the ToA
mode are THL and PreAmp. The PreAmp value determines the gain of the preamplifier
signal, thus a high PreAmp leads to steep pulses. The effect of the PreAmp value is
demonstrated in figure 2.10. As we are interested in a fast response to the events, this
value is set to the maximum.

The time between the clock pulses is AT = f— As in this work always the highest
available clock feocc = 48 MHz was adjusted one finds AT = 20.8ns. This is the minimal
time difference between two detected events. The timing resolution is worse because of
the time walk effect, that is due to the different times the voltage pulses with different
heights cross the THL level, as the rising times are always about 100ns to 150 ns [10],
section 3.2.3, [8] chapter 5 (see figure 2.11).

10
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Figure 2.9 In ToT mode the time is measured in clock counts when the voltage pulse
generated in the preamplifier is above the threshold level (THL). According [9)].

Due to the pixelisation of the detector, charge sharing can occur. Here the charge cloud
of one photon event is broadened due to diffusion and repulsion so that a single photon
deposits energy in more than one pixel. For further information on this see also [11] or [12].

11
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Figure 2.10 The PreAmp value determines the steepness of the pulse. A low PreAmp
value generates flat-angle pulses, high values steep ones.
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Figure 2.11 [Illustration of the time walk effect. As the rising time is given to be the
same for all energies deposited in the pixel, but the pulse height differs with this energy, a
time delay At can occur between two coincident events.
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2.4 FitPix-Readout and Pixelman software

For the communication between detector and computer the FitPix readout was used. It
provides reference clock frequencies up to 48 MHz and readout speeds up to 90 frames
per second, when burst mode is activated, and bias voltages between 5V and 100V. For
the presented work the maximum available clock frequency of 48 MHz was used. As the
maximum counter value of each pixel is 11810, the frametime in ToA-mode is correlated
to this frequency and one finds the maximum frametime to be tgpame = }:iig. Further
information on the readout can be found on [13].

This interface is connected to the PC via USB 2.0 and can be controlled by the
Pixelman software (see [14]). Details on the readout and software will be described when
they are needed.

2.5 Monte-Carlo simulation package ROSI

To simulate the different geometries and detector responses the Monte-Carlo simulation
package ROSI (ROentgen SImulation) is used. The physics of interaction in ROSI is
based on the packages EGS4 and its expansion LSCAT. Random variables are generated
with RAVAR. A complete documentation with examples can be found in [15].

For the simulation of the response of a Timepix-device ROSI applications, developed
at the physical institute of Erlangen, are used, where the detector response is adapted to
pixelated photon counting detectors. Details on this versions can be found in [11] and
[12].

13






3 Plan for the measurements and details on
the evaluation

In this work a %°Fe source was used for a time of arrival coincidence measurement on the
hypersatellite-satellite emission. The choice of the source has various reasons:

1. The predicted Pgg-value is in the order of 10~% (see section 2.1), which is high
compared to elements with higher atomic numbers.

2. The experimental data available up to now does not prefer one calculated value as
the errors are too large (see section 2.1).

3. The detection efficiency of the silicon detector for the fluorescence photons of the
manganese atom is high (see chapter 4.3).

4. Tt is a "clean”-source, meaning there are no additional ~-lines from excited states
of the core. This is a hard criterion because the measurements are performed in the
time of arrival mode, wherefore no energy information can be used to distinguish
between these contributions.

For measurements of the Pgxgk-value frames were taken in the ToA-mode. Thus, one
gets the information which pixel was hit at what time. In the evaluation of this ToA-data
only those frames were taken, that contain exactly two clusters with multiplicities one or
two, as due to charge sharing one photon can also trigger two pixel. Examples of these
clusters are illustrated in figure 3.1. The cut on the cluster sizes is done to get rid of
cosmic myons that show longer tracks on the pixel matrix (see [7], sections I1.3.2 and
Iv).

- -

Figure 3.1 Illustration of clusters with multiplicities one or two.
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Figure 3.2 Energy spectrum of the emission of electrons in coincidence with K-X-rays.
The electron spectrum is theoretically predicted by Primakoff and Porter. The lower two
curves are shake-off electrons from higher shells and are backgroiund events. The upper
curve, the shake-off electrons from the K-shell contribute to the signal and the background
[16].

As usual, there are background events that cannot be avoided completely. First, there
are random coincidences from two separate fluorescence photons emitted from different
atoms. As will be shown in section 4.5 this can easily be coped with a fit to the spectrum
of time differences. The two main background sources are the Internal Bremsstrahlung
(IB) photons and the shake-off electrons, which are also coincident with K-X-rays (see [16]
and [17]). Figures 3.2 and 3.3 show the energy spectra of these background contributions.

Consequently, one has to do some calculations on how often an event, meaning two
clusters with multiplicities one or two in one frame, can occur. As already mentioned
in chapter 2.1, in electron captures the main process for the creation of a hollow atom
is the shake-off process. This leads to the emission of an electron and leaves the atom
with two vacancies in the K-shell. The measured rate for these events Ry can then be

expressed as

16
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Figure 3.3 Energy spectrum of the coincident IB emission, theoretically predicted (lower
solid curve) and measured. The upper solid curve is the theoretical prediction for the total
IB spectrum [17].

RS = Piic[08°0,(1 = 6o )k, + (1= 0%)8, e wh , +615(1 — 6y)dewi,

~~

YHS,7Y€~ YHS,Y,€- YHS,7Y,€-

HS (3.1)
57 5e—(-’JKo“B(l - WKQJ;) + 575e—WKa73(1 - WKQJ;)] : Asourcey

s, (1—7),e- (1—vus),v.e-

where Pggk is the probability of the shake-off process, Agource is the activity of the
iron source, wk, 4 is the fluorescence yield for the emission of K,- or Kg-fluorescence
photons and §; is the probability that an emitted particle i from the source is used
for the evaluation. These ”detection yields” &; can be seen as the product of the solid
angle-acceptance, the detection efficiency and the probability that the considered particle
produces a cluster with multiplicities one or two, & = €sA - €detection * Peluster<3- 1 hree
assumptions are made in this formula:

1. The fluorescence yields for the single WK, 5 and the double K-shell vacancy wg Ka.g
configuration are the same, i.e. WK, 5 = WKKy - The difference of this two values
was reported to be less than 6% (see [1]).

2. All particles are emitted independently and isotropically: There is no angular
dependence between any possible measured coincidence. Thus, the detection yields
can be calculated separately and multiplied. In chapter 6 an attempt is presented
to prove this assumption.

3. As the energy shifts of the K-satellites are small, their detection yield is the same
as the one for the K diagram line photons: (5§Yateuite = 0.

In the following there is a short description of the terms of equation 3.1:

17
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® ~hs,7, e Two fluorescence photons and the electron are emitted, where the two
photons are measured and the electron is not detected. The first emitted photon
is the hypersatellite, and shifted to higher energies and the second one a satellite,
which has approximately the energy of the normal fluorescence line. The values for
the energy-shifts of the K, and Kg-hypersatellites can be found in [4].

® 7S, v, e- and s, 7, e-: These again stand for the coincident hypersatellite satellite
emission but here either the hypersatellite or the satellite photon is not seen but
the electron is detected.

e s, (1 —7),e- and (1 — ypg), 7y, e-: Here just one photon, either the hypersatellite
or the satellite, is emitted, and the other K-shell vacancy is filled while a low energy
Auger-electron is emitted, that can not be detected.

The rate of the background RpEE* can then be calculated as

Rgéas = (Pe-&y(se-wKaﬁ + PIB(s’y(SIBWKa’B)) : Asourcey (32)

where Pig and P,. are the probabilities for the emission of Internal Bremsstrahlung-
photons and L- or M-shell shake-off electrons after the K-electron capture as well as
K-shake-off electrons after L- (or M-) electron capture, respectively. Figure 3.4 illustrates
the processes leading to signal and background events.

The measured rate REf™ of the usual K diagram line photons can be expressed as

Rgfas = 5’)/ WKy g Asource- (33)

Using this relation and combining equations 3.1 and 3.2 one finds

6HS
e = [Pric(0Ywr, , =305 0cwi, , +de. (14 =) + 0P + 5. Pip] - REF™. (34)
2

As these rates are measured simultaneously, the measuring time is the same and
equation 3.4 can be written as

5HS
meas [PKK((SSISQ}K&’B—3-55856_00[(&’5 +6, -(1+5L))+5e-Pe-+5IBPIB]‘ ]glﬁasured‘ (3.5)

coinc
y
This formula links different types of variables: The quantities taken from the meas-
urement N0 and NPF®, the detection yields d;, that have to be simulated, the
probabilities Pig, P.. and finally the parameter Pk that should be determined. Al-
though the absolute value of the emission of an Internal Bremsstrahlung photon is given

18



to be Pig = (3.24 4+ 0.06) - 107° [6], there are still two unknown values: Pxk (that is the
subject of this investigation) and P,..

To cope with this problem of two unknown parameters a second measurement is
performed: A thin Kapton-foil was inserted between the source and the sensor layer
to decrease the number of electrons impinging on the detector. This foil also changes
the detection yields for the low energy fluorescence photons emitted from the source
(these detection yields are then labeled ”Kapton” ), where it has nearly no effect on the
detection yields for the high energy Internal Bremsstrahlung photons, i.e. 5II]<3apt0n =B
Now a second equation is found and one obtains a linear system of two equations for two

unknown variables:

=iy
HS
meas =[P (05w, , — 3+ 01 6ewi, , + 0e (14 g—)) +0¢.Py. + Oig Pig) - Niicas
i
::agapton

5HS7Kapt0n
y

meas,Kapton __ HS,Kapton HS,Kapton cKapton Kapton
Ncoin _[PKK (57 WK, — 3- 57 66- WKq, 3 + 56- (1 + 5Kapt0n ))
y
Kapton meas,Kapton
+ 5e— P Pe- + 5IBPIB] : NDL
(3.6)
o that now Pkxk is given e formula
So that P g by the f 1
meas,Kapton 6Kapton Nmeas 6Kapton
4 K : <
P Mo~ — gy OB Pl = R5—) 7
= 3.
KK _ Kapton 5§apton ) ( )
Qy = Qy s T
where the abbreviations o, and ax aPton 4re introduced to simplify the expression.
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signal event:
electron capture

electron vacancy

K-shell shake-off

Q@‘

background events:

electron capture
electron

L- or (M-)shell

shake-off electron

Internal Brems-
strahlung photon

K-shell shake-off
electron

L-electron capture
electron

Figure 3.4 Illustration of the creation of a double K-shell vacancy (signal event) and
background events: Due to coincidences of Internal Bremsstrahlung photons or L- or M-shell
shake-off electrons with K-X-rays and due to K-shell shake-off electrons and K-X-rays after
L- (or M-)electron capture.
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4 Measurements on the performance of the
detector and simulation results
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In the previous section the plan for the evaluation of the measurement of the Pxk-values
was described. Before this can be done, the detection yields have to be simulated. For
modeling the response of the Timepix-devices the ROSI-simulation needs the information
what is the lowest energy that can be detected. To get this energetic quantity (in keV)
first a THL-Scan has to be performed (see section 4.2). The detectors are described
in section 4.1. The next step is to prove, if the simulation gives the correct detection
efficiencies (see 4.3). As this is the case, a fine tuning of the geometry can be done in
order to reproduce the measured detection yields.

In section 4.5 the complete evaluation is performed for data measured with a single
detector in a one sided stack.

4.1 Detectors

The two detectors used are HO9W15, a class B detector with one dead column, and I02W15,
a class A detector. The THL-adjustments for the chips have already been done by Michael
Bohnel (HO9W15) and Ferdinand Liick (I02W15) [18]. The loaded masks are shown in
figure 4.1, the DAC-settings for the measurements in table 4.1. The bias voltage Upias
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4 Measurements on the performance of the detector and simulation results

Figure 4.1 Loaded masks for the two detectors used in this work: 102W15, a class A
detector, on the left, and HO9W15, a class B detector with one dead column, on the right.

is set to 100 V. If the values are changed, this will be described in the appropriate chapter.
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4.2 THL-Scans

DAC 102W15 HO09W15
IKrum ) )
Disc 127 127
Preamp 255 255
BuffAnalogA 127 127
BuffAnalogB 127 127
Hist 0 0
THL 430 930
THLCoarse 7 6
Vcas 130 130
FBK 128 135
GND 80 80
THS 73 67
BiasLVDS 128 128
RefLVDS 128 128

Table 4.1 DAC-settings for the performed measurements.

4.2 THL-Scans

The first step is to perform a THL-scan for the two detectors to determine the lowest
energy that can be measured. This information is an important input for the simulation.
Therefore the detector is illuminated with photons of different, but known energies, which
is achieved by placing the *Fe-source in front of the detector or by using different foils
(Pb and Sn) as X-ray fluorescence targets (see figure 4.2). The counting mode of the
detectors is used.

The THL-scan proceeds as follows:

1. The source is placed in front of the sensor layer, or the X-ray tube is switched on.

2. A low THL value (corresponding to a high energetic threshold level) is set in the
pixelman software, so that nearly no pixel is counting.

3. The actual THL scan is started. After each frame the THL-value is increased
(i.e. the threshold energy decreased) by one and the hits on the pixel matrix are
counted. When the THL-level falls below the energy of a fluorescence line of the
X-ray source, the measured counts increase rapidly. An integrated spectrum is
obtained. If the derivative of this spectrum is plotted, one will find peaks at the
THL-values corresponding to the fluorescence energies of the target (or the source).

For the evaluation a ROOT-script [19] was written, where the counts on the whole matrix
for each THL were filled into a histogram and then the derivative is calculated as the
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4 Measurements on the performance of the detector and simulation results

Figure 4.2 Setup for the THL-scans. The X-ray tube illuminates the foil, so that holes
in the atomic shell are created that are filled with electrons from higher shells and the
characteristic fluorescence lines are measured. Drawing by Peter Sievers.

difference of the contents of two neighboring bins, hi11 and hj, divided by the difference
of the THL values of these bins:

dCounts _ hit1 — hi
dTHL — THL;;, — THL;

(4.1)

The spectra obtained for the two detectors are shown in figures 4.3 and 4.4.

The peaks, that can be seen in these plots, correspond to the energy deposited in the
detector by the fluorescence photons. To determine the peak positions, the responses of
the detector to the different characteristic X-ray spectra have to be simulated. The data
for the X-ray spectra are taken from [20]. To the measured as well as the simulated spectra

_z—=THLmean _ z—Emean

. . . . ) o2
the gaussian distributions dggﬁrgs (x)=A-e ?7tuL  and %(w) =A-e ?%

are fitted. The parameters of the fit used for the further evaluation are given in table 4.2.

The calibration curve can easily be obtained by plotting the simulated energies Eean
versus THLean and doing a linear fit F(THL) = m - THL + ¢ to this data (see figures
4.5 and 4.6), and one finds
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Figure 4.3 Measured THL spectra with the gaussian fits to the peaks (detector I02W15).

EIOQng,(THL) = —(0.0889588 keV - THL + 41.3972 keV

+0.0001749 +0.06812 (4.2)
Enoowis(THL) = — 0.0900285 keV - THL + 86.9877 keV. '
-£0.0002594 +0.2281

By using this calibration curves the differentiated spectra are plotted versus the energy
deposited in the detector (see figures 4.7 and 4.8).

The adjusted threshold levels (see section 4.1) are chosen to be just above the noise

level of the detectors and can be assigned to the energy values EITOI%EV:IE?)O = (3.145 +

0.101) keV and EY9WIS " = (3.2614:0.332) keV, where the errors are given by AE(THL) =
V/(THL - Am)2 + (At)2.
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4 Measurements on the performance of the detector and simulation results

Figure 4.4 Measured THL spectra with the gaussian fits to the peaks (detector HOOW15).

Table 4.2 Values of the means of the gaussian fits to the simulated and measured spectra.
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Element Energy Epean in keV — THLO2WLS THLIOWIS
Mn 5.635 & 0.003 402.13+0.06 903.72 +0.10
Pb 10.338 + 0.005 349.67 +£0.54 849.75 + 0.75

12.434 + 0.007 324.98 +0.58 829.35 + 0.44
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Calibration curve obtained by a THL-scan for detector I02W15.

Calibration curve obtained by a THL-scan for detector HO9W15.

27



4 Measurements on the performance of the detector and simulation results

350000

300000

250000

200000

dCounts/dTHL

150000

100000

50000

15 20 25 30
Energy in keV

Figure 4.7 Measured THL spectra: Differentiated counts versus energy in keV (Detector
102W15).

300000

250000

200000

150000

dCounts/dTHL

100000

50000

15 20
Energy in keV

Figure 4.8 Measured THL spectra: Differentiated counts versus energy in keV (Detector
HO9W15).
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4.3 Measurement of the detection efficiency

With these determined threshold energies the simulation is adapted to the different
detectors. To check the correctness of the simulation the detection efficiency of both
detectors is measured and compared to the simulation. For this purpose a mount for the
given geometry of the source was designed, containing of a PVC-base fixed on the sensor
board, four aluminum tubes and a PVC-holder, where the source is put in (see figure
4.9).

The distance from the sensor layer to the source was chosen be be about 10 cm, which
has mainly three reasons:

1. As the number of photons impinging on the sensor layer scales approximately
with d%, where d is the distance from source to detector, the uncertainty of larger
distance has less effect on the error of the solid angle acceptance.

2. The flux on the sensor layer is reduced and the whole pixel matrix is nearly equally
illuminated. Although the flux on the sensor layer is reduced by the distance the
required measurement is still within reasonable time.

3. The low energy electrons emitted by the source are not able to reach the detector.

The geometry of the source can be seen in figure 4.10. The radioactive substance is
embedded between two polyethylene (PE) foils of (23.40 4 0.07) pm thickness each. The
surrounding ring structure is made of aluminum. This is also taken into account in the
simulation.

Simulation The whole setup described above was reproduced in the simulation, where
the source was modeled as s ConicalSource (see [15]) with a radius of 2.5 mm and
negligible thickness (FLT_EPSILON). It emits the particles isotropically. The two values
needed from the simulation are the solid angle acceptance and the number of detected
photons by a pixelated X-ray detector. For the first value an all interaction detector
(AllIADetector) (see [15]) counts all the photons impinging on the sensor layer. Thus,
the angular acceptance € is given as the counts of the all interaction detector Nay divided
by the number of photons simulated Ngmulated:

Nar

4.3
Nsimulated ( )

€SA =

For the detection efficiency the response of the Timepix device was simulated and
ASCII output files are created, containing the x and y values and the energy deposited in
the pixel. Then the clustering algorithm described in [7], chapter IV, was used. In this
simulated data no clusters with more than two entries were found. Thus, the number of
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4 Measurements on the performance of the detector and simulation results

o

Figure 4.9 Stack for the measurement of the detection efficiency. A detailed drawing with
all needed distances is shown in the appendix.

clusters Nejusters With less than three entries was counted. The detection efficiency can
then be calculated by the formula

N,
oot = e (44)
with a statistical uncertainty of Aege; = —m The systematical error of the simu-

lation is estimated by simulating the detection efficiencies for the lower and upper one
sigma confidence levels of the threshold energy given in chapter 4.2.

aluminum ring

PE foil ~_|

radicactive material

Figure 4.10 The geometry of the source carrier.
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4.3 Measurement of the detection efficiency

Detector tgame in's Upijas i V. felock in MHz

102W15  1.000000 100 48
HO9W15  1.000000 100 48

Table 4.3 Settings for the efficiency measurements for both detectors.

Measurements The measurements were performed in ToT mode with the settings
shown in table 4.3.

To estimate the detection efficiency from the measurement the simulated solid angle
acceptance egp, the activity of the source Agource, the measured time tog and the fluor-
escence yield wg, , are needed. Analogue to the simulation, the data is clustered and
afterwards the cluster with less than three entries are counted, as the simulation results
only contain these clusters with multiplicities one or two (The values can be taken from
the statistics box in figure 4.12). One finds

NI{leiS

Emeas — cluster . 4‘5
det WKy Asource - teff - €SA ( )

.. . . \/Noas . .
The statistical uncertainty is Aea" = egp - Mymeas. The calculation of the systematic

cluster
uncertainty is explained below.
The activity of the 5®Fe-source is given by
_ (t—=tg)In2

Alt)=Ag-e T2 | (4.6)

where Ag = (72.5 £ 1.1) is the activity at the time tp = 1312156800 in time to epoch,
which corresponds to August 15, 2011 at 00:00 CET. The error on the activity is
AA(t) = A(t) - AA‘?)O. As the time measured is short compared to the half life of this
source the activity is assumed to be constant.

The error on the solid angle acceptance is estimated by simulating the source dis-
tances d = 98.7mm, 99.7mm (i.e. 100 mm minus the thickness of the sensor layer) and
100.7mm. Different reasonable radii of the source were found to have no impact on
the result. Using the simulated result for the detection efficiencies at these distances,
one finds asymmetric errors. Taking the distance 99.7 mm as the relevant value gives:
A€SA + = €SA,98.7mm — €SA,99.7mm and A€SA - = €SA 100.7mm — €SA,99.7mm (See table 4.5).
The systematical errors of the detection efficiencies are calculated using the upper limits
of the solid angle acceptance and the one sigma upper limit of the activity, and a second
time with the corresponding lower ones.
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4 Measurements on the performance of the detector and simulation results

€SA teff I S Amean in kBq crllq11e§nsers

102W15  0.00116670 50005 216313.000000 61.67 £0.94 3993774 & 1998

HO9W15  0.0011667) 5000 220000.000000  61.37 +0.93 4056454 + 2014

Table 4.4 Summary of the measured results. The activity given is the mean one and
considered to be constant as the measured time is small compared to the half life of the >®Fe
source.

6sirnulatcd elneas
det det

0.01I0 0.032
102W15  0.893 £0.008 To 076 0.904 £ 0.00057 () 5o
stat.

syst.
0.043 0.032
HO9W15  0.866 4 0.008 0050  0.907 & 0.000577 gac

Table 4.5 Comparison of the simulation and measurement. See text for details on the
error calculation.

The measured results are summarized in table 4.4 and compared to the simulated ones
in table 4.5.

These simulated and measured values are in good agreement within the given errors.
The slightly higher detection efficiency for the device that has a higher threshold level
is probably due to the fact that the device HO9W15 is a bit more noisy than I02W15,
especially when using ToT mode with low threshold and high clock frequency.

Now to check the correctness of the cut on clusters with multiplicities one or two the
simulated distribution of cluster sizes is compared to the measured one (see figure 4.11).

These distributions have slight differences. The simulated one shows more clusters
with two hits, whereas the measured curve has a minimal higher probability for clusters
with one hit. Another difference is that in the measurement, clusters with three or more
entries can be found, that are due to the cosmic myon background, which can be seen by
using the ToT information. Therefore the distribution of ToT counts per event, which is
the sum of the counter values in the track, is plotted for clusters with less than three
(figure 4.12) and three or more entries (figure 4.13).

The distribution of clusters with multiplicities one or two shows a clear peak in the
lower energy region that is caused by the fluorescence X-rays from the manganese. On
the other side in figure 4.13 one finds the typical Landau-distribution for the deposited
energy of the myons and, what is more important, is the fact that there are just three
counts (detector I02W15) and six counts (detector HO9W15) in the lower energy region,
that might be due to the manganese X-rays. So the loss of events caused by the cut
on clusters with one or two entries can be estimated as m =8-10"7 =~ 0 (detector

102W15) and m =1-107% =~ 0, respectively.
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Figure 4.11 Comparison of the simulated (red) and measured (blue) distributions of
cluster sizes. In the right plot a logarithmic scale for the y-axis is chosen to point out the
difference of this distributions.
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Figure 4.12 Spectrum of the clusters with multiplicities one or two of detector I02W15
(left) and HO9W15 (right). The individual ToT values of each pixel in the cluster are summed
up and the filled into the histogram. The entries values given in the statistics box are the
numbers of singles used for calculation of the detection efficiencies.
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Figure 4.13 The spectrum of ToT values for clusters with sizes bigger than two. The
ToT values of each pixel in one cluster are summed up and them filled into the histogram.
The spectrum on the left shows the expected Landau-distribution of the energy deposited in
the detector by myons. On the right a zoom into the region where the manganese X-rays
should be found is done. Here just three entries are found that might be due these X-rays,
that can be neglected compared with the 3993774 clusters with multiplicities one or two.
These plots are done for detector I02W15.

HO9W15 HO9W15
Entries 12714 Entries 12714
*E Mean 6218 - Mean  80.82
40— RMS 335.8 L RMS 37.92
e, 08—
30— L
2 25 g 000
57E 5
3 E 3 L
© 20 o L
E 04—
15— r
0 02—
5 L
E I i b
ol P R h i (i bil v T 0 PRI PO | SRR Y| | S P OO | O 1
0 500 1000 00 2000 0 20 40 60 80 100 120 140
ToT in clock counts % 0, TOT in clock counts

Cluster Cluster

Figure 4.14 The spectrum of ToT values for clusters with sizes bigger than two. The
ToT wvalues of each pixel in one cluster are summed up and them filled into the histogram.
The spectrum on the left shows the expected Landau-distribution of the energy deposited in
the detector by myons. On the right a zoom into the region where the manganese X-rays
should be found is done. Again, just six entries are found that might be due these X-rays,
that can be neglected compared to the 4056454 clusters with multiplicities one or two. These
plots are done for detector HOOW15.
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4.4 Estimation of the thicknesses of the Kapton foils

As the manufacturer’s tolerances on the thicknesses of the Kapton-foils are too huge for
our experiment, the thicknesses of the foils have to be estimated with smaller errors.
Therefore, different more or less quadratic pieces (5.1 cm times 4.9 cm (HN50), 4.95 cm
times 4.95cm (HN100) and 5.00 cm times 5.05 cm(HN200)) were cut out of the foils used
in the experiments and weighted. Knowing the density of the material pkapton = 1.4200 &
0.0007-25 ([21], [22]) quite exact the thickness of the foil can easily be estimated by the

cm?

__ MKapton . _ Apy\2 Am\2 AA\2
formula dgapton = T with an error Adkapton = dKapton - \/(7) + (55)2 + (57)2

The results are summarized in table 4.6 and compared to the thicknesses provided by
the manufacturer ”du Pont” [21].

m in mg A in cm? dKapton iN pm d?{‘gli%?f in ym
HN50 43.445 +0.001 24.99 +0.71 12.2+0.3 12.71‘%:?
HN100 85.367 £ 0.001  24.50 £ 0.70 24.5 +0.7 25.4 + 3.8
HN200 181.951 £0.001 25.25+£0.71 50.7+1.4 50.61‘2:%
HN50+HN100 dHN50+HN1[)O = (36.7 + 0.8) pm

Table 4.6 Results of the determination of the thickness of the Kapton foil. For the
measurement with the single sided stack the Kapton-foils HN50 and HN100 were put on top
of each other to get the thickness of (36.7 £ 0.8) um, where the error is calculated by the
gaussian error propagation.
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4.5 Results of the onesided-stack

4.5.1 Overview of the measurements

To show that the detector is capable to measure the hypersatellite-satellite coincidence,
first a single sided stack was set up. Another PVC holder was designed for the given
geometry of the source (see figure 4.15). The detector 102W15 was used and ToA-
measurements without and with a Kapton foil of thickness 36.7 um between source and
sensor layer were performed. This thickness of the foil was reached by putting two foils,
Kapton HN50 and Kapton HN100, on top of each other.

The relevant settings of the measurement are shown in table 4.7. Here burst-mode was
used, so that readout frequencies up to 93 frames per second could be achieved.

An overview over the taken measurements with and without the Kapton-foil, the
activity of the source, the numbers of single hits detected and the effective time measured
are given in tables 4.8 and 4.9.

For the clustering the algorithm described in [7], chapter IV was used. The times are

calculated with the maximum counter value ToA .« = 11500 that was taken into account

in the evaluation , i.e. teg = Nerames ° 4211\5}8%.

4.5.2 Comparison between experiment and simulation

For simulating the detection yields d; again ROSI was used. The source was modeled
as described in section 4.3. The PVC-holder, the chipboard and the source carrier with
the aluminum ring as well as the two PE-foils were simulated. The detection yields
are calculated as the number of detected particles divided by the number of simulated
particles: & = % (i€ {y, e, IB}).

The distance of the source and the shift of the detector in x- and y-direction were
adjusted by comparing the simulation results with the measured data for the distribution
of counts per row (pixel y) and column (pixel x). The distance of source and detector was
found to be (4.63 £ 0.30) mm. To evaluate the effects of this uncertainty and the error
on the thickness of the Kapton-foil the simulation was done three times for the distances

fclock in MHz Ugjas in V. ffame in HSs

48 100 240

Table 4.7 Setting used for the one-sided readout stack with the detector I02W15. The
bias voltage is provided by the FitPix readout. The data was taken using the ToA-mode of
the Timepix detectors.
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4.5 Results of the onesided-stack

o

Figure 4.15 Stack used for the measurement with the one sided readout. A detailed
drawing can be found in the appendix.

4.33 mm, 4.63 mm and 4.93 mm (the thickness of the foil was kept at 36.8 ym) and three
times for thicknesses 36.0 um, 36.8 um and 37.6 ym (the distance was kept at 4.63 mm).
The pixel x and pixel y distributions for the different settings of the simulation compared
with the experimental data are shown in figure 4.16. As the variation of the Kapton
thickness has no real effect on the detection yield for photons, this is not considered in
this plot. For the electrons this is the main contribution to the uncertainty of detection
yield.

The lower error limit is calculated as d4.33mm — 04.63mm, the upper error limit as
04.93mm — 94.63 mm Which is equal to each other in the chosen accuracy. This is done in the

Date Activity of the source in kBq Measured time s
02/12/2011 66.47 + 1.01 3452.4
05/12/2011 66.33 £ 1.01 3452.4

(Asource) £ (AAsource) = (66.40 £+ 1.01) kBq
Npi, = 25771387 £ 5077
tog = 6904.85

Table 4.8 Measurements without the Kapton-foil. The dates of the measurement, the
actual activity of the radioactive source and the effective measuring time are given for each
run individually as well as for the whole measurement. Also the number of detected clusters
with multiplicities one or two is shown.
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Date Activity of the source in kBq Measured time s
16/12/2011 65.82 &£ 1.00 1878.3
19/12/2011 65.68 = 1.00 3452.4
23/12/2011 65.49 + 0.99 3378.1
26/12/2011 65.36 = 0.99 3452.4
29/12/2011 65.22 +0.99 3452.4
01/01/2012 65.08 +0.99 3452.4
04/01/2012 64.94 +0.99 3452.4
09/01/2012 64.72 +0.99 3452.4
12/01/2012 64.58 +0.99 3452.4

(Asource) £ (AAsource) = (65.21 + 0.99) kBq
NSEPEO™ = 95612245 + 9778
tor = 29423.23 5

Table 4.9 Measurements with Kapton-foil of thickness 36.7 um. The dates of the meas-
urement, the actual activity of the radioactive source and the effective measuring time are
given for each run individually as well as for the whole measurement. Also the number of
detected clusters with multiplicities one or two is shown.

Kapton
5, 5

simulated 0.201 &0.010 0.179 £ 0.009
measured 0.198 +£0.006 0.175 4 0.005

Table 4.10 Comparison of simulated and measured acceptances.

same way for the different thicknesses of the Kapton-foil. The errors due to the thickness
of the foil and due to the distance are summed up.

To check the simulation results, the simulated and measured detection yields for the
fluorescence photons are compared. The measured ones are calculated by the formula

for the rate of the diagram line photons: o, WLEZ. The error is given by
€ oz,ﬁ source
=0y \/ AJ\]XE?J;;; %) (see table 4.5.2). The simulated and measured values

were found to be in a good agreement.

4.5.3 Spectrum of the time-differences

As the distribution of the detection times shows a peak at the end of the ToA spectrum
(see figure 4.17), that is due to events detected before the frame was opened, the maximum
counter value taken into account for further evaluation was set to 11500 to ignore these
events.
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Figure 4.16 Comparison of the simulated (green, red) and measured (blue) pixel X and
pixel Y distributions. The green curves show the upper and lower limits obtained by varying

the distance to the detector.

The frames are divided into ten subframes, each with a maximum counter value of
1150, to minimize the loss due to an additional random fluorescence photon in the frame.
This is illustrated in figure 4.18 and only subframes with exactly two clusters with

multiplicities one or two are selected.

The choice for this number of divisions has mainly three reasons:

1. The loss of the signal decreases with increasing number of divisions: For lower
values than ten the loss of the signal is quite high (3> 10%), whereas higher values

do not decrease this loss significantly.

2. The signal to noise ratio decreases with increasing number of divisions. As more
division mean steeper slopes of the background fit (see below figures 4.20 and 4.21),
the errorbars in the region of interest of the extrapolated curves increase, and,
in the same way, the errors on the measured numbers of events in the coincident

peaks.
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Figure 4.17 Spectrum of the measured ToAs for the one sided readout. The left figure
shows the whole spectrum. On the right side a zoom into the region of higher ToAs is done
to show the peak due to particles impinging on the detector before the frame was opened.
All events with counter values above 11500 are neglected.

3. In the evaluation of the final double sided stack (see chapter 5) the maximum ToA
used for the evaluation was set to 11090. As this value can be divided by ten
getting an integer number, one avoids the problem of losing acquisition time by
this division, which may cause problems when comparing the numbers of coincident
events with the number of K diagram line photons.

In these subframes the time-differences AToA = ToA; — ToAs between two hits are
calculated and filled into a histogram. In the case that the cluster with multiplicities one
or two contains two entries, the higher ToA of this cluster, meaning the earlier event,
is used to calculate this difference. In this way the influence of the time-walk effect is
minimized. The coincidences are seen in the peak around 0. This procedure is done for
the measurement with and without the Kapton-foil (see figure 4.19).

The triangular shape of this spectrum can be explained by a convolution of two
uniformly distributed random ToA-variables. The shape is described by the function
f(AToA) = yg — m - |AToA|, where m is the slope, and yg is the y-axis-intercept. This
function is then fitted to the background of random events (AToA < —5 and AToA > 4),
and extrapolated into the region of interest, i.e. AToA € [—5;4] (see figures 4.21 and
4.20).

The number of events in the coincidence peak is calculated as the differences of the

bin contents of the measured spectrum hl ., and the fitted ones hl,:

ypeak _ E;l:_Shi _ Ef}:—5hi‘it = Nmeas — Nst- (4.7)

meas meas,
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coicident event additional event

frame lost
3 hits in frame

o -

I
11500

division in 10
subframes

[ s Subirame
1150 0 . NOT lost

2 hits in subframe

Figure 4.18 The frames are divided into ten subframes to decrease the loss due to an
additional event from another atom in the same frame.

with foil without foil

NPk s15 4175 2404 97
tpins  29234.23  6904.80

Table 4.11 Number of events in the coincidence peak.

The error of NPS2K ig given by ANpPek _ \/ Nieas + (221:_ Ah}it)2 where AR}, are the
one sigma confidence levels also shown in figures 4.20 and 4.21. The measured numbers

are given in table 4.11. !

These numbers need to be corrected due to the loss because of accidental additional
fluorescence photons in the frame and loss at the edges of the subframes. Therefore a
simulation was written that is described in the next chapter.

L As the focus of this work is on the high precision measurement (see chapter 5) with the double sided
stack, for the final evaluation of the data from the one sided stack the same limits for the background
fit and the range of the signal were used.
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Figure 4.19 Spectrum of the time differences for the measurement without (upper histo-
grams) and with (lower ones) the Kapton-foil. On the left the whole spectrum with triangular
shape is shown and on the right a zoom into the region of interest.

4.5.4 Simulation to estimate the loss of the signal

As it can happen, that a coincident event is in a subframe that contains three or more
entries, this loss has to be estimated. This is done by a simulation:

First, the number of hits per frame Ngpr is calculated from the measured number
of clusters with multiplicities one or two per frame and the known number of frames
that were measured. The user can set the number of photons that shall be simulated
Ngimyu- With that information the number of simulated frames is given by stirgrlfes = %.
Afterwards Ngimy, times a uniformly distributed random integer variable X between zero
and Xpax = Ngli?;es - ToApax is generated using the TRandom3 class of ROOT [19] and
divided by the maximum ToA of a frame (ToAnax) to assign it to a frame number. The
ToA in this frame is calculated as ToA = X mod ToAax. This data is then stored in
an array of vectors where the index of the vector denotes the frame number. The size of

each vector gives the number of hits per frame, and the entries of the vectors contain the
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Figure 4.20 Fit to the background of random events (left) and extrapolation with the
one sigma confidence levels into the region of interest (right) for the measurement without
the foil.

ToA-information.

To model the signal in about Psigna ~ 1075 times not only one photon is generated,
but also a second one with a ToA that is randomly gaussian distributed around the first
ToA, with a standard deviation 1.2 for the measurement without the foil, where electrons
contribute to the signal and thus broaden the peak, and 0.8 for the measurement with
the Kapton foil, respectively (see also [10], chapter 7). The Psjgnal-values were tuned in
order to describe the measured quantities.

If the frame numbers of these two coincident events are different, the event is lost and
the counter for the loss of signal is incremented by one. The frame numbers of the signal
events and the ToA-values are stored in a second array of vectors. If the given number
photons Nginy, is simulated, the same evaluation as described above - with the division
into subframes and then cutting on the subframes, that contain exactly two hits - is
performed. To estimate the loss of the signal, one has to look at the subframes that are
given by the stored values of the coincident events, the frame number and the ToA-values.
If the relevant subframes contain more than two hits again the counter for the loss of
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Figure 4.21 Fit to the background of random events (left) and extrapolation with the one
sigma confidence levels into the region of interest (right) for the measurement with the foil.

signal is incremented by one.

Finally, the probability of the edges losses and losses due to additional events in the
frame is calculated as the fraction of the number of lost ones and the simulated number

oss

. N, . . .
of coincident events Pogs = Nt - To compare the simulation with the measured

results the simulation also prov%lgs the spectrum of time differences and the information
about the distribution of the number of clusters with multiplicities one or two in one
frame. This is shown in figures 4.22 and 4.23, where the red curves are simulation and

the blue ones are measured results.

To estimate the uncertainties of this estimation, the simulation is done several times
and the standard deviation of the obtained values is taken as the error. As the relation of
number of single hits to number coincidences as well as the width of the peak is different
for the measurements with and without the foil this has to be simulated separately. The
values obtained are given in table 4.12.
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Figure 4.22 Comparison of the simulated (red) and measured (blue) spectra of the ToA
differences. The full spectra can be seen in the left plot, a zoom into the region of interest is
shown on the right.

with foil without foil
Poss 0.0731+0.002 0.082 4 0.003

Table 4.12 Simulated results for the loss of signal due to additional event in the same
frame.

4.5.5 First result on Pgg

With the knowledge of how the measured numbers have to be corrected the formula for
Pk can be written as

,Kapt Kapt
N},_[)r;;is apton B 6e>1p ODN];I;;ZT(S B 6IBPIB(1 B 6£apton
P - N]I;Epton-(lfljllsjspton) 56-'NDL'(1_IDIOSS) 66’ 4 8)
KK — Kapton gkapton ’ ( '
Oy — Qly e S

e-

The missing detection yields for the electrons and the Internal Bremsstrahlung-photons
are simulated using the spectra given in section 3. The measured and simulated results
are summarized in table 4.13.

The statistical errors on Pk are given by the uncertainties of the values N;;Zis, NpL
and P, with gaussian distributed errors. The systematical errors from the different
acceptances are assumed to be uniformly distributed. To estimate the influence of these
uncertainties on the error of the Pxk-value a C++-program is written, that generates
random numbers, using again the TRandom3 class from the ROOT library, according to
the assumed distributions and for various different combinations Pk is calculated and
filled into a histogram. This is done separately for the statistical and the systematical
errors. The obtained distributions for Pxk are normalized by the condition ¥;h; = 1 and
shown in figure 4.24. h; denotes the bin content of bin i.
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Figure 4.23 Simulated (red) and measured (blue) distributions for the number of clusters
with multiplicities one or two in one subframe (left plot) and the difference of these distribu-
tions (right plot).

with foil without foil
meas 515+ 175 240 £+ 97

eak
Nopu 95612245+ 9778 25771387 £ 5076
Poss  0.07340.002 0.0848 + 0.0008
0y 0.179 + 0.009 0.202 £ 0.010
oS 0.187 4 0.009 0.208 +0.011
de- 0.00020 £ 0.00001  0.00163 =+ 0.00008
oip 0.0125:£0.0008  0.0125 = 0.0008

Table 4.13 Summary of the simulated and measured results.

The statistical errors have a symmetrical gaussian shape, wherefore the Pxg value
is given by the mean and and the error by the standard deviation (see statistic box in
figure 4.24). As the distribution of the systematical errors is asymmetric, the one sigma
confidence levels around P are determined from the equations

PIIlean 0.683 Pnleall+o. 0.683
Ei:KII)(Ir?I%an_0.7 h‘l — T and Elé(;;f(n[%an Jrh/l — T- (4.9)

Finally one obtains as a first result

Pk = (0.788 +0.383 10-029) . 107, (4.10)

stat. syst.

The value obtained is lower than the values of other experiments (see chapter 2.1), but,
as the errors of the measurements are quite huge, they overlap in a one sigma confidence
level. The most important fact concerning this result is that the systematical error is not
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Figure 4.24 Distribution of the Pxk-values taking into account the statistical errors (left)
and the systematical ones (right).

just an order below the statistical one, but also one order below the errors given in the
literature. That means with more statistic (more measuring time and/or higher solid
angle acceptance) one may be able to decrease the current error limits by a factor of five
and get into the region where one is sensitive to the calculation method used (see figure
2.4 and chapter 2.1).
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5.1 Trigger-circuit and automation of the measurements

For the next measurements a double sided stack was used (see figure 5.1), consisting of
the two Timepix detectors described above, which are operated in coincidence. Therefore,
a trigger circuit is needed. The trigger electronics scheme is shown in figure 5.2.

Figure 5.1 Drawing of the double sided stack seen from two different perspectives. The
holders for the ?®Fe source were the same as in the one sided stack.
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TRIGGER IN TTLNIM
FITPix | — '
IX
TRIGGER BUSY TTUNIM
coincidence | —5- dual gate discrimi-
unit & — generator [ |nator [ |
TRIGGER BUSY TTUNIM
FITPIX TRIGGER IM
L TTLNIM y

Figure 5.2 Scheme of the trigger electronics used to make the detectors work in
coincidence.

felock in MHz  Ugjas in V' tprame in us THL
102W15 48 100 204 430
HO9W15 48 100 204 925

Table 5.1 Settings used for the measurement of cosmic myons with the double sided stack.
2210000 frames were taken.

For the triggering a simple anti coincidence is done for the TRIGGER BUSY signals
from the two readouts (see also [13]). If both signals are in logic low, the coincidence
unit gives a short logical pulse that is extended up to the frametime with a dual gate
generator and a discriminator. Then it is sent to the readout inputs TRIGGER. IN. Thus,
the frametime is adjusted in the trigger circuit. Each time both readouts are capable of
measuring, the frame is opened. For exchanging between the different logics (NIM and
TTL-compatible CMOS) of the trigger circuit and the readout a NIM/TTL converter is
used. !

To see if the trigger circuit works, a measurement in the double sided stack without
the source was performed, measuring the tracks that are typical for myons. As cosmic
myons travel nearly at the speed of light, they should be detected in both detectors at
the same time. The details on this measurement can be found in table 5.1.

Only those myon events are taken into account, that have hit both detectors, with the
consistent geometry. For the geometrical selection the distance between the two detectors
is calculated using the information about the length of the tracks in the two detectors.
Figure 5.3 illustrates the calculation:

First, the length of the tracks in the single detectors is calculated using [

7 _
track

— xfr‘gék)Q + (yoax — yﬁ‘éﬁk)? If these distances are nearly the same in both

max

\/(xtrack

detectors, the event is taken for further investigations and the mean value of both

'In the pixelman software the setting ”started by HW-trigger, stopped by HW trigger” is used.
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Figure 5.3 Illustration of the geometry of the stack and definitions of the values taken
for the geometrical selection. The red dashed line indicates the myon track.

tracks lipack is calculated. Now Al = \/ (zHOIWILS _ 2 1029W15)2 4 (pH09WIS _ 5102W15)2 g

min max max
estimated. To test whether the hits in the detectors are from the same event, the distance
between the detectors is determined from the geometry of the tracks, i.e.

_ Al _ ltrack
tana = — =

dsi
h_
n ds

l track

- Al (5.1)
with dg; = 0.3 mm.

As the distance between the two detectors is approximately 1 cm, only those events
are taken where the estimated distances are in the range h € [0.8 cm; 1.2cm]. By this
method three events were found, which are shown in figure 5.4. Table 5.2 summarizes
the geometrical situation for these three events labeled with their frame number. As the
energy deposited in the sensor is Landau distributed and therefore has a wide range, for
the myons the time walk effect is very dominant. Thus, the interesting ToAs are the
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5 High precision measurement of the double K-shell vacancy production probability of > Fe

Frame number [li;aq in pixel Al in pixel h in cm

581388 3.50 119.50 1.02
1431798 2.24 61.40 0.82
2100876 3.35 104.00 0.93

Table 5.2 Values used to estimate the distance between the two detectors from observed

myon tracks.

maximum ToAs of each track. As these arrival times in both detectors are the same or
just differ by one clock count, which may be due to the trigger response, that can be up
to 20 ns [13], the trigger circuit works properly.

As it is not very comfortable having to start the measurements manually for the long
term measurement (the one with the Kapton foil) an Autolt-script (see [23]) was written,
that undertakes this task. 2

2Autolt is a quite simple software package that can be used in windows to simulate mouse clicks or
key inputs (The whole script can be found in the appendix). It terminates the measurement with
pixelman when the ASCII-file with the adjusted number of repeons is written to the disk, then enters
the name for the following measurement, starts it and compresses the taken data into zip-files.
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Figure 5.4 Coincident myon events, with the right geometry (see also table 5.2), that
were used to check the performance of the trigger circuit. To see if the trigger works, the
maximum counter values of these tracks in the different detectors have to be compared. The
frame numbers of these events are 581388, 1431798 and 2100876 from top to bottom.
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5.2 Reliability of the data taken from the double sided stack

Before the evaluation of the data of the final stack with the Kapton foil of thickness
(50.7 + 1.4) pm, the stability of the detectors, as well as the reliability of the data was
tested by plotting the number of clusters with multiplicities one or two in one run, con-

taining 661 times 10000 frames, versus the time since the beginning of the measurement
_In2

t
(see figure 5.5). An exponential fit f(x) = A-e /2 to this data is done. By this one ob-
tains as a half-life time 77, = (2.75+0.07) a, which agrees well with the theoretical value.

The detectors are also evaluated separately (see figure 5.6). Here, the values found
for the half lifes are TII%WK‘ =(2.9+0.1)a and nggwm = (2.5 £ 0.2)a. Detector
HO9W15 shows larger deviations from the fit than 102W15 and the variations of the two
detectors are not correlated. This leads to the conclusion, that they are probably due
to fluctuations in the threshold level (see also 4.2), that are expected to be bigger for
detector HO9W15.

But, as the result of the fit for the whole statistic gives the predicted value, there is no
systematical influence that has to be considered in the evaluation.
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Figure 5.5 Plot of the clusters with multiplicities one or two per run versus the time to
the start of measurement. The half life time of 5°Fe T} /5 = (2.75 & 0.08) a is obtained by
fitting an exponential law, which in in good agreement with the theoretical one.
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Figure 5.6 Clusters with multiplicities one or two per run versus time to the start of
the measurement for each detector individually. The half lifes obtained by the fits are

TI02W15 = (2.9 4+ 0.1) a and THYPWI® = (2.5 £0.2) a,
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5.3 Evaluation of the data from the double sided stack

The evaluation of the data from the double sided stack is done completely analogue to
the one for the single sided stack described in chapter 4. First, to see if the detectors
work properly and to get the alignment right, both detectors are considered separately.
Afterwards the whole data is used to obtain a value with small errors.

5.3.1 Overview over the performed measurements

As with the one sided stack, again measurements with and without a Kapton foil were
performed. But, as this data also shall be used to see an angular correlation between
the fluorescence photons (see chapter 6), a thicker foil, dxapton = (50.7 = 1.4) um (see
section 4.4), was chosen in order to suppress the electronic background. For the long
term measurement with the foil the data is divided into runs. Each run contains 661
repetitions with 10000 frames. The setting for the measurement with and without the
foil are shown in table 5.3, where the frametime is adjusted by the trigger circuit (see
5.1).

As the acquisition time of the frames is shorter than in section 4, the maximum ToA
taken into account in this case is set to 11090 for the measurement with the foil and
9770 for the one without the foil, respectively. This corresponds to maximum frametimes
of tg:gf:n = 231 us and tgame = 203.5us. The counting of the runs of the Kapton-
measurement starts at 7, because in runs 1 to 6 the detectors were not aligned properly,
so that this data was not used. Tables B.1 and B.3 show the whole set of performed meas-
urements. The data is shown for each detector individually as well a for the whole stack.
For stability control purposes, the detection yields are calculated for each run individually.
Their final values are calculated as the error-weighted means of the detection yields

for each run (see tables B.2 and B.4). The following table 5.4 summarizes the main results.

fclock in MHz Ugias in V. tfame in us
without the foil

102W15 48 100 204

HO9W15 48 100 204
with the foil

102W15 48 100 232

HO9W15 48 100 232

Table 5.3 Settings used for the measurements of the double sided stack with and without
the Kapton-foil of thickness dkapton = (50.7 &+ 1.4) ym.
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without foil with foil

Nptack 65732277 £ 8108 253725667 & 15929
N{E2WIS 33876594 + 5820 134144830 + 11582
NHOOWIS 31855683 £ 5644 119580837 + 10935
gstack 0.336 & 0.002 0.3002 £ 0.0008
SLIOZWIS - (0.1747 £0.0009  0.1594 = 0.0008
5§O9W15 0.1659 + 0.0008  0.1452 + 0.0007
Table 5.4 Summary of the measurements with the double sided stack.

without foil with foil
5y 0.179 + 0.009 0.159 + 0.008
0.009 0.009
&1 0.1897 0008 0.167 0008

de  0.00146 £ 0.00007 0.000117000005°
o 0.0189+0.0006  0.01121)5003

Table 5.5 Simulated values for the acceptances of detector I02W15 for the measurement
with the double sided stack.

Now, as described in chapter 4 the simulation is adapted to the x and y distributions
and to the detection yields of the stack. Therefore, each detector is considered individually
(see sections 5.3.2 and 5.3.3).

5.3.2 Simulations and Pxk-result of 102W15

The simulation is adapted to the new geometry and source position of the stack. As the
distances and the alignment of the source and detector are different for the measurement
with the foil (dayee™ P — (51 4 0.3) mm) and without the foil (d92W15 = (5.3 +
0.3) mm), these detection yields are treated separately. Table 5.5 shows the yields
obtained with the simulation. The error estimation is done as described in chapter 4.
The errors due to different thicknesses of the foil and different distances are simulated
separately and then summed up.

Figure 5.7 shows the comparison of the simulated and measured pixel X and pixel Y
distributions, that were used to estimate the shift in x- and y-direction and the distance.
In table 5.3.2 the simulated and measured acceptances are given. These values are in

really good agreement.

As the evaluation has already been described in detail in chapter 4 and nothing unpre-
dicted appeared, the relevant plots can be found in the appendix. Here, only the results
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5 High precision measurement of the double K-shell vacancy production probability of > Fe
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Figure 5.7 Comparison of the simulated (green, red) and measured (blue) pixel X and
pixel Y distributions. The green curves show the upper and lower limits obtained by varying
the distance to the detector.

of the evaluation are given (see table 5.7).

The value found here is

PV = (1775 £ 0.310 79088 - 1074 (5.2)
stat.
syst.
Kapt
57 6')/ apton

simulated ~ 0.179 £ 0.009 0.159 £ 0.008
measured 0.1731 £ 0.0009 0.1594 £ 0.0008

Table 5.6 Comparison of simulated and measured acceptances.

o8



5.3 Evaluation of the data from the double sided stack

with foil without foil
Nieas 1303 & 191 348 + 103
Npr 134144830 4+ 11582 33876594 + 5320
Ploss 0.061 = 0.005 0.064 = 0.002
40.0084 +0.0089
et R
e- : —0.0000185 ' —0.000073
OB 0.0109010-0003 0.01090 0000

Table 5.7 Summary of the simulated and measured results of I02W15.

Kapton
5’Y

5’Y
simulated  0.16870 0% 0.146 70002
measured  0.1633 +0.0008  0.1471 + 0.0007

Table 5.8 Comparison of simulated and measured acceptances.

5.3.3 Simulation and Pkk-results of HO9W15

The simulation is adapted to the alignment of the detector, in order to model the result
of detector HO9W15. The plots obtained for the pixel distributions are shown in figure
5.8, the simulated detection yields for the fluorescence photons are compared to the

measured ones in table 5.3.3. Finally, all needed values are summarized in table 5.9. The

distances used were diomee PO = (5.5 + 0.3) mm and dHO9W15 — (5.6 4 0.3) mm. The

dedicated plots are shown in the appendix.

The obtained result is

with foil without foil
Ngé‘,jf 750 & 170 310 £ 97
Npr, 119580837 + 10935 31855683 4 5644
Ploss 0.052 4+ 0.007 0.057 4+ 0.004
T
e- : ~0.000022 - —0.000084
OB 0.01033+3:00002 0.01033500000

Table 5.9 Summary of the simulated and measured results of HO9W15.
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Pixel X distribution without Kapton HO9W15 Pixel Y distribution without Kapton HO9W15
0.006— 0.006f—
F W g F
0.005[— r ) 0.005—
E 7 ) = o
C 4 N E e
0.004F— By 0.0041 i
= L By z C i
3 r , 2 E fﬂ‘”
£ o003 £ 0.003—
g Moy g L
C Lo
0.002|- 0.002 ?{’V
0.001— 0.001f—
P S U RIS B P B P P U EE S E ST B
0 50 100 150 200 250 (4 50 100 150 200 250
Pixel X Pixel Y
Pixel X distribution with Kapton HOOW15 Pixel Y distribution with Kapton HO9W15
0.006]— 0.006]—
r e C
g M@{w ﬂ%m r TR
E ’ T F o N
o0st- ljﬂ' iy 0,005 F,;’-”" \%‘Q\L
C i 4 C G
E 3 1 C 5 The
0.004— "rff n 0.004— [ N
> r . 2> L i iy
2 r A 1 2 = # by
3 F o i g = o ;
£ 0.003— \\‘ £ 0.003— R
5 C g 5 C A \ﬁlw
r iy [ 4 o]
0.002—, “ 0.002{— 7
L £ s
0.001f— 0.001f—
ol v v v L ey ol v v v L e L Ly
0 50 100 150 200 250 0 50 100 150 200 250
Pixel X Pixel Y

Figure 5.8 Comparison of the simulated (green, red) and measured (blue) pixel X and
pixel Y distributions. The green curves show the upper and lower limits obtained by varying
the distance to the detector.

PEPWIS — (1.187 4 0.336 75 055) - 1072, (5.3)
stat. syst.

5.3.4 Results of the whole stack

As the values obtained by considering each detector individually agree quite well within
the errors and the simulation is properly adapted to the experiment, the data from the
whole stack is evaluated. The same procedure (clustering, and cutting on clusters with
sizes smaller than three) is done as described in chapter 4, with the exception, that the
two detectors are regarded as one this time. The obtained spectra of the time differences
for the measurement with and without the Kapton foil are shown in figures 5.9 and 5.10.

The needed detection yields and their errors are calculated by summing up the ones

for the individual detectors: (5iStaCk = (5iH09W15 + 51102W15 and conservatively A(Sistad‘ =
ASHOOWIS o A§I02WI5 - respectively. The results for the deteection yields, the numbers
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5.3 Evaluation of the data from the double sided stack
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Figure 5.9 Spectrum of the time differences with Kapton foil and the fit to the background
on the left. The right plot shows the extrapolation of the fit into the region of interest.

of events in the coincidence peak and the numbers of diagram line photons are given in
table 5.10.

The simulation for the loss of the signal due to additional events in the subframe is
performed. The plots confirming the reliability of this simulation are shown in figures
5.11, 5.12 and 5.13. In figure 5.11 the simulated and measured time spectra, and in
figures 5.12 and 5.13 the distributions of the number of hits per frame, are compared.
Again, a good agreement between simulation and measurement can be seen. The value
for the loss is also given in table 5.11.

The distribution of the Pxk-values obtained by generating random numbers according
to the uncertainties can be seen in figure 5.14.

Finally, this leads to

Pxk = (1.400 + 0.165 70-048) . 107, (5.4)

stat. syst.

This value is in good agreement with the values obtained by previous experiments
(see section 2.1). As the statistical error of the measurement with the Kapton foil is the
limiting factor, more measuring time is needed to decrease the statistical uncertainty of
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5 High precision measurement of the double K-shell vacancy production probability of > Fe

Entries 3549086
Mean 0.05061
r RMS 32.80 b
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slope 3717 £ 0.002
3700 3700
Zaso0] g1
Fia) 536001~
S S |
3500H [
[ 3500
Y [«
§
3400}
3400
o b b b b by b b b b b by
40 20 0 20 40 -40 20 0 20 40
AToAin clock counts AToAin clock counts

Figure 5.10 Spectrum of the time differences without Kapton foil and the fit to the
background on the left. The right plot shows the extrapolation of the fit into the region of
interest.

the Pxk value.
The obtained result does not favor any of the theoretical Pxgk-value shown in figure

2.4, but excludes the two highest ones Pfé}‘go = 4.8 -107* with a significance of 160 and
Peo =2.4-107% on a 4o-level.
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of the data from the double sided stack

4000

3500

3000

2500

2000

Counts

1500

1000

500

S

o

12000

10000

4000

2000

-800  -600

-400  -200 0 200
AToAin clock counts

400

600

800

L
-1000

-500 0

AToAin clock counts

500

|
1000

Counts

3800

3700

3600

3500

3400 4

3300

0
AToAin clock counts

[
AToAin clock counts

Figure 5.11 Comparison of the simulated (red) and measured spectra (blue) for the setup
without (upper plots) and with the Kapton foil (lower plots).

o
=

o o
> =
RRNSE
N

=4
@

probability
°

o
w

o

o
TIT
NN

o
i

=

AR ARRAS

NASS0
NN

N\

s

N

R

R

i s ORI MTEN A TR SO

o
o

~ RN

0.5 5 2 .5 .
number of clusters with multiplicities one or two per subframe

45

- simulated distril

0.04

=3

-0.04

-0.06'

S
o

x
X
2

—+

. . . . 45
number of clusters with multiplicities one or two per subframe

Figure 5.12 Simulated (red) and measured (blue) distributions of the number of hits in
one subframe with the Kapton foil (on the left) and the difference of these distributions
(right) for the measurement with the Kapton foil.

63
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Figure 5.13 Simulated (red) and measured (blue) distributions of the number of hits in
one subframe with the Kapton foil (on the left) and the difference of these distributions
(right) for the measurement without the Kapton foil.

with foil without foil
meas 3428 + 349 999 + 193
Npr, 253725667 + 15929 65732277 + 8108
Ploss 0.116 £ 0.004 0.111 + 0.004
5, 0.30519-018 0.346 4 0.017
oS 031 0.320+0015
Se. 0.00021470050041  0.002880-0001%

0B 0.0215 £ 0.0013 0.0215 £ 0.0013

Table 5.10 Summary of simulated and measured results from the whole double sided
stack.

Statistical uncertainty Systematical uncertainty
- Entries 1e+07 — Entries 1e+07
0.002 Mean  0.0001397 C Mean  0.0001401
£ RMS 1652605 0.006— RMS  4.016e-06
0.0018— F
0.0016/— 0.00s{—
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Figure 5.14 Distribution of the Pxk-values taking into account the statistical errors (left)
and the systematical ones (right).
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6 First results on the angular correlation
between hypersatellite and satellite
momenta

Contents
6.1 Data evaluation and simulation . ... ... ... ........ 65
6.2 Angular distribution. . . . .. ... 0000000000 67

6.1 Data evaluation and simulation

One goal of this work is to search for an angular correlation between the two coincid-
ently emitted fluorescence photons. Because of their pixelisation Timepix devices are
appropriate tools for this investigation. Therefore, the data from the double sided stack

with the Kapton foil is considered, as, in this data, the electronic contribution is lowered
Kapton Kapton
to a fraction e Np = % ; ~ 0.07. In the evaluation, first the clustering is done, a

cut is made on clusters with multiplicities one or two, the division into subframes and at
last the cut on subframes containing exactly two clusters with multiplicities one or two,
is applied. Now, the main information is not only ToA but also the coordinates of the
pixel hit and the time difference between the two events.

First one has to define a common coordinate system for both detectors. Here the
center of the source is taken as the origin. For the coordinates the actual positions
of the detectors with respect to the origin have to be adjusted. The z positions are
given by the distances from the detectors to the source (see chapter 5), where detector
102W15 has a negative z-value as it is "below” the source. The adjustment of the x- and
y-positions is done using the mean values of the appropriate distributions. As detector
HO9W15 is rotated by 180° around the x-axis, the x- and y-values are calculated by

1 _ .0 : 1 _ .0 : .
THoow1s(T) = Thoowis — &> respectively Yiioowis(¥) = Ynoowis — ¥- The adjustment is

then the problem of the determination of the yio and :c?, so that four equations have to
be solved:
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6 First results on the angular correlation between hypersatellite and satellite momenta

Detector 2V in pixel 4% in pixel 20 in pixel
102W15 -131 -122 -96
HO9W15 132 133 101

Table 6.1 Relative positions of the detectors with respect to the center of the source in
pixel.

mﬁ"{lmww(a?mean) = To9wi5 — Tmean = 0,

ylr{etl)gww(ymcan) = 3/10{09W15 — Ymean = 0, (6.1)
Tishwis(Tmean) = Tow1s + Tmean = 0, '
Yioowis(Ymean) = Ylbowis + Ymean = 0.

Table 6.1 shows the calculated values. One can define two vectors @ = (x§812W157yf812W157Zf812W15)T

P (rel rel rel T :
and b = (¥559w1s:Yioow1s-2loow1s)  and the angle between these vectors is calculated
as

ab
lal - bl
For the further evaluation each calculated angle is stored with the corresponding

coordinates and the time difference between the two coincident events in a TTree (see
[19]). Thus, cuts on the time differences can easily be applied.

@-b=lal-|b|-cosa — a = arccos

(6.2)

As the radioactive source used is no real point source, this data has to be compared to
the simulation. For this task the ROSI package is used again: Two particles are emitted
at the same time and the simulated x and y positions are written to ASCII files. The same
evaluation as for the measured data is performed. As there are two types of coincident
events, the random coincidences, where the two photons have different origins and the
true coincidences, where the photons have the same origin, these contributions have to be
simulated separately. To get an impression of the reliability of the simulated data, the sim-
ulated angular distribution for the randoms is compared to the measured one (see figure
6.1). To get rid of the true coincidences in the measurement for the comparison, only those
angles are taken, where the time differences between the events is bigger than 4 or smaller
than -5 clock counts. Each angular distribution is normalized using the condition ¥ih; = 1.

These distributions are in good agreement. Wherefore in the next section an attempt
is made to find an angular dependence for the coincident hypersatellite satellite emission.
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Figure 6.1 Comparison of the measured (blue) and simulated (red) angular distributions
for the random coincident background.

6.2 Angular distribution

As next, the angular distribution of the true coincidences is investigated. Therefore all
angles with time differences in the interval [—5; 4] clock counts are considered and filled
into a histogram. This distribution contains the random background events as well as
the true coincident ones:

fcoincident(ATOA) = frandom(ATOA) + ftrue(ATOA)- (63)

To get the angular distribution of the events in the coincidence peak the distribution
of the random coincidences (see figure 6.1) is subtracted from the measured coincident
one. Therefore, these histograms have to be scaled by the relevant integrals of the fitted
curve (see figure 5.9, right side), i.e. ﬁ for the distribution in the signal range and

-5

for the distribution of the random events, respectively. These scaled

1
—6 1109
f,llggfﬁt‘f' 5 fﬁt

distributions and the resulting one for the true coincidences are shown in figure 6.2. !

LConsistently, the same upper and lower limits for the coincident region as in chapter 5 were used.
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Figure 6.2 Comparison of the scaled angular spectra of the randoms and the coincident
ones (left) and the one obtained by subtracting the random spectrum from the coincident
one (right).

To see if there is an angular dependence of this coincident emission, this distribution
has to be corrected for the angular dependence of the solid angle acceptance. Therefore
the simulation is used, where two coincident particles are isotropically emitted. The
simulated angular distribution is shown in figure 6.3.

The correction of the measured data is done by dividing the bin contents of the
measured by the contents of the simulated histogram. The resulting one is shown in figure
6.4) and shows a flat distribution with a sharp peak in the bin with angles © € [0.5;1.5].

This ”small angle peak” may not just be caused by a possible angular correlation of the
hypersatellite satellite momenta, but also by tracks on the pixel matrix interrupted by
masked pixels. This possibility is investigated in the following: The relative coordinates
on the matrix of the two coincident events are compared to the map of the masked pixels
for both detectors (see figure 6.5). For detector HO9W15 six events were found that
may be due to such interrupted tracks. 2 Doing the same evaluation as described above,
taking out these six events, one finds the histogram shown in figure 6.6. This histogram
is rebinned by a factor of four and shown in figure 6.7.

Still, this ”small angle” feature can be seen in the distribution and should be a topic of
further investigations. But, as this deviation is not significant, with the actual evaluation
and the statistic up to now no evidence for an angular distribution can be found.

At last, a few notes on this preliminary angular distribution shall be made:

2Please note: This coincidences caused by interrupted tracks also have to be considered in the future high
precision Pkk-evaluation (see chapter 5). With the actual evaluation these six events are negligible
compared to the number of coincident events (Np.oi = 3428).
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Figure 6.3 Simulated angular distribution of the true coincidences.

e This angular distribution contains all possible coincident events described in chapter
3, i.e. Yyusvye, yasve-, yusve-, yus (1 —y)e-, (1 — yus)ve-, as well as the
coincidences of internal Bremsstrahlung photons or electrons from the L- and M-
shell with K-fluorescences. As only the hypersatellite satellite coincidence emission
yHs v €- is the signal of interest, its contribution P, ~& to the distribution is

estimated using the formula

NKapton

:W (P [0 (1 = deJwie,,  + (1= 07 dewr,
peak

+5 (L= )dewi, o + 5 —0e (1 = Wiy 5) + 0o (1 —wi, )]
¥ Y

+Pe-5e- + PIB(SIB)7

derived from the formulae given in chapter 3. With the values given in table 5.10
for the measurement with the Kapton foil and the result of the Pkk-evaluation,

one finds:

PKK . (5,1;18 . (1 — 5e) C WK, 5" N]I){Lapton
Prusne = e Kapion = 0.942 = 94.2%. (6.5)
peak
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Figure 6.4 Corrected angular distribution for the true coincidences.

This means that 94.2% of all events used for the determination of the angular
correlation function were due to hypersatellite satellite coincidences.

)

The measured distribution fieas(©) is a convolution of the distribution of the ”true’
emitted angles firue(©) with the response function of the detector R(©):

fmeas(@) = ftrue(e) X R(@) (66)

Thus, to get the true angular spectrum the response of the detector to the dif-
ferent angles between the fluorescence photons has to be simulated to perform a
deconvolution of the measured distribution.

The errorbars shown in the plots do not include any systematical uncertainty due
to the uncertainty of the distances of the detectors to the source and the thickness
of the Kapton foil. Their estimation can be done in the same way as described in
chapter 5.
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Figure 6.5 Coincident small angle events on the pixel matrix for the detectors [02W15
(left) and HO9W15 (right). The relative coordinates of this events (black) are compared to
the map of masked pixels (red). In this way six coincident events were found for detector
HO09W15 that may be due to interrupted tracks (see circles).
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7 Summary and outlook

The main goals of this work were achieved. It was shown that with a stack consisting of
two Timepix devices the current uncertainties of the Pxk-value of the isotope *°Fe can
be decreased by at least a factor of two within reasonable measuring time, even without
having any energy information. The result obtained in this work is

Pyx = 1.400 £0.165 70012 .

stat. syst.

Simultaneously, for the first time the angular correlation function for the coincident
hypersatellite satellite emission was presented. For a statement on an angular correlation
further investigations, like simulating the angular response function of the detector and
estimating the systematic error of the setup used, and data with more statistics are needed.

The presented evaluation contains about 73 days of measurement with the Kapton
foil, which corresponds to an effective measuring time t?;p " — 14h (and about 20
days without the Kapton foil corresponding to teg = 3h). As the error is dominated
by the error on the number of measured coincident events with the Kapton foil, only
this measurement has to be extended by a factor of three (meaning about 220 days of
measuring) in order to decrease the statistical error to APgx = 0.095 - 1074, get the
result with the lowest uncertainty and being able to favor a theoretical model.

Faster readouts as well as detectors which can provide energy- and time of arrival
information simultaneously are being developed which could speed up the measurements
remarkably. Thus, the described measurements and evaluation can be done for different
elements to prove the Z-dependency of the Pxk-value and search for an angular correla-
tion of the coincident hypersatellite satellite emission. In the pure LS-coupling of the
low Z elements, like iron, which was investigated in this work, the spin-flip transition
is forbidden. As with increasing atomic number Z jj-coupling becomes more dominant,
those elements may show other features in their angular correlation functions.
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Figure A.1 Detailed drawing of the holder for the **Fe source used for the measurement
of the detection efficiency. The distances are given in mm. As the modeled timepix-device
was not bump bonded to a sensor layer, the actual distance from the top of the sensor layer

to the source is 0.3 mm smaller.
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Figure A.2 Detailed drawing of the one sided readout stack for the ®*Fe source. The
distances are given in mm. As the modeled timepix-device was not bump bonded to a sensor
layer, the actual distance from the top of the sensor layer to the source is 0.3 mm smaller.
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B Tables

Date A(t) in kBq  tegins Nijack NEPZWL5 NEPOWLS
17/02/2012 63.11£0.96 1345.4 8311956 £ 2883 4439979 + 2107 3875819 + 1969
22/02/2012  62.90 +£0.95 13454 8246390 & 2872 4421673 +2103 3828649 & 1957
24/02/2012  62.81+0.95 1345.4 8228450 2869 4491930 +2119 3740853 + 1934
27/02/2012  62.66 £0.95 886.8 5349956 4 2313 2909906 £ 1706 2442935 + 1563
02/03/2012  62.50+0.95 1345.4 7968664 4 2823 3947053 £ 1987 4024977 + 2006
05/03/2012 62.384+0.95 1345.4 7940193 4+ 2818 3929574 £ 1982 4014059 + 2004
07/03/2012  62.304+0.95 1345.4 790167242811 3913763 £ 1978 3991399 + 1998
09/03/2012  62.20+0.94 1345.4 7905301 4 2812 3909475 £ 1977 3999305 + 2000
11/03/2012 62.11+£0.94 6824 3913605+ 1978 1913835 41383 2001443 + 1415

Table B.1 Measurements with the double sided stack without the Kapton foil: The dates,
the appropriate activities of the ®*Fe source and the measured numbers of diagram line

photons.

Date

stack
57

102W15
67

HO9W15
57

17/02/2012
22/02/2012
24/02/2012
27/02/2012
02/03/2012
05/03/2012
07/03/2012
09/03/2012
11/03/2012

0.345 £ 0.005
0.343 £ 0.005
0.343 £ 0.005
0.339 £ 0.005
0.334 £ 0.005
0.333 £ 0.005
0.332 £ 0.005
0.333 £ 0.005
0.325 £ 0.005

0.185 £ 0.003
0.186 £ 0.003
0.189 £ 0.003
0.186 £ 0.003
0.167 £ 0.003
0.166 + 0.003
0.166 = 0.003
0.161 £ 0.002
0.166 = 0.003

0.164 + 0.002
0.162 + 0.002
0.159 £ 0.002
0.158 £ 0.002
0.171 £ 0.003
0.171 £ 0.003
0.170 £ 0.003
0.171 £ 0.003
0.169 = 0.003

Table B.2 Calculated acceptances for the measurements without the foil.
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B Tables

Run number  A(t) in kBq N]SthjCk ]\T]IDOEW15 Ngﬁgww
7 60.51 £0.92 7893319 2810 4165399 & 2041 3727920 4 1931
8 60.42 +0.92 7878467 £ 2807 4148646 + 2037 3729821 4 1931
9 60.33 £0.92 7844157 2801 4135584 + 2034 3708573 + 1926
10 60.24 +0.91 7826070 £ 2798 4130711 42032 3695359 £ 1922
11 60.15+£0.91 7839362 + 2800 4132220 + 2033 3707142 + 1925
12 60.06 £ 0.91 7828812 + 2798 4120305 4+ 2030 3708507 £ 1926
13 59.97 £0.91 7804376 & 2794 4114963 £ 2029 3689413 £+ 1921
14 59.88 £ 0.91 7812065 £ 2795 4119274 + 2030 3692791 £ 1922
15 59.80 £ 0.91 7788395 4+ 2791 4123522 £ 2031 3664873 £ 1914
16 59.71 £ 0.91 7779004 £+ 2789 4123633 + 2031 3655371 £ 1912
17 59.62 £ 0.90 7748915 + 2784 4103953 42026 3644962 £ 1909
18 59.53 £0.90 7713061 £ 2777 4082834 £ 2021 3630227 4 1905
19 59.45+0.90 7706412 £ 2776 4088017 42022 3618395 £ 1902
20 59.35 £ 0.90 7721487 £2779 4099002 £ 2025 3622485 + 1903
21 59.27+0.90 7738456 £ 2782 41010754+ 2025 3637381 £ 1907
22 59.18 £0.90 7731870 £2781 4079366 + 2020 3652504 4+ 1911
23 59.09 £ 0.90 7665386 £+ 2769 4073346 4+ 2018 3592040 £ 1895
24 59.00 £ 0.90 7655807 &£ 2767 4051631 £ 2013 3604176 + 1898
25 58.92 4+ 0.89 7651644 + 2766 4046328 + 2012 3605316 £ 1899
26 58.83 £ 0.89 7653421 #2766 4054162 £+ 2013 3599259 + 1897
27 58.74 £ 0.89 7641827 £ 2764 4044106 + 2011 3597721 £ 1897
28 58.65 £ 0.89 7627520 £ 2762 4020535 4+ 2005 3606985 £ 1899
29 58.57 £0.89 7617466 & 2760 4012038 £ 2003 3605428 + 1899
30 58.48 £ 0.89 7608600 £ 2758 4030751 42008 3577849 £ 1892
31 58.39 £0.89 7593957 £ 2756 4010250 £ 2003 3583707 4 1893
32 58.30 £ 0.88 7584504 + 2754 4022044 4+ 2006 3562460 £ 1887
33 58.10 £0.88 7589079 £+ 2755 3995895 + 1999 3593184 + 1896
34 58.02 £ 0.88 7573046 £ 2752 3998005 4+ 2000 3575041 4 1891
35 57.94 +0.88 7545006 4 2747 4000067 + 2000 3544939 + 1883
36 57.86 £ 0.88 7534368 £ 2745 3991979 4+ 1998 3542389 £ 1882
37 57.77 £ 0.88 7526891 4+ 2744 3981219 £ 1995 3545672 + 1883
38 57.69 + 0.88 7529864 + 2744 3986022 4+ 1997 3543842 £ 1883
39 57.61 £ 0.87 7473053 £ 2734 3957948 41989 3515105 £ 1875

Table B.3 Measurement with the Kapton foil. The data was divided into run containing
of 661 repetitions, each with 10000 frames.
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Run number

stack
6’7

102W15
6’7

HO9W15
6’7

7

8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

0.301 £ 0.005
0.301 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.301 £ 0.005
0.300 £ 0.005
0.301 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.299 £ 0.005
0.299 £ 0.005
0.300 £ 0.005
0.301 £ 0.005
0.301 £ 0.005
0.299 £ 0.005
0.299 £ 0.005
0.299 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.301 £ 0.005
0.301 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.300 £ 0.005
0.301 £ 0.005
0.299 £ 0.005

0.1587 £ 0.0024
0.1583 £ 0.0024
0.1581 £ 0.0024
0.1581 £ 0.0024
0.1584 £ 0.0024
0.1582 £ 0.0024
0.1582 £ 0.0024
0.1586 £ 0.0024
0.1590 £ 0.0024
0.1592 £ 0.0024
0.1587 £ 0.0024
0.1581 £ 0.0024
0.1586 £ 0.0024
0.1592 £ 0.0024
0.1595 £ 0.0024
0.1589 £ 0.0024
0.1589 £ 0.0024
0.1583 £ 0.0024
0.1583 £ 0.0024
0.1589 £ 0.0024
0.1587 £ 0.0024
0.1580 £ 0.0024
0.1579 £ 0.0024
0.1589 4 0.0024
0.1583 £ 0.0024
0.1591 £ 0.0024
0.1586 £ 0.0024
0.1589 £ 0.0024
0.1592 £ 0.0024
0.1591 £ 0.0024
0.1589 £ 0.0024
0.1593 £ 0.0024
0.1584 £ 0.0024

0.1421 £ 0.0022
0.1423 £ 0.0022
0.1417 £ 0.0022
0.1414 £ 0.0021
0.1421 £ 0.0022
0.1424 £+ 0.0022
0.1418 £ 0.0022
0.1422 £ 0.0022
0.1413 £ 0.0021
0.1412 £ 0.0021
0.1410 £ 0.0021
0.1406 £ 0.0021
0.1403 £ 0.0021
0.1407 £ 0.0021
0.1415 £ 0.0021
0.1423 £ 0.0022
0.1402 £ 0.0021
0.1408 £ 0.0021
0.1411 £ 0.0021
0.1411 £ 0.0021
0.1412 £ 0.0021
0.1418 £ 0.0022
0.1419 £ 0.0022
0.1411 £ 0.0021
0.1415 £ 0.0021
0.1409 +£ 0.0021
0.1426 £ 0.0022
0.1421 +£ 0.0022
0.1411 £ 0.0021
0.1412 £ 0.0021
0.1415 £ 0.0021
0.1416 £ 0.0022
0.1407 £ 0.0021

Table B.4 Calculated acceptances for the measurements with the foil.
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C Plots of the Pxk-evaluation for 102W15
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Figure C.1 Spectrum of time differences without the foil with the fit to the background
on the left and extrapolation of the fit on the right. The detector is I02W15.
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Figure C.2 Spectrum of time differences with the foil with the fit to the background on
the left and extrapolation of the fit on the right. The detector is I02W15.
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C Plots of the Pgg-evaluation for 102W15
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Figure C.3 Comparison of the simulated and measured spectra of the ToA differences.
The full spectra can be seen in the left plot, a zoom into the region of interest is shown on
the right. The red curves are simulation output.
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Figure C.4 Simulated (red) and measured (blue) distributions for the number of clusters
with multiplicities one or two in one subframe (left plot) and the difference of these distribu-
tions (right plot) for measurement with the Kapton foil.
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Figure C.5 Simulated (red) and measured (blue) distributions for the number of clusters
with multiplicities one or two in one subframe (left plot) and the difference of these distribu-
tions (right plot) for measurement without the Kapton foil.
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D Plots of the Pxk-evaluation for HO9W15
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Figure D.1 Spectrum of time differences without the foil with the fit to the background
on the left and extrapolation of the fit on the right. The detector is HO9W15.
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Figure D.2 Spectrum of time differences with the foil with the fit to the background on
the left and extrapolation of the fit on the right. The detector is HOOW15.
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D Plots of the Pkg-evaluation for HO9W15
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Figure D.3 Comparison of the simulated and measured spectra of the ToA differences.
The full spectra can be seen in the left plot, a zoom into the region of interest is shown on
the right. The red curves are simulation output.
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Figure D.4 Simulated (red) and measured (blue) distributions for the number of clusters
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