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Abstract

Investigating di usion in solid state matter has been a lstapding challenge. In recent years a
new technique called atomic-scale X-ray Photon Correl&@jmectroscopy (aXPCS) has emerged.
Its working principle is the same as for the long establiBlyeémic Light scattering, but with X-rays
instead of visible light. The successful realization of RGS experiment was made possible by
powerful new X-rays sources like third-generation syndmetand free-electron lasers.

Ideally, the X-ray beam would only measure internal dynaanid$eave the system unperturbed
otherwise. However, a recent study has shown that the dyisamiitreous silica and germanium,
measured via aXPCS is proportional to the ux of the beam,eathi#2 dynamics in metallic glasses
and single-crystalline GgAu,;o does not show this behaviour. This indicates that aXPCS does
not only probe dynamics in some materials like oxide glassesalso induces dynamics. Further
investigations of this beam-induced dynamics will be thesf@f this thesis.

The thesis begins with a theoretical treatment of aXPCS akasehetwork glasses in general
and oxide glasses in particular. Then the experimentaloapprand the data evaluation process
will be presented in detail.

In the main part the e ects of the beam on the dynamics of a weagje of oxide glasses will be
investigated. It will be shown that the dynamics in all glashow a dependence on the photon ux.
The dynamics measured at room temperature is proportian#hé ux in all glasses, indicating
that the dynamics is entirely beam-induced. At temperatwell above room temperature the
in uence of the beam becomes signi cantly smaller, hintiga mixture of beam-induced and
internal dynamics.

Furthermore, the characteristics of the induced dynamilidoes explored in detail. Finally, the
consequences of beam-induced dynamics on future aXPCSexmsrwill be discussed and some
possible mechanisms underlying beam-induced dynamsesi@e.



Zusammenfassung

Das Erforschen von Di usionsprozessen in Fegthrn ist seit jeher eine gro e Herausforderung. In
den letzten Jahren ist mit der atomaremriRgen-Photonen-Korrelationsspektroskopie (aXPCS) eine
neue Technik aufgekommen die esegfitht Di usionsprozesse auf atomarer Ebene zu beobachte
Das Prinzip hinter der Methode ist dasselbe wie bei deriettr Methode der dynamischen
Lichtstreuung, nur dass bei aXPC8riRgenstrahlen verwendet werden anstelle von sichtbaidr L
Die erfolgreiche Etablierung wurdegtch durch neue, leistungsstarke QuelrR®ntgenstrahlen
wie Synchrotrons der dritten Generation und Freie-Elaktrd_aser.

Idealerweise dienen diemgenstrahlen zur Messung von internen Dynamiken urehass Sys-
tem sonst ungestt. Jedoch habenekzlich durchgeihrte aXPCS Messungen amggrnem Silizium
und Germanium gezeigt, dass die Dynamiken proportionalPhuwtonen uss des étgenstrahls
sind. Dieses Verhalten konnte in ebenfalls gemesseneilisneen Gisern und dem Einkristall
CuwoAuy nicht beobachtet werden. Die Fluss-Ablgigkeit deutet darauf hin, dass aXPCS nicht
nur interne Dynamiken in einigen Materialien wie Orglgyin misst, sondern auch selbst erzeugt.
Diese induzierte Dynamiken sind der Hauptfokus diesertArbei

Die Arbeit beginnt mit einer theoretischen Abhandlung von é&P®wie Netzwerkgser im
Allgemeinen und Oxidager im Speziellen. Danach wird die experimentelle Varg@bise und die
Datenauswertung im Detail behandelt.

Im Hauptteil dieser Arbeit werden die Auswirkungen destdgenstrahls auf die Dynamik in
einer breiten Auswahl an Oxiegern untersucht. Es wird gezeigt, dass die Dynamik in Gkeern
eine Ablengigkeit vom Photonen uss aufweist. Die bei Raumtempergemessene Dynamik ist bei
allen Ghsern proportional zum Photonen uss. Das ist ein starkaiz btabir, dass jegliche gemessene
Dynamik strahlinduziert ist. Bei Temperaturen deutkdier der Raumtemperatur wird der Ein uss
des Strahls merklich geringer, was auf eine Mischung arséntund induzierter Dynamik hinweist.

Weiters werden die Eigenschaften der induzierten Dynaem&wegr untersucht. Schlussendlich
werden die Auswirkungen der strahlinduzierten Dynamikdainttige aXPCS Experimente disku-
tiert und megliche Mechanismen die diesen Dynamiken zugrunde liesgganpert.
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Chapter 1

Introduction

There are a variety of methods to investigate di usion in terat A rough overview is given in
Fig. [1.1. However, it is still extremely challenging to tgve feasible technique for studying the
motion in hard solid matter on an atomic level. Two requinetsienust be ful lled. Firstly, the
spatial resolution must be in the order Afigstrom. Secondly, the energy range of the technique
must cover small frequencies since atomic motion in soliteraas relatively slow. A recently
developed method that ful Is both requirements is calleoimac-scale X-ray Photon Correlation
Spectroscopy (aXPC8). It was developed from the long-existing Photon Correlafipectroscopy
(PCS) or Dynamic Light Scatterif@y(DLS) respectively. DLS uses visible light, while aXPCS uses
hard X-Ray§to probe matter. Like its predecessor, aXPCS studies thedsahphange in speckle
patterns projected at the detector by the scattered radiati To make the technique feasible, a
coherent X-ray source with a high ux of photons is necessary.

The successful implementation of aXPCS was made possibl@dgrmthird-generation syn-
chrotrons and free-electron lasers. They are able to ppduRays in a wide energy range and
with a high degree of coherence. They also have an unrivalléanc@ compared to any other
source of X-rays. The high brilliance comes with a price thoddnere is always an unavoidable
interaction between beam and sample and the higher the phod is, the higher the chance that
the beam will have a distorting e ect on the experiment. Ehare two possible consequences of the
interaction with the sample. It can have either permaneetes, i.e. radiation damage, or temporal
e ects on the sample and therefore changes the outcome oéxperiment. When conducting an
experiment it is crucial to know what this e ects are and htw in uence the results to interpret
them correctly. The consequences of this unavoidableactten between beam and the sample
depend both on the energy and ux of the beam and the samplermahthat is probed.

Radiation damage, that is a permanent change in the atomictstre, is a well known artefact
in soft matter physics. Soft matter is matter that is easigfaimed by mechanically or thermal
stress, like polymers and biological samples. The e ectX-oays on this materials range from
small chemical rearrangements to the complete destruofitimie sampl&!. This e ects have been
studied intensively in the past and are well known today.

For hard matter the situation is quite dierent. A silent c@msus that hard X-rays do not
damage samples made of hard matter permanently has existed past. However, there is no

IX-rays with photon energies above 5 to 10 keV are commonly called Kardys, those with lower energy are
called soft X-rays.
number of photons

2grilli -
Brilliance= secondmrad? mm2 0:1%Bandwidth
3F|UX — number of photons

secondmm?




good reason to assume that dynamics is also not in uencedimhantensity beam of hard X-rays.
There have been few studies on this subject. The rst exmarinnvestigating possible beam-
induced dynamics was conducted bei Leitner 8t arhey performed an aXPCS experiment with
a single-crystalline GgAu,o at the beamline P10, PETRA 11l in Hamburg. In this experimga
energy of the beam and temperature of the sample were xedteJiothe beam's e ect on the
sample they varied its intensity by inserting di erent narsbof attenuators. What they found was
that the dynamics did not depend on the intensity of the be@his indicates that there are either
no beam-induced e ects on the material investigated or that dynamics was too fast to detect
with their experimental setup.

In 2016 a group at the beamline ID10, ESRF in Grenoble perfioanconceptually similar
experiment. Instead of single-crystallinedBuw o, they used vitreous silica,8), vitreous germania
GeO and a metallic glass with the compositiongéZir,7.5sAl75. The rst two materials are simple
oxide glasses. To everyone's surprise they found that treys<generate a non-trivial stationary
dynamic$! in this two oxide glasses and the dynamics was dependeneomnthber of attenuators
inserted. The metallic glass on the other hand did not show@ndependence at all. Hence, the
measurements of the oxide glasses stand in contrast to tHeaofideitner et al. and are hinting to
the presence of beam-induced dynamics, while the metis gon rms them.

This results indicate that di erent types of hard matter aneuenced in a di erent way by hard
X-rays, some of them showing beam-induced dynamics and semeta

In the course of this thesis further aXPCS experiments o ghasses were conducted to study
this stationary dynamics caused by the beam. The main gahisothesis is to gain detailed insides
on how the photon ux in uences the dynamics for di erent ggacompositions and temperatures.
Additionally, an attempt to give a theoretical explanatidnttte interaction between matter and
hard X-rays will be made.
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Figure 1.1: Overview of available methods to measure dnusi hard matter. The axis show the
typical lengths (x-axis) and frequencies (y-axis) of theadyic structure facto8(Q / length *;!)
that can be accessed by the respective method. Tracer dnusieasurements and nuclear mag-
netic resonance spectroscopy (NMR) are only plotted wipeet to the frequency, since they are
macroscopic methods and therefore are not able to resobresoopic dynamics.



Chapter 2

aXPCS: Studying di usion on the atomic
scale

aXPCSs is a fairly new technique, although the idea behind ribisso new. As mentioned in
the introduction, it is already an established techniquih wisible light calledDynamical light
scattering? (DLS). aXPCS can be classi ed as an elastic scattering tgaleniworking in the time
domain and based on hard X-rays with a need of a high photonndxaghigh degree of coherence.

X-rays have a wavelength ranging from 0.01 to 10 nm. This isdahee order of magnitude as
typical distances of atoms in solid state matter. This makeays the perfect tool for di raction
experiments on the atomic scale.

Atomic di usion in glasses is in general relatively sloweatgeratures where the glass is solid
and an amorphous (i.e. not recrystallizing) material. Thattering vector is in théAngstrom
regime which makes aXPCS, at the time this thesis was writtenpnly technique to investigate
it.

2.1 Working principle

It is known from di raction theory, that a beam of X-rays hitfj a disordered system, e.g. glass,
the radiation scatters in all directions and angles witlpeesto the incoming beam. In general,

the scattered intensity is a function of scattering angld dimection, i.e.l = 1(qg). In contrast to
ordered systems, the scattered intensify)) in glasses is equally distributed in all directions. Due
to this symmetry, the intensity(q) only depends on the absolute valueqoi.e. | = 1(g). The

exact form ofl (q) depends on the structural composition of the glass.

The intensityl (q) seen at the detector for some chosen value of q is a pattereeshiagly
randomly positioned speckles with dark spots in betweere ratio between dark spots and the
speckles will of course depend on the ux of the incoming ba&aanon the scattering power for
the chosen g-value. It turns out however that the positiodnghe speckles are not random after
all. They depend on the position of the atoms in the disodieystem. The di racted photons can
either interfere constructively (light regions, i.e. $bes) or interfere destructively (dark regions)
during the scattering, resulting in the before mentioneztkfe pattern. If there is ongoing di usion
in the material, the positions of some atoms are changing ve. With the position of the
atoms changing, the areas that interfere constructivety @estructively also change. This leads to
a change of the speckle pattern over time. This temporal ghan the speckles is recorded by the
detector and then used to measure and gain information athmamics in the material investigated
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(see Fig[ 2]1).

Cohererent X-ray bea
eI o e

Figure 2.1: A sample gets irradiated with a coherent higgnge X-ray beam. An area detector
is placed at an angle 2 Due to interference the X-ray beam produces a speckle padtethe
detector. A time series of speckle patterns is measuredniétmotion in the sample causes the
speckle pattern to change over time, from which informatibtihe di usion process can be gained
by calculating the autocorrelation function of the inténsit the detector.

2.2 Light sources for aXPCS

For dynamic light scattering, laser light provides an ogtilght source, since it is coherent and has
a high intensity. The situation for X-rays is more di cult smnthere have not been suitable sources
in the past. This has changed with the upcoming of third-gaien synchrotrons and free-electron
lasers. Both provide X-rays with coherence and intensity émgugh for coherent scattering. This
led to the implementation of atomic X-Ray photon correlaspectroscopy. aXPCS is capable of
measuring low frequency dynami¢€®(Hz to 10 3 Hz) in a g-range from typically 10 > A ! to
severalA 1,

2.3 Coherent X-Ray scattering

The aforementioned speckles are caused by interferenigobbtons scattered by the atoms in the
material. However, the speckles would change even withagiah, if there was no xed phase
relation between the scattered photons. Hence a high defezherence is crucial for a successful
aXPCS experiment. Otherwise only noise would be detected.

It will be shown later that the Signal-to-Noise Ratio (SNRapproximately proportional to the
degree of coherence. The issue of coherence can be splittwp parts. Firstly, the coherence



of the incoming beam needs to be characterized. Secondycdherence loss of the scattered
radiation, caused by the di erence in path length duringtecang, must be discussed.

2.3.1 Coherence of the incoming beam

Light sources can be classi ed into sources that are basedfimalated emission, i.e. laser light,
and chaotic light sources. A laser is an ideal coherent $ightce, since the process of stimulated
emission guarantees a well-de ned phase relation betvildbe photons in the beam. Unfortunately,
this does not hold for chaotic light sources based on spentanemission. Chaotic sources are,
for example, light bulbs, X-Ray tubes and also synchrotrdiatran facilities. For this source types
the coherence can be characterized in terms of the longdaudbherence length and the two
transversal (vertical, horizontal) coherence lengthd?. The longitudinal coherence lengthis
given by

5 = v 2.1
3= (2.1)
while the transversal coherence length is given by
L
. . 2.2
v;h 2Dh;v ( )

Here, is the wavelength of the beam, is the spreading of the wavelength at full width of
half maximum,L the distance from source to sample adg;, is the source size in vertical and
horizontal direction. The coherent volume is spanned byrtresverse and longitudinal coherence
lengths, giving the coherence volume

2 L
4 = )Dh;v.

However, in an actual experiment the illuminated volumesiglly smaller than the coherent
volume, leading to a loss of coherence. The degree of caleerean be estimated by the formifia

(2.3)

Veoh= v n ot

Vc%h
—=. 2.4
Vi @4
Vi is the illuminated volume, whil?, is the volume that is spanned by either the coherence
length or the beam width in the respective dimension, dapgrh which is smaller. In the common

case, i.e. the traversal coherengg is larger than the beam widtW/ the formula reduces to

|
W (2.5)

2.3.2 Coherence loss within the sample

Unfortunately, coherence is lost to some degree while taenkeavels trough the sample. The
maximum path length di erence (PLD) is de ned as the di ecenbetween the shortest and the
longest geometrical path that a photon takes through the gam A setup for a typical X-ray
di raction experiment in transmission geometry is showRig [2.2. The beam has a diametér
the sample thickness W and the di raction angle i2 . For this geometry, the maximal PLD for
a photon is



P=p+p ps. (2.6)

After some rearrangements of E¢. (2.6), the maximum PLD caexpeessed as a function of
d, W and :

P=d sin2)+2W sir() (2.7)

Figure 2.2: The path length di erence for two photons that atea maximal distancd. Due to
this di erence the phase relation between the photons chsnghis causes a loss in coherence.

To not loose coherence due to di erences in the path lend nhaximum PLD must be smaller
than the longitudinal coherence len§th

P=d sin2 )+2W sirf( ) | (2.8)

This condition was derived for maximal PLD. However, the BLBost scattered photons will
be less than this. Therefore, even if the condition is $lightlated, an aXPCS experiment is still
possible, although with reduced contrast.

2.4 From speckles to di usion dynamics

Physically, the speckle pattern is caused by the scattertedsity. The intensity is a coherent
superposition of scattering probability amplitudes. Matlatically, this is expressed by the equation

X 2
I(q;t) = fo(a)expig ra(t)) . (2.9)
n
Here,q is the scattering vectof,,(q) is the scattering amplitude of the nth scatterer at position
r, and timet. The sum is taken over all scatterers, that are in the coherelume. The exact



locations of the speckles are determined by the atomic eoatgn and the change of the speckles
is caused by diusion in the material. This raises the qoasthow this change of the speckle
pattern can be measured. The mathematical tool to measuaagsh in the electric eld is the
normalized, rst-order time autocorrelation function (AC It is de ned as

_ ME (q;t) E(qit+ tir
hE(:t) i

The denotes the complex conjugate of the electric eld. The ke&ch it indicate, that the
time average has to be taken over the acquisition time T. Faonexperimental standpoint, Eq.
(2.10) works for an experiment where a point detector is.ubethe case an area detector is used,
l.e. multi-speckle aXPCS, there has to be taken the averageativpixels additionally to the time
average. This will be discussed in sedtioh 2.5.

A model for describing di usion on the atomic level in sdiidesmatter, that has been proven
to work very well, is the jump diusion model: Its basic agsuom is that atoms stay most of
the time at their position in the network of atoms, only vibrg around their equilibrium position.
Di usion occurs in the form of very fast jumps, contrary te tbonception of continuous di usi@n
One jump di usion model is the Chudley-Elliot md¥delChudley and Elliot were able to derive an
analytical form for the rst-order autocorrelation funat:

(2.10)

oW (a; t)

g (g; ty=e (9! (2.11)

Here, ( q) is called the decay parameter( q) can be given in an analytical form for the
Chudley-Elliot model. This model will be discussed in Idietaiection 3.4. The inverse df g),
= 1 is called the characteristic decay time and connected éadifusion constantD. In the
limit g! O, the decay parameter, respectively the decay time and the di usion constanD
are connected 1§

(a)= Y@=D ¢ (2.12)

Eq. (2.11) is useful from a theoretical standpoint. Althotighelectric eld cannot be measured
directly and therefore, the rst-order autocorrelatiomdétion cannot be measured. What can be
measured are intensities of the electric eld. For the daftien of the intensities, there is the
second-order autocorrelation function. This functioniveg by

_ h(g;t) I(gt+ 1ig

P (@012
_ ME ()E(a;t) E (q;t+2. DE(@:t+ Bir (2.13)
hE(q;t) “it
Furthermore, the rst and second order ACFs are connectettidysiegert relatioB?:
¢?(a; =1+ jg¥(q; 1)j? (2.14)

1Continuous di usion is a suitable assumption for solids and gaséwre particles are relatively free to move. It
fails to work in solid state matter, where atoms are strongly boumithin potential energy walls.



It must be pointed out that this equation is valid for a measugnt with full coherence, i.e.
the coherence factor = 1. In the case of reduced coherence, Qe. < 1, the Siegert relation
takes the form

@@ =1+ jg®P(a; Bj% (2.15)
With this relation, a functional form of the second-ordetogorrelation function can be given:

g?(aq; t)=1+ e 2(9 ¢ (2.16)

2.5 Multi-speckle aXPCS

In the previous section, all considerations were made uheexssumption, that the experiment is
done with a point detector. This can especially be seen infE#Q), where the averaging is only
with respect to the timel'. There is no averaging over an ensemble of pixels. Howeesagang
over a multitude of di erent pixels, can bring a tremendousease in coherence, as will be shown
here.

Firstly, to get from single-speckle to multi-speckle aXPE, (2.13) must be modi ed:

hip(a;t) Tp(git+  titip
hip(g;t)i%ip
This modi ed version takes the intensity(q; t) at pixel p, averages over all pixels and then
takes the time-average over all frames. Furthermore, ittrhaskept in mind, thatq is now a
function of p, since it slightly varies for every pixel duéghto nite size of any area detector. This
can be neglected however, if the shift] is small compared tq.
It has been shown that the signal-to-noise ration (SNR) foltilspeckle aXPCS is givenBy

g@(a; t)= (2.17)

SNR= Hi" NP

oo (2.18)

Here,n i is the mean number of photons per pixel and per fralhas the number of pixels,
each with a size of a x amny, is the number of time bins, i.e. frames, for a measurementlli
is the already known optical contrast. Eff. (2.18) shows thatSNR scales, amongst other factors,
with the square root of the number of pixels.

For example, the detector at PETRA IlI, an Eiger 4M, had apprately 4 Million pixel, giving
a contrast 2000 times higher than a point detector would h&veomparison to that, the detector
at ESRF, an Andor CCD camera, had approximately 1 millior. piXes resulted in a factor of 2
in the di erence of contrast between this detectors.

This numbers indicate that measurements with a point deteebuld have had a contrast so
low, that no useful data would have been gained. Hence, fpraX?CS experiment, an area
detector must be used.

2.6 Stretched exponential modi cation
Eq. (2.16) was derived under the assumption, that a singlesss is active and causing the di usion.

In a more general case, several processes can be activeuaimd ch usion at di erent rates. Then
Eq. (2.16) must be replaced by the sum of multiple exponlenteach being accountable for

9



one di usion process. This can be done in an approximatiyebwantroducing the Kohlrausch-
exponen# | giving the modied version of the second-order ACF, the alted Kohlrausch-
Williams-Watts (KWW) functio®!:

g2(q; t)=1+ e (DD (2.19)

can be a number between 0 ahd There are three cases that must be distingui§hed

> 1
In this case the function is calledcampressed exponential function. This is an indicator
that the sample is not in an equilibrium sf8teThis can happen for example, when a glass
sample is heated up and measured directly after the heatroggs. Then there is a possibility
that the atoms are still in a process of rearrangement, wivimhld result in an> 1.

=1:
Here, the material is in an equilibrium state and there isque di usion process active.
0< < 1L

In this case the function is calledsatetched exponential function . The physical meaning
of this is that there are several processes active, caugmajrdcs in the material.

2.7 Two-times correlation function

An additional mathematical tool for interpreting the resulf an aXPCS measurement is the two-
times correlation function. It is de ned as the covariantéhe scattered intensiil,

C(a;ta;tz) = hD(g;t1) D(q;t2)i. (2.20)
D(q,t) is the normalized intensity uctuation. It is de ned as
o H@t) hi(g)i
D(g;t) = (D : (2.21)

whereh (q;t)i is the average intensity, with the average being taken di/pixals for a given
time t. The two-times correlation function is very usefulsee whether a sample is in an equi-
librium state or undergoing a structural transition, e.gprease transition or large-scale structural
rearrangements, during the measurement.

An example to illustrate how the two-times correlation fimciworks is shown in Fi§. 2.3. As
the nametwo-times correlation functiomlready suggests, on both axes the time is plotted. This
means, that the diagonal indicated by the black arrow isitiee df same time, i.et; = t,. Along
this line the correlation is maximal for a given time % Perpendicular to this line of equal
time, the time di erence t increases. Hence, along this path the correlation deese@ssuming
that there is di usion occurring. In the plot this is indiedtby color, ranging from white (maximal
correlation) over yellow, then red and nally to black (neretation). The time di erence until the

2The term equilibrium statehas to be used carefully when talking about glasses, since #neynever really in
an equilibrium. However, non-equilibrium in this context nmsathat there are large-scale structural rearrangements
occurring. This is di erent from the frozen non-equilibrium & called a meta-stable equilibrium) state glasses are
normally in.
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correlation falls by a factor @f, is indicated by dashed black lines. For the sample on ththéef
line has the same length for every time t of the measuremdmt ghows that the sample is in an
equilibrium and not changing its structure over time. Theglg on the right shows a broadening
of the dashed line when the time moves forward, indicatirngveirgy of the dynamics in the sample.
This is a clear indicator that the sample is not in an equulbr The reason for this is that the glass
was heated up to 200C just before measurement. This lead to fast dynamics at dggnining that
slowed down over time.
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Figure 2.3:Left: (V20s5)50(P20s5)s50 sample, T =24 C,2 =10 ; Right: (PbO)3(Si0,)79 sample,
T=200 C,2 =10
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Chapter 3

Glasses: Structure and dynamics

The termglassrefers to a wide range of di erent amorphous materials. Abggs have in common
that they lack a long-range periodicity and symmetry inrthgimic structure. This distinguish them
from crystalline materials. The most common and histdyidhle rst type of glass are network
glasses. Thé&letwork formersare the obligatory component in any network class. Accordirige
widely accepte®andom Network Theopyntroduced by ZachariasEfl, they build up microscopical
structures which are connected to each other building @tdmmensional random network. However,
in terms of mole fraction, the network formers don't necelgshave to be the main component.

Three di erent network former will be introduced in this $ihee These are SpOP,0s and B,Os.

Beside the network formers a glass also can comieseork modi ersand Network interme-
diates Network modi ers are compounds which are not able to fortworks on their own. By
adding them, however, it is possible to change certain piepeof the glass. This properties can
be for example the electrical conductivity, the glass ttemstemperature or the color of the glass.
A typical network modi er would be any alkali metal. Added far, example a silicate glass, it
lowers the melting point signi cantly (see T4.1) ancbdlscreases electric conductiVi®). The
network intermediates can act as both, network formers aodimrs.

3.1 Nomenclature

A nomenclature for describing di erent glass compositiemeeded. Here, the stoichiometric style
(A1)x,---(An)x, Will be used. This means that the glass consists of n comm)wq{)\Component
A; has a mole fraction of; Xor mole% if multiplied by 100) with the condition that; x, = 1. In
general, a component is a molecule, not just a single elenk@mtexample, borate glass has the
main component, i.e. the network former,@. A typical network modi er would be lithium oxide
Li,O.

3.2 Oxide glasses

An important subtype of network glasses are oxide glasses.ndtwork former in oxide glass has
the formula (BO,) for some element B with n atoms and oxygen with m atoms. B, dhran
however can not be completely arbitrary. According to Zaaban's theory there are selection rules
when such a composition can form a random network insteadystadlizing. Additionally, one or
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several network modi er (Ay,...(An)x, , can be added. The oxide glasses used in the course of
this thesis, are silicate, borate and phosphate glasses.

3.2.1 Silicate glasses

Silicate glass has the chemical formula,SiOn a microscopical level they form gi®trahedra that
are connected to each other under di erent angf$orming a random network. The microscopical
structure, called the short range order (SRO) unit, is showhrig. .

Figure 3.1: Si@ tetrahedra make up the basic building blocks of silicatesgla The angle of
the O-Si-O bond is xed at a value of 1@8'. This speci c angle is characteristic for tetrahedra
in general. The tetrahedra are connected over the Si-O-il lmoth an angle varying between
130 and 160. The dihedral angle is equally distributed between @nd 180.

As shown in Figl_3]1, an oxygen atom that connects two polghisdcalled a bridging oxygen.
The opposite is called a non-bridging atom. The nomendatsed for tetrahedral structures with
bridging and non-bridging atoms i$ With i being the number of bridging oxygen. In the case of
pure silicate glass, there are always four bridging oxygesvéry tetrahedra, i.e. the structural unit
is Q.

Studies by magic angle spinning NMR have shown that by adtkaljoxides, i.e. £O with a A
being an alkali atom, the number of structural units chaRdesThe number of @ units decreases,
while all other units up to Qincrease. The situation is shown in Hig.|3.2.
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© = Hydrogen @ = Silicium @ = Akali Metal lon

Figure 3.2:Left: Two-dimensional model of the structure of pure silicategylahll oxygen atoms
are bridging.Right: Alkali silicate glass. The network of Qi@trahedra changes by alkali metal
atoms. They reside in the structure, forming ionic bond& Wie non-bridging atoms.

3.2.2 Phosphate glasses

Phosphate glass, with the chemical formulg®F, has a SRO unit similar to that of silicate glass.
They also form tetrahedral unit8l. The di erence between silicon and phosphate is that phatsph
has one electron more in its outer shell than silicon does mibans for the SRO unit that there is
a double bond with one of the oxygen atom, while the rest obitygen atoms form single bonds
(see Fig.). Thus the oxygen atom with the double bond nasvanhfull outer shell and can't
bond anymore. Therefore a*@tructural unit is not possible. This makes thé Qructural unit
the most likely structure for pure phosphate glass. Thisrthevias con rmed by neutron di raction
studied™!,

Figure 3.3: PQ tetrahedron

Adding alkali oxides to the glass has the same e ect as foatliglasses, namely the shift
from @ structural units to @, Q* and @ units. The proportion of di erent structural units for
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(A20)«(P20s)1 « glasses, A being an alkali metal, depends on the fractiomfod % of alkali
oxides in the composition. This relation between the foactf alkali oxides and structural units
can be quanti ed®, which is shown in Talj. 3.1.

Fraction of alkali oxide f(Q4) f(Q3) f(Q2) f(Q1)
A 0

0 x 05 0 L =
05<x 23 0 0 2 =4
2=3<x 075 0 0 & 32

Table 3.1: The rst column shows the fraction of an alkalidexin the glass composition. The
other columns show the fraction of the respective struttumés as a function of x. In general, the
number of bridging oxygen atoms decreases with increasicigph of alkali oxides.

3.2.3 Borate glasses

Borate glass, with the chemical formula@®, has two di erent SRO unit8”. Pure borate glass

has planar B@ triangles (see Fi@A) as its SRO unit. The number of brglgixygen is three,

meaning that every oxygen atom is connecting two trianglds each other. The angles of the
connections vary, making up a three-dimensional randomonlet By increasing the concentration
of alkali oxides B@tetrahedra (see Fid. 3.4) start forming.

Figure 3.4:Left: Planar BQ TriangleRight: BO, tetrahedron

For low concentrations of alkali metals the fractiondi BO, tetrahedrons is given Byl
X

Ny = 100 %' (3.2)
While the number of BQtetrahedrons rises, the fractions Mf triangular units decreases by
100 2x
Na= 00 x (32)

The number of B@ tetrahedrons increases up to an alkali concentration otitaB6 mol %,
depending on the speci c alkali metal that is in the compasit Beyond that it decreases again,
while the number of non-bridging oxygen atoms increases.
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3.3 Glass transition temperature

Glasses are not in a thermodynamic equilibrium and thus$ eeiibit a phase transition from liquid
to solid. This implies there is no melting temperatiife for glass and no latent heat that would
occur at a phase transition. However, glasses experien@nsition when heated up, called the
glass transition. The according temperature is the glaassttion temperaturély. During this
transition the glass goes from the typical hard and brittke ia viscous and rubbery state. This
transition is completely reversible when the glass isd¢dolen again. However, there is a possibility
of crystallization when the glass is heated abByueWhether the glass crystallizes or not depends
on the speci c conditions of the heating process and is dnéffor every glass composition.

Unlike a rst-order phase transition, the glass transitthoes not happen at a speci ¢ tempera-
ture, but over a small temperature range. There are two &stedl methods to de nd "

1. One de nition refers to the viscosity. At the glass transition the viscosity(T,) reaches
102 Pa s=10'? Nm 2s=10* poise.

2. There are several parameters of the material that showagively sudden change at the
glass transition temperature. These are amongst othershiirenal expansion and the heat
capacity. This parameters can be used to deterrifje

An example, using the heat capacity to deterniigaés shown in Fig[ 3]5. In the example the
in ection point is de ned asly, which is a well justi able de nition since this is the poaftmaximal
change of the heat capacity.

DSC (mW/mg)

0.45 1
0.401

0.35 -

Inflection Point: 434.7 °C

0.301

0.25 -

150 200 250 300 350 400 450 500
Temperature (°C)

Figure 3.5: The heat capacity as a function of the tempegmafor a phosphate glass with the
composition (¥Os)s0(P20s)s0. At the glass transition there is a sharp change in the hegadty,
which is used to determing.
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It must be pointed out that the glass transition temperatdepends on the heating rate and
slightly changes when the rate is changed.

3.4 Dynamics in glasses

Today, it is widely believed that beneath the glass transitemperature, the glass forming network
is in an arrested state. This means that the atoms are canghtomplex potential energy landscape
where they cannot move freely anymore. The concrete forrheoehergy landscape is not only
depending of the composition of the glass, as it would be dke m crystalline materials, but also
of the thermal history. This means, that the energy landedapunique for every glass.

Far beneath the glass transition temperatfimmost atoms have not the energy to surpass the
potential wells they are caught in. They mainly move by tifigawithin the well around their
equilibrium position. Hence, the di usion is very low. Whieey are able to pass the potential
energy barrier, the movement is assumed to be very faststlike an instantaneous jump. The
higher the temperature is, the more likely this jumps areabse the atoms have more energy at
higher temperatures. These conceptions of the mechanisinusfon in glasses form the basis of
the jump di usion model by Chudley and Elliott, that has b&snoduced in sectioh 2.4.

The assumptions for the Chudley-Elliott md¥eh their most general form are:

Atoms stay at a xed position most of the time. Their meandesice time isy.
The jumps are isotropic, i.e. jumps are equally likely igp@dsible directions
The jump length is given by a distributiofl).

Under this assumptions, the decay paramdtey) can be given in an analytical fc@m

R .
ge 1 ST 0
0 (Ddl

Here,q is the absolute value of the wave vedjorDue to the isotropy of the jumps, the decay
parameter only depends on the absolute value instead of dhe wector itself. o is the mean
residence time, i.e. the average time an atom stays at itgigos Furthermore,l is the jump
length, which is described by the jump length distributi@. If (1) is normalized, Eq[ (3.3) can
be rewritten as

(3.3)

Z,
(=~ 1 S'”(?')) (hd . (3.4)
0 0 q

To develop a concrete model, which can be compared to exgreahdata, the jump length
distribution (1) needs to be speci ed. Some speci ¢ models are introducedlesctibed below.

LFor all glasses studied in this thesis, room temperature cacdresidered as far beneath glass transition temper-
ature.
2A detailed derivation is given in the work of R8s
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3.4.1 One-jump Chudley-Elliott model

The simplest way, that is also the model presented in thenatigvork of Chudley and Elliott, to
specify () is by assuming, that there is only one xed jump lenggth Then the jump length
distribution is given by a delta distribution:

M= 1) (3.5)
Inserting the distribution into Eq| (3.4) gives the decayapzeter
(=L 1 Snah) (3.6)
0 qls

3.4.2 Two-jump Chudley-Elliott model
A straightforward way to extend the one-jump model is to ga limear combination of two di erent
jump lengths:

M=ta( T+t 1) (3.7)

Here, the! ; are the probabilities for their respective jump lengthwith ! ; + 1, = 1. This
gives the following decay parameter:

sin(qh) sin(ql)
qly (1) qlz

The model can also easily be extended to 2 (N) di erent jump lengths.

(q)=i01 B (3.8)

3.4.3 Uniformly distributed jumps

Another approach is by using a uniformly distributed jumpgttexistribution instead of a concrete
number of xed jump lengths. For this approaciil) is de ned as

() = o= 0<I< max
0 otherwise

Here, Inax IS the maximal possible jump length. This distribution gjitlee following decay
parameter:

(3.9)

1 Si(qlmax)
Imax q

Si(x) in above equation is the Sine inte@ral

(9= 2+ 1 (3.10)
0

RX sin(t)
o 1 dt

3The Sine integral is de ned as following: () =
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3.4.4 Jobic model

The last model that will be introduced here is the Jobic mé&deln this model (1) is de ned as

I (I do)?
= —p— ex

with dy being the mean value of the jump length apds the delocalisation of an atom from
its site. This distribution gives the decay parameter

(3.11)

(3.12)
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Chapter 4

Experimental approach

A crucial part of any experiment is the preparation of the @am This is especially true for
aXPCS experiments where the samples have to be very thin teerperimental demands. Ideally
the sample thickness is close to the optimal scatteringkigiss and thinner than the longitudinal
coherence length. How the samples were prepared will be shatis chapter in detail.

4.1 Sample preparation

4.1.1 Mixing

The rst step was to produce the di erent glass compositiolke aim was to have several compo-
sitions of alkali borate and alkali silicate glasses peepfar the measurements at the synchrotron
radiation facilities. The alkali borate glasses had ailrdsn produced due to their use in previous
experiments. They only had to be grinded and dimpled fomaptihickness.

The alkali silicate glasses had to be produced from scrdtech.raw materials were delivered in
powder form. The main component and network former, $&ne in pure form. The alkali metals,
i.e the network modi ers, came in form of carbonates, e.gbium carbonate with the chemical
formula RBCO;. In the course of the melting process the chemical reaction

R,CO; =) CO, + Rb,O

occured and the CQevaporated. This reaction and loss of mass occurs for all alktals and
has to be considered when calculating the mass of raw nlategaded. To achieve this one has
to multiply the mass with the gravimetric factor (G

._ Mass of raw material
" Mass of the glass component

In the next step the raw mass needed for the i-th glass comp@nevith a fraction of x (mole
%) of a glass batch can be calculated using the equation

(4.1)

X (Molecular mass of A
(Molecular mass dfA;)x,:::(An)x,)

(Mass of raw material for;A= ( Mass of batch GF (4.2)

After weighting the components with an accuracy of 0.001 g theve been mixed together in
a mortar to reach a homogeneous powder.
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Example: mixing process

In this example the amount of raw materials needed for a 15ah ld (RO)10(Si0,) g0 Will be
calculated.
The rst component, SiQ, already comes in this chemical composition. Hence, aogotd

Eq. (4.1),
GF=1.

Therefore, Eq.[(4]2) gives

0:9 60:08u
0:9 6008u+0:1 18693 u

Mass of raw material for SpG= 15 g 1=11:147¢g

The second component, B, comes in the carbonated form ;. Hence, according to Eq.

@D,

23094 u

GF= 18693 u

=1:24.
Therefore, Eq.[(4]2) gives

0:1 18693u
0:9 6G08u+0:1 18693u

Mass of raw material for R® =15 g 1:24 =4:761g

4.1.2 Melting

Three furnaces were used in the process of glass making.r3tfeirnace was a self-made furnace.
It has an open top and can heat up to around 1100 Since silicate glasses have a very high
melting point, e.g. pure SiChas a melting point of 1713CP4 this furnace was not suitable for
fully melting the glass. However it was su cient to heat tartperatures high enough to start the
glass forming chemical reaction in which the,@&Waporates. By constantly stirring the mixture it
was possible to have most of the £€vaporate. The remaining G@n the melt formed bubbles.
The mixture was then fast cooled to room temperature. In thgt rstep the crucible with the
mixture was put in the second furnace. This one was a closgehsyand stirring was not possible,
hence the importance of the rst furnace. The maximum terapege was 1500C and enough to
fully melt all compositions of alkali silicate glasses. fiifedt was in this furnace for a couple of
hours to make sure all remaining bubbles in the glass we@/eeinThe mixture was then cooled
as slow as possible to room temperature to avoid cracksaéysaternal stresses.

4.1.3 Measuring the glass transition temperature

The glass transition temperatuiig was measured using a Di erential Scanning CalorilﬁetAH
measurements were conducted with a heating rate of 20 K/mdhacooling rate of 10 K/min.
The results are shown in Tap. }.1J; was needed for two reasons. Firstly, it was needed for the
annealing that follows the melting process. Secondly, tagsdgransition temperature was needed
later to correctly interpret the results of the aXPCS experits.

INetzsch DSC 204 Phoenix
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Sample Ty Sample Ty

(Na20)10(8i02)90 5979 C (8203)100 292.4 C
(Na20)4o(SiOz)60 566.0 C (LizO)zo(BzOg,)go 487.3 C
(szO)lo(SIOZ)go 514.2 C (Na20)5(8203)95 355.3 C
(Rb,0)15(Si0,) g5 4559 C (Kaz0)20(B20s)go  446.7 C
(RP0)15(Li20)15(SiO2)70  521.0 C |  (Rb0)2(B203)es  314.0 C
(PHO)ao(SiOy) 7o Bl 479.9 C|  (Rb,0)y5(By0s)ss 400.1 C
(V205)50(P20s)50 434.7 C| (C0)2(B203)9s 322.8 C
(V205)75(P20s) 25 2759 C| (C%0):5(B203)ss 3825 C

Table 4.1: Glass transition temperature measured with a @8@ll compositions of silicate and
vanadium glasses produced as well as all other glassesousXPICS measurements. Only the
value for the lead glass was not measured, but taken froratlite instead.

4.1.4 Annealing

The internal stresses are caused by the complex potengayefandscape in glass due to the fact
that it is not in a thermodynamic equilibrium. When glassoisled down fast there is not enough
time for the atoms to rearrange and to level out this intestedsses.

Annealing is the process of slowly cooling glass down teaetigernal stresses. The process
should start at a temperaturg, that is slightly beneath the glass transition temperafliye Above
Ty there is a certain risk that the material starts to crystalli To far beneathly the annealing
becomes less e cient and more time consuming. The tempegaly should be held for a couple
of hours and then the glass should slowly be cooled down o temperature. The result of the
process is a less brittle glass than it would be without dimgea

For the annealing process a third furnace was used. Thisaderwas electrically powered
and programmable. The beforehand produced batches of \g&esheated up to the annealing
temperaturedl;, slightly beneath glass transition temperature, held@ator a couple of hours and
then cooled down again slowly to room temperature.

4.1.5 Grinding and dimpling

After the glass is produced and annealed it needs to be cutrarmdked until it the optimal thickness
is reached. Mainly two factors determine the optimal thédenof a sample in an aXPCS experiment.

The rst factor is the sample thickness that maximizes thatteced intensity for a given scat-
tering angle and an absorption coe cient Fl (see Appendi@A for the derivation)

In(cog2 ))

W(; )= e———

(4.3)

For =0, Eq. (4.3) reduces to

1

W( =0; )= —= . (4.4

This is the attenuation length of a given material. It depends on the materials composition
density and the wavelength of the incoming beam. The attioudengths were obtained from an
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X-ray databagé Densities, used in the calculation, were either measuyealitselvé$or gained
from literature. Tabl¢ 4]2 gives an overview over all sasriptduding their density and attenuation
lengths.

SinceW( ; ) is monotonically decreasing irit reasonable to take Eq[ (4.4) as an upper bound
for the sample thickness.

Sample Density (g/cm 3) ( m) for ESRF ( m) for PETRA Il
(Na,0)15(SiO)gs 1.957 0.445 159.79 650.70
(Nax0)40(SiO2) 60 2.552 0.036 133.64 547.55
(Rb0)10(Si0,) 90 2.769 0.096 75.57 292.50
(Rb,0)15(SiO,) g5 2.727 0.073 68.95 263.95
(R,0)15(Li,0)15(SiO) 70 2.828 0.021 70.46 269.09
(PbO)3o(Si0,) 70 4.46%% 13.22 45.78
(V205)50(P20s)50 2.810 0.005 40.05 150.78
(V205)75(P20s) 25 2.923 0.020 31.11 116.08
(B203)100 1.830 0.002%! 669.83 2851.19
(Li20)20(B203) g0 2.117 0.003% 594.18 2524.87
(Na,0)5(B203) 95 1.984 0.002% 564.13 2397.24
(K20)20(B203)s0 1.990 0.002% 135.88 520.89
(Rb,0)2(B203)0s 1.979 0.002% 409.13 1645.85
(C0)2(B203)gs 1.929 0.003% 169.85 630.60
(Cs0)15(B203) 75 2.544 0.008% 28.22 101.10

Table 4.2: All samples that were prepared for measurementiseasynchrotron. There are two
columns for the attenuation lengths. This is, because tr@grhenergies at ESRF (8.1 keV) and
PETRA 1ll (13 keV) were di erent. The densities were eitheasueed or taken from literature.

The second factor that needs to be taken account for is thermsite of the beam. Ed. (2.8)
gives a condition for the maximal path length di ereriRe This inequality can be rearranged, so
that it provides an upper bound for the sample thickness:

d sin2 )
Wi e Sl 4.5
2 sirt( ) (4.5)
At beamline ID10, ESRF, a Silicon (111) crystal pseudo aamn is used as a monochromator.
Its spectral resolutiors =1:4 10 “. This gives a longitudinal coherence lenigth 0:54 m.

The diameter of the beam is approximatély m. For a value o2 = 10 , the upper bound for
the sample thickness W = -78.75m, according to Eq.[(4]5). Of course, a negative value for a
thickness is not possible. The physical meaning of thisatsfdin the setup at ESRF, full coherence
is not possible. This is furthermore true for all possiblgemnat ESRF, as well as for the setup at
PETRA 1.

The consequence of this is, that on the one hand, the samplddsbe as thin as possible to
achieve a high degree of coherence. On the other hand, attenuengths for achieving maximal
scattering vary greatly between approximately 13 and 2851 m. Since it is impossible to gain
any information without contrast, the decision was madantke all samples around 5@n thick.

2http://henke.lbl.gov/optical _constants/atten2.html (January 23, 2018)
3The densities were measured by using Archimedes' me#ibd
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Thinner was not possible to the brittle nature of glass, otiee too many samples would have been
destroyed during production.

Technically, this was achieved by grinding all samples tocartess of 200m at rst using a
standard at grinder. For stability reasons the nal thigdgs of 50 m was achieved using a dimple
grinder. Its spherical geometry made it possible to achierenal thickness while maintaining a
high degree of stability in comparison to a standard at dein

4.2 Sample environment for aXPCS measurements

4.2.1 Prerequisites

Some of the samples, in particular the borate glasses, dhbygroscopic properties. To avoid
chemical reactions on the surface of the samples, all wenedsin a dry environment. Furthermore
each sample was stored in a plastic box with an inbuilt membtiaat secured that glass from
breaking during transport and storage.

4.2.2 Requirements

An aXPCS experiment at a synchrotron has two main requiremertse sample environment.
The uttermost important one is that the sample is in high wawcu Otherwise the scattering of the
beam in air would overshadow the scattering of the sampleusral orders of magnitude and only
noise would be seen at the detector.

Secondly, the temperature must be stable and tunable.nakel usion is a thermally activated
process. A change in temperature during the measuremed warefore distort the results of the
measurements. This makes a stable temperature very inmporta

Furthermore one wants to measure the di usion at tempeedudi erent from room tempera-
ture. For this purpose the sample environment should alsbleeto heat and cool the sample.

4.2.3 Vacuum chamber

A self-made vacuum chamber was used for the measuremertie aymchrotron. It is shown in

Fig. [4.1.
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Figure 4.1:Left: Front view of the vacuum chamber. It shows the window wereXtheey beam
leaves the chamber. The front window as well as the rear wiade made out of Kapton. This
material has high mechanical and thermal stability and igs fransmittance to X-rays makes it
the optimal material for X-ray experiments. Beneath thetfemdow a lead strip can be seen. It
was used to block the main beam from exposing the detebtatdle: Side view of the chamber
with the opening for the sample hold&ight: Side view of the chamber with the opening for the
vacuum tube. At the top of the device the opening for the eleadtconnection can be seen.

The chamber is build for measuring in a temperature range %80 K to 1300 K. To cover
such a broad temperature range two di erent sample holddss esee Fig[ 4]2), one for measuring
at room temperature and heating the sample and a cold ngeth#® cooling mode:

Heating Mode

For the heating mode the standard sample holder is used. \¥Berted into the vacuum
chamber the sample is in the middle of a resistive heatim@ader which is build in to the
chamber. The heating wires are made of tantalum with 0.25 nameter.

Cooling Mode

For cooling below room temperature a self-made cold nger isse. It has a cooling pipe
and a Peltier element for cooling. When used with water, t@diieg pipe is for basic cooling
and conducting heat out of the cold nger. The Peltier eletrrems with a maximal power
of 20 W and a maximal temperature di erence of  75K. For cooling down even further
the cooling pipe can be used with liquid nitrogen insteadatémw Then temperatures of
around 150 K can be reached.

Figure 4.2:Left: Standard sample holder for measuring at room temperatuwlef@nheating the
sample.Right: Cold nger for measuring in cooling mode.
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In the course of this thesis, only measurements at and almwa temperature have been
made. Hence only the standard sample holder was in use. kempralas the brittleness of the glass
samples. It was not possible to mount them in the sample hdlidectly, which consists of a hard
metal, without breaking them. To still be able to mount ita kets made out of Boron nitride had
been placed between the sample holder and the glass samples.

4.2.4 Synchrotron setup

All data presented in this thesis have been obtained at twontie#es. The rst beamtime was in
April, 2017 at PETRA 1ll, Hamburg. It lasted 5 days. The sedoe@imtime followed immediately
in May, 2017 at ESRF, Grenoble and lasted 7 days.

All measurements were performed with the sample in the vachamber described above. The
air pressure inside the chamber was kept as low as possibleated values around -8 énbar.
At both synchrotrons a variety of measurements was perthriree di erent glass compositions at
di erent temperatures and di erent angleés.

PETRA I1lI, Hamburg

Measurements at the DESYD gutsche€lektronenSynchrotron) research facility in Hamburg were
carried out at PETRA III, a'8 generation synchrotrén In 2017 it was the largest and brightest
synchrotron light source in the world with a circumfererfc2 ® km and a brilliance exceedihgf!
ph /(s mm? mracf 0.1% BW). PETRA Il ran at 100 mA beam current in top-up médeeeping
the photon ux stable with maximal uctuations in the ordefr 6.

All measurements were conducted at the coherence apptisdtigamline P10. It serves three
experimental goals:

X-ray Photon Correlation Spectroscopy (XPCS)
Coherent di ractive imaging of micro- and nanostructur€®l)
Time-resolved SAXS studies of complex liquids (Rheo-SAXS).

The beamline operates in the medium-hard X-ray regime fr@ke/ to 10.5 keV and 11.4
keV to 25.0 keV. Our measurements at PETRA Ill were all caouedt a xed energy of 13 keV.
The beam was monochromatized by a cryocooled double crystedchromator crystals (Si(111)
and Si(111) channelcut) with a spectral resolutior= in the order of10 °.

The total photon ux was not measured and is unknown. Hencevere only able to compare
relative uxes within one synchrotron. To reduce the ux betbeam, up to four Si(111) single
crystalline foils were used. One Si(111) crystal reduceduk by a factor of 2.07.

The detector used at PETRA Il was a Dectris Eiger X area tetelt consisted of eight separate
modules with a total number of 2070 x 2167 Pixel. Accordinggo €.18) the contrast scales
with the square root of the number of pixels. This is a tremesdadvantage in comparison to a
point detector. The detector had a dead titraff 3 s and works in continuous readout time modus.

4Information received frontttp://photon-science.desy.de/facilities/petraiii (January 23, 2018)

STop-up is a way of injecting electrons into the storage ring. Thisde sees the accelerator re lled with electrons
constantly rather than every couple of hours. This results in acmbhigher integrated current over a 24-hour period
and also provides a higher stability in the intensity of the beam

6The dead time is the time after each photon event during whichigep of the detector is not able to record
another photon.
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Both, the short dead time and the continuous readout timewad for very fast measurements. A
single frame irradiation at PETRA Ill took about 0.1-1 s apaged to a measurement at ESRF,
where it took about 3-5 s. The detector had a tunable energgstiold, ranging from 2.7-18 keV.

The experimental hutch, including the already mounted wacahamber and the detector are
shown in Fig. 4.3.

Figure 4.3:Left: The experimental hutch at beamline P10. The detector canelea sn the left
side in the middle (black boxRight: The vacuum chamber mounted in the experimental hutch.
The beams goes from right to left. Due to technical reasoersctamber was not standing, but
hung up on the side. This is why the electric connection apgeae on the side of the chamber.
Three ventilators were mounted above the vacuum chambex.wine switched on as long as the
sample was heated. It was necessary to keep the outer stie# chamber as cool as possible,
since some parts of it are not heat-resistant.

ESRF, Grenoble

The synchrotron at ESREE(ropeanSynchrotronRadiationFacility), Grenoble has a circumference
of 844 m and is, like PETRA IIlI, d%3generation synchrotrén The beam current was 200 mA
at maximum. It got re lled with electrons every 12 hours. sThiakes the beam ux less stable
compared to a synchrotron running in top-up mode. All measemés were conducted at the
beamline ID10, EH2. This beamline is specialized for XPCig&r@a X-ray Diraction Imaging
(CXDI) and surface scattering techniques.

The beamline operates in an energy range of 7.0 - 24.0 keV. ABureaments at ESRF were
carried out at a xed energy of 8.1 keV. The beam was monochipatbby a Si(111) crystal with
a spectral resolution of = =1:4 10 4. Similar to the situation at PETRA llI, the total photon
ux was not measured and is unknown as well. Hence we weralgelyo compare relative uxes.
To change the ux of the beam up to four Si(111) oriented aaystere used. Each Si(111) crystal
reduced the ux by a factor o¢ 2:71

The detector used at ESRF was an Andor CCD camera with 10244xPigel and a pixel size
of 13 x 13 m.

The experimental hutch, including the already mounted wacahamber and the detector are
shown in Fig. 4.4.

"The energy threshold is a lower limit for the energy of photons dieté@s a photon event.
8Information received fronhttp://www.esrf.eu/about/synchrotron-science(January 23, 2018)
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Figure 4.4: Left: The whole setup shown from the side at the experimental hatdheamline
ID10, EH2. The detector can be seen on the left upper $taght: The vacuum chamber (in front
view) mounted in the experimental hutch. The vacuum charntbstanding upright. The electrical
connection is seen on top and the vacuum tube on the rightoditee chamber.
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Chapter 5

Data evaluation and analysis

The raw data gained during the experiments needs to be meatdsarther in order to gain infor-
mation on the beam-induced dynamics in the samples. Theeadataation consists mainly of two
steps.

Firstly, the autocorrelation function (Eq. 2.17) must bdccdated for each measurement. The
calculation di ers for the data evaluated at the ESRF and RETIIl. The reason for this is the
fact that the two synchrotrons had di erent detectors aneyhused di erent data formats. The
process of data evaluation for both is described in thistehap detail.

Secondly, the functional form of the ACF (Eq. 2.19) must biedtto the data points of the
experimentally gained ACF that was calculated in the repstThe second step is independent of
the synchrotron the data was gained from.

5.1 Evaluation at ESRF

5.1.1 Saving the frames

The rst step is to save the data. The Andor CCD camera used &®HFESaves all data in the
European Data Format (EDF). It is a standard le format desid for exchange and storage of time
series. It saves every time frame acquired in its own le, @ . measurement of a thousand time
frames consists of a thousand EDF les. Once all the framesared, several more steps need to
be taken to bring the data in the form needed.

5.1.2 Subtracting dark current

A CCD camera consists of an array of photosensitive capaciach capacitor acts as one pixel
of the detector. When a photon hits the detector it is cregtan cloud of electric charges. The
intensity of the cloud is dependent on the photon energyjmgatke detector energy sensitive. An
ideal detector would only record electric current in theeaafsa photon event. However, in a real
experiment the situation is more complicated, since themuirent owing without the detector
being illuminated by photons. The dark current is due to #redom generation of electrons and
holes within the depletion region of the device. The e ectéases with higher temperatiffé As
long as the environment of the camera, especially the teatyer is stable during a measurement,
the dark current is time independent. A software algoritdeveloped in our research group, was
used to subtract the dark current from each frame.
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5.1.3 Histogram

During readout the detector converts the electric chargeADUs (Analog-to-digital units). The
number of ADUs for a photon event depends on the energy of themh aXPCS is an elastic
scattering technique, therefore the ADUs correspondingécetastic photon events are needed. An
elastic photon at ESRF had an energy of 8 keV, which corresddndaround 2000 ADUs. Other
events like uorescence in the sample or the Si escape®Peaihin the detector correspond to
a di erent and lower number of ADUs. An algorithm is used to gerea Histogram (see Fig.
5.1) that plots the number of ADUs against the number of couiitse elastic peak must be the
largest peak. Otherwise too much uorescence or other unadds events are occurring, making
an evaluation of the ACF impossible. When calculating thecawrelation function one wants to
only take the elastic photons into account and neglect &éophotons. To do that a small range
in the elastic regime is chosen for all further calculations

Figure 5.1: Histogram for a (Pbgy}SiO,);o sample, measured at ESRF. The x-axis is plotted in
a linear scale, while the y-axis is in a logarithmic scalee,Hige elastic peak is the peak with the
most counts at around 2000 ADUs. The peaks left of the elas@&p are inelastic peak and must
be neglected, since they only contribute noise to the ACFetaildd analysis of inelastic peaks is
given in the work of Leitnét. The peaks right to the elastic peaks account for multipletpi
events, including again elastic and inelastic photon sveihce the intensity of the multiple photon
events are only a fraction of the single photon events, thaybe neglected.
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5.1.4 Droplet algorithm

The charge cloud that is created by an incident photon is megg spread over multiple pixels.
The purpose of the droplet algorithm is to identify the positand energy of the incident photons.
This is the last step before the autocorrelation function ba calculated.

It is also important that the intensity at the detector is guiow, so that there are as few
multiple photon events as possible. This has two reasorsglyfFthe software was written in such
a way that it can only handle single photons events. This éstduhe fact that treading the data
as binary makes the computation signi cantly fa¥lerSecondly, it would be di cult and in some
cases impossible to separate position and energy of thesenph During all our measurements the
ratio of photons/pixel for a given frame was around 1%, sopfedability for two-photon events
was only 10* and could be neglected.

5.1.5 Autocorrelation function

After the droplet algorithm is carried out each pixel of eaamg is now assigned with zero or one
photon event. As mentioned before, multi-photon eventsh@ilignored and also assigned with one
photon event. In the last step, the autocorrelation funtt®l7 is evaluated. The data of the ACF

Is then saved in a simple text le.

5.2 Evaluation at PETRA Il

5.2.1 Saving the frames

The data evaluation process at PETRA Il di ered signi dgritom the process at ESRF.

Firstly, the detector used at PETRA Ill, an Eiger 4M from Disdoes not convert charge clouds
into ADUSs. It converts the charges directly in the detectto photon counts. The advantage of
this method is that there are no dark counts that need to beraated and no droplet algorithm
is needed. The disadvantage of this method is that the detestnot energy sensitive since every
charge cloud gets converted directly into photon countsveéy¥er it is possible to de ne a threshold,
so that photons with an energy less than the threshold do ebtgunted. This makes it possible
to cut o typical uorescence energies. One must be cardfaligh, since a threshold also dismisses
some elastic photons that are spread over more than one fiRied can be a problem in the case
that the intensity is low.

Secondly, the detector saves the time frames in the Higcaicbata Format (HDF). This
format is quite di erent from the EDF. The HDF was originallgveloped at the National Center
for Supercomputing Applications, USA. It is designed fongaarge amounts of data. In contrast
to EDF, where every time frame is saved as a le, HDF savamaliftames in one le. Furthermore
it saves all kind of metadata from the measurement, likelémtiphoton energy, beam size etc. in
the same le. The internal hierarchical structure of the Hi2Bembles the familiar folder structure
of common operation systems. To browse and edit this intetnacture, the HDF group provides
the program HDFView (see Fig. 5.2).

Furthermore, the HDF les were compressed with the LZ4 cesgion algorithm. It is a lossless
data compression algorithm focussing on compression aangeession speed.

Another software used at PETRA Il was Albula (see Fig. 5.3% dtprogram from Dectris to
display and analyse image data from the Eiger detector.nlists of the standalone Albula Viewer
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and the Python programming interface Albula API. The Albula ¥igaee. Fig. 5.3) is a fast and
easy-to-use program that allows optimal visualizationaté.dIt enables one to have a live view at
the detector and the photons events occurring during a nmeasnt.

Figure 5.2: Screenshot of HDFView, provided by the HDF grdiuis. a visual tool for browsing
and editing HDF les. It allows the user to enter all savedaradta of a measurement with a view
clicks, making it a very useful additional tool in data eatdun after an experiment.

Figure 5.3: A screenshot of the Albula software. It shows ithie enodules of the detector during
a measurement. The black dots on the modules are photon £ount
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5.2.2 Autocorrelation function

The autocorrelation function 2.17 can directly be caladafrom the respective HDF- le, since it
already contains the necessary data needed. And similaiR&,EBe data is then saved in a simple
text le.

5.3 Logarithmic binning

A typical autocorrelation function is shown on the left fi€ig. 5.4. The x-axis is usually chosen
to be in logarithmic scale. As can be seen in the plot, the sadighe ACF scatter more and
more the larger t becomes. This behaviour can be best understood by looki&g.at(2.13).
According to this equation, a data point gets calculated Braging over all values with the same
t. However, the larger t becomes, the less values are available to average oveefdreethe
statistics become worse the larget becomes. To counterbalance this e ect, a technique called
logarithmic binning is used. There are several ways to mgpieit. The one that was implemented
in this thesis works as following:
Firstly, a binning factor must be de ned. Here, the binniagtér was chosen to be 1.05. Then,
beginning from the rst data point, the i-th data point willebmultiplied with the binning factor
(bf). The result is rounded to the next natural number. Thae values from the i-th data point
up to the round(i*bf)-th data point will be averaged. For exade, the rst data point multiplied
with the binning factor gives 1 after rounding. This mearst tho averaging will be done. The
10-th data point multiplied with the binning factor gives dfter rounding. Therefore, the 10-th
and the 11-th data point will be averaged. And the 100-th datetpwill be already averaged up
to the 105-th data point. It shows that the larger i is, the ealata points are averaged and the
worsening of the statistics can be counterbalanced this way
A Matlab code for logarithmic binning is given in Appendix B.
An example for a data set before and after logarithmic binisrghiown in Fig. 5.4.
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Figure 5.4:Left: Calculated autocorrelation function before logarithmiming. Right: The same
autocorrelation function after logarithmic binning.

One should stress that the binning procedure does not iceiém any way the statistics of the
measured data and only enhances the visibility of the datang-of the left and right data sets in
Fig. 5.4 provides the same correlation time and the same lears.

5.4 Data analysis

To gain information about di usion in a sample, the funcabform of the ACF must be tted to
the data obtained in the previous step. To do this, a modi edsion of Eq. (2.19) is used:

g?( t)= o+ e A (5.1)

Firstly, during a measurement the detector is at a xed ar®jle This means that the g-
dependence of Eq. XYZ is not important for the data evaluatimtgss of a single ACF and
therefore = 1 is a constant here.

Secondly, there is the additional parametgr This is necessary to adjust to experimental
conditions. In an actual experiment the baseline does rauttlgxequall as theory tells, but is
usually slightly o resulting in & that is close to 1 but does not equal 1.

This parameter as well as the parameters and must be tted to the experimentally
obtained data. The crucial parameter here arand , since they contain all relevant information
on the dynamics in a material. There are a variety of softwaokages that can be used for tting
and plotting the function. In the course of this thesis alcgkations and plots were done with
gnuplot.

A typical example of a function that is tted to the experin@ndata is shown in Fig. 5.5.
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Figure 5.5: Stretched exponential function tting the expeentally gained autocorrelation function.
The x-axis is usually chosen to be logarithmic, so the @eofirthe exponential function can be
seen better.
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Chapter 6

Results

In this chapter we will rstly present all previously ob&results on the topic of beam-induced
dynamics in section 6.1. In the following sections all tesaltained by our group during the
beamtimes will be presented and interpreted. A more détdikcussion and an outlook on future
experiments on the topic will be given in the next and nalptea

6.1 Results of previous experiments

At the time this thesis was written, it was widely believeak th-rays to not change the structure
of hard matter. And there have only been two studies on thelglitysof beam-induced dynamics
in solids. As mentioned in the introduction, the rst studyswdone by Leitner et al. in 2045
They investigated the e ects of the beam on single-crye@lCyoAu,o at PETRA I, Hamburg.
The group studied the e ect of X-rays on the dynamics of afemreiioned material by measuring
the same sample several times at temperatures of 543 K and E&spectively. Each measurement
was carried out with di erent numbers of attenuators andréfere a di erent photon ux. They
did not nd any dependence of the correlation tim@n the photon ux. This indicates that the
dynamics measured are internal and not beam-induced.

The second study was done by Ruta et al. in #017nstead of a single crystal, they used
vitreous silica (Sig) and vitreous germanium (GepDfor their experiments at ESRF, Grenoble.
Both materials are oxide glasses. They also studied the efethe beam on the dynamics by
measuring every sample several times, each measuremiendiwient numbers of attenuators.
They conducted all measurements at room temperature, wkidhar below the glass transition
temperature. At this temperature no measurable dynamics expected. In contrast to this
expectations they found a full decorrelation of the autgation function, which means that there
is measurable dynamics in the sample. Furthermore theyd fthat the correlation time was
inversely proportional to the ux F. This strongly indicatihat the dynamics is not internal, but
entirely beam-induced instead. In addition to this oxidsggs they also measured the dynamics
in the metallic glass GsZr,75Alz-s. In this material the group did not nd any dependence of the
dynamics on the photon ux.

From this previous works it can be concluded that di eremtety of materials react di erently
to the beam, some of them showing beam-induced dynamics @thiérs do not.
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6.2 Experimental results

To get a better understanding of the nature and charactegsbf this dynamics, our aim was to
conduct an aXPCS measurement series with a broad range ol exide glasses. An overview of
all glasses prepared for the experiments is given in Tab.Hadever, due to technical di culties
not all measurements produced feasible results. Thenedbrall samples listed in this table will be
found in this chapter.

As in the previous works on the topic, we measured all sampkesas times using di erent
numbers of attenuators. A single attenuator reduced thebya factor ofe at ESRF and2:07 at
PETRA lll. The number of attenuators used for a measuren@rgad from zero attenuators up
to three attenuators. A higher number was technically n@sgie, since every attenuator lowered
the number of photons hitting the detector signi cantly andrsened the statistics. Since the total
photon ux was unknown and di erent at both synchrotronspqgaring di erent samples with each
other is only possible within the respecting synchrotron.

Furthermore, several samples were measured at di eremdeatures, ranging from room tem-
perature (24 C) to temperatures slightly above glass transition tentpiegaly (see Tab. 4.1 for
T4 of all samples). This was motivated by the assumption thgh#y above T internal dynamics
would be much more present compared to room temperaturdtingsin a weaker e ect of the
beam on the dynamics and a possibility to see internal dgsami

6.2.1 Normalized autocorrelation functions

First and foremost we tested for every sample whether thardips measured were beam-induced or
internal dynamics. For this purpose, the autocorrelatimetions that were acquired with di erent
numbers of attenuators, but otherwise same conditionsg whatted together in one graph. This
way they can be directly compared with each other.
Additionally, to only compare the functions by their phylicateresting properties, i.e. and
, all autocorrelation functions were normalized with respethe physically irrelevant parameters
Cco and . Mathematically, the normalized AQI%Z)( t) takes the form

gd( t) = (g9( t) )= (6.1)
go( t) = e D) (6.2)

In the case that the dynamics is entirely internal, all A@Fs fgiven sample must be the same.
This implies that they overlap graphically within their giarof error. However, if the beam induces
dynamics, the functions should behave di erently and dowérlap.

The results for all samples are shown in Figures 6.1 to 6.tid.plots comparing the normalized
ACFs are shown on the left side of each gure. The plots on itji® side also show normalized
intensity functions, but in addition to the normalizatiathe correlation time is rescaled with the
relative ux of the beam. This is useful to check the otheraxte case, where the dynamics is
entirely beam-induced. In this case it is expected that #sealed functions are the same within
the margin of error.

!Autocorrelation functions for a speci ¢ sample that were maesd under the exact same conditions, i.e. same
photon ux, 2 -angle and temperature were averaged. The average was weigletamiding to the number of frames
recorded in a certain measurement.
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Additionally to the plots, each gure contains informatioboait the measurement settings
(composition, temperature, 2angle, synchrotron) and the physically relevant resués, i, the
rescaled°= ; F; and ;. It must be pointed out that there is only onélisted for each sample in
contrastto . The thatis listed is the one that was measured for full ux, i.erazattenuators.
With decreasing ux get closer to one, which is non-physical and due to the wiogai the
statistics.

Figure 6.1:Sample: (V,05)s50(P20s)s0; T=24 C; 2 =15 ; measured at PETRA Ill, beamline P10;
Left: Normalized intensity auto-correlation functioRight: Normalized intensity auto-correlation

rescaled by the incoming relative ux.
Both sides: (=24:21 0:31s, ;=46:30 092s, ,=97:42 395s
1 F1=22:37 044s, , F,=22:74 092s; =0:82 0.02
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Figure 6.2:Sample: (V,05)75(P205)25; T=24 C; 2 =9 ; measured at PETRA Ill, beamline P10;
Left: Normalized intensity auto-correlation functioRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: (=24:08 0:59s, ; =58:63 292s

1 F1=28:32 144s, =0:67 001

Figure 6.3: Sample: (B,0s3)100; T=24 C; 2 =10 ; measured at PETRA Ill, beamline P10;
Left: Normalized intensity auto-correlation functidRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: (=10:70 0:40s, ;=25:71 2:64s

1 Fp=12:42 1:28s; =0:82 0.05
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Figure 6.4: Sample: (B,03)100; T=24 C; 2 =13 ; measured at PETRA Ill, beamline P10;
Left: Normalized intensity auto-correlation functioRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: 7=9:83 0:35s, 1 =23:99 269s

. F1=11:59 1:30s; =0:85 0:05

Figure 6.5:Sample: (Li,O)20(B20s3)g0; T=24 C; 2 =10 ; measured at ESRF, beamline ID10;
Left: Normalized intensity auto-correlation functidrRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: (=246:28 1427s, 1=392:05 4472s

1 F1=144:23 1645s; =1:00 011
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Figure 6.6:Sample: (Na;O)s5(B,03)g5; T=24 C; 2 =14.5 ; measured at PETRA lll, beamline
P10; Left: Normalized intensity auto-correlation functiorRight: Normalized intensity auto-
correlation rescaled by the incoming relative ux.

Both sides: o=6:99 0:25s, 1=14:62 097s, ,=34:45 1.98s, 3=52:35 4.69s

1. F1=7:06 047s, » F,=8:04 046s, 3 F3=5:90 053s; =0:76 0:.04

Figure 6.7:Sample: (K>0)20(B203)go; T=24 C; 2 =14.5; measured at PETRA lll, beamline
P10; Left: Normalized intensity auto-correlation functiorRight: Normalized intensity auto-
correlation rescaled by the incoming relative ux.

Both sides: (=6:30 1:18s, 1 =19:75 1:.99s, ,=30:01 7:37s

1 F1 =954 096s, », F=7:00 1:72s; =0:85 027
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Figure 6.8:Sample: (Rb,0),(B,03)eg; T=24 C; 2 =14 ; measured at PETRA 1lI, beamline P10;
Left: Normalized intensity auto-correlation functioRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: o=5:51 042s, 1=12:35 0:88s

1 F1=5:97 043s; =1:00 015

Figure 6.9:Sample: (Rb,0),5(B,05)gs; T=24 C;2 =16 ; measured at PETRA IlI, beamline P10;
Left: Normalized intensity auto-correlation functidRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: (=3:35 0:34s, 1=7:79 056s, ,=19:01 157s

. F1=3:76 027, » F,=4:44 037, =0:82 013
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Figure 6.10:Sample: (C$0),(B,03)gg; T=24 C; 2 =10 ; measured at PETRA IlI, beamline P10;
Left: Normalized intensity auto-correlation functioRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: 1=4:76 0:62s, ,=7:21 1.72s

1 F1=2:30 030s, , F,=1:68 040s; =1:04 0:28

Figure 6.11:Sample: (C$0)15(B,0s3)gs; T=24 C; 2 =15 ; measured at PETRA lll, beamline
P10; Left: Normalized intensity auto-correlation functiorRight: Normalized intensity auto-
correlation rescaled by the incoming relative ux.

Both sides: =1:33 0:18s, 1=1:92 0:23s, ,=6:21 1:.09s, 3=9:62 1.70s

1 F1=0:93 O01l1ls, » F, =145 0:25s, 3 F3=1:08 0:19s; =1:35 046
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Figure 6.12:Sample: (Rb,0)15(SIiO,)gs; T=460 C; 2 =25 ; measured at ESRF, beamline ID10;
Left: Normalized intensity auto-correlation functioRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: o =146:35 1486s, 1 =295.07 2276s, ,=534.:69 6410s

1 F1=108:55 837s, , F,=72:37 867s; =1:24 025

Figure 6.13:Sample: (PbO)3o(Si0,)70; T=490 C; 2 =20 ; measured at ESRF, beamline ID10;
Left: Normalized intensity auto-correlation functidrRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: o=711:56 2495s, ;=892:49 4046s

1 F1=328:33 14:88s; =0:90 0:04
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Figure 6.14:Sample: (PbO)3x(Si0,)70; T=510 C; 2 =20 ; measured at ESRF, beamline ID10;
Left: Normalized intensity auto-correlation functioRight: Normalized intensity auto-correlation
rescaled by the incoming relative ux.

Both sides: (=134:39 1001s, ;1 =171:37 3.66s

1 F1=63:04 134s; =0:96 014

All gures show that the autocorrelation functions on the Etle are distinct from each other
and don't overlap. This can also be seen when looking at ‘#iesince all of them are di erent
within the margin of error. This con rms the results obtaingy Ruta et al. that there is in fact
beam-induced dynamics in oxide glasses. Furthermoreeit@dxthe previous knowledge by showing
that borate glasses and phosphate glasses also show bé@redndynamics, not only silicate and
germanium glasses.

Now that we know that the dynamics depend on the beam, it sdise question whether the
dynamics is entirely beam-induced or a mixture of intenndllkeeam-induced dynamics. This ques-
tion can be answered with the help of the rescaled autoatimelfunctions on the right side of
above gures. They allow us to group the results togethehned categories:

First category: Entirely beam-induced dynamics

The rst category consists of the samples in Figures 6.1 tbahd Figures 6.6 to 6.11. In
this category, the rescaled ACFs for the respective glassekmp or are very close to overlapping.
Therefore the rescaleds are they same within the margin of error or almost the saonehie
respective sample. This means that the dynamics is inygnsgdortional to the photon ux or very
close to it, which implies that the dynamics is entirely béasced.

As mentioned above some samples to not entirely overlamhiir respective margin of error.
The deviations seem random and small. We therefore expacthiis is due to imprecisions in our
measurements. However, a physical reason cannot be ruledtoely.

All samples in this category were measured at room temperaihich is quite far beneath
glass transition temperaturgy. (V20s)75(P20s)25 (Fig. 6.2) has the lowesTy with a value of
Ty = 275.9 C, giving a di erence betweeR, and room temperature of T = 251.9 C. This far
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beneath glass transition no internal dynamics is expeuteith is in agreement with our results.

Second category: Mixture of beam-induced and internal dynamics

The second category consists of the samples in Figures &.624. For the samples in this
category, the rescaled ACFs to not overlap, they show a ehtebehaviour. This can best be
understood by looking at thes. After rescaling with the ux, the's from the measurements with
a higher number of attenuators become smaller than thewith a lower number of attenuators.
This behaviour shows that the dynamics here is not invepseportional to the ux. Instead the
in uence of the beam on the dynamics is less strong comparétetsamples in the rst category.
This indicates that the measured dynamics is a mixture legtiveernal and beam-induced dynamics.

The samples in this category were measured far above roopetature and also slightly above
Ty. The di erence betweeily and the measurement temperature T was 4.1 K for the samph; 6.1
10.1 K for 6.13 and 30.1 K for 6.14. At this temperatures iraidynamics was expected and our
results seem to be in agreement with this expectations.

However, there is also the possibility that this dynamics metaxation dynamics due to the
increase of temperature. Dynamics of this kind will be dgsliin section 6.2.3. Although the-
oretically possible it is unlikely, since relaxation dyosroaused by an increase in temperature is
characterised by a large which is around 2. The measurements in this category haveaaound
1. This is a strong indicator for equilibrium dynamics.

Third category: Ambiguous results

The third category consists only of sample Fig. 6.5. ThigQ):b(B2.0O3)so Sample shows a
beam-dependence similar to the samples in the second patddus is quite surprising, since this
sample was measured at room temperature. This is far begbadh transition temperature and
no other glass composition showed internal dynamics at teorperature. However, lithium is the
lightest alkali metal after all and the the atoms should beericee to move than atoms of other
alkali metals. The other possible cause for this resultsistematic error during measurement.

To decide whether the measured dynamics is (partiallyjriateor a systematic error occurred,
further measurements will be necessary.

6.2.2 Properties of beam-induced dynamics

We now know that all oxide glasses investigated show beduned dynamics. However, this raises
several follow-up question concerning the concrete messhasf the dynamics. The ones that will
be addressed here are the following:

1. Is the dynamics depending on the the total dose of radiatids the dynamics stationary?
2. How fast do the dynamics follow the ux of the beam when @¢hanged?

3. Are the beam irradiation e ects changing the glass stm&cpermanently?

To answer this questions a measurement series was condidERRF for a (PbO)}(SiO,) 7o
sample at 510C. During this measurement an attenuator was switched incaicgeveral times.
With the long time of the measurement we were able to studyetbets of the total dose on the
dynamics. And with the switching of the attenuator we were é&bistudy how the dynamics adjust
to the change of the ux.
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It must be mentioned that a temperature of 510 was not ideal here, since this glass already
shows internal dynamics at this temperature. However,rtexrnial dynamics does not depend on
the ux and therefore stay constant during the measuremdittis means that we should still be
able to answer the questions posed above.

The results of the measurement are shown in Fig. 6.15 anddn@a.

Figure 6.15:Left: Two-times correlation function. The time arrow goes frora bwer left to the
upper right corner. The measurement starts without atteouand also ends without attenuator.
Right: The plot shows as a function of the time step. Time step here means a sectittn w
constant ux. For example, the rst time step goes from thegloming of the measurement to the
insertion of the rst attenuator. For the actual time datan(seconds) see Tab. 6.1. The continuous
lines are the weighted mean values for the respective ne@asot series. The dashed lines are
mean values plus/minus the weighted error of the respeséries.

Nr.  Attenuator (s) (s) # Frames  Frame-time (S)
1 0 26.48 1.23 1.15 0.11 247 5.4577
2 1 35.24 2.35 1.23 0.17 384 5.4577
3 0 28.36 1.51 1.26 0.14 198 5.4577
4 1 40.71 3.91 1.35 0.23 403 5.4577
5 0 28.88 1.60 0.96 0.10 223 5.4577
6 1 36.53 2.53 1.29 0.19 353 5.4577
7 0 25.91 1.67 1.12 0.14 178 5.4577

Table 6.1: Detailed information about the conducted mearment. The rst column corresponds
to the x-axis in the plot on the right side of Fig. 6.15. To a#éte the actual time (in seconds) of
each time step, the number of frames must be multiplied vinéhftame-time.

With the results of this measurement, it is possible to anshe three questions addressed
above:
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1. In the two-times correlation function above, sectionth whe same number of attenuator
(either O or 1) appear to be similar. This is also re ectedhia t's. They are the same within
their margins of error for a given ux. Furthermore, the tthmes correlation function only
changes when the attenuator is switched in and out. There israadening or narrowing
within a given section. This observations imply that theadyits is only depending on the
current photon ux. Hence, they are independent of the cated dose.

2. When the attenuator is switched in or out, the two-timesr@ation function changes. The
change in dynamics must be a very fast process, since theémes-correlation functions is
constant within a given section. The upper time-limit ofustinent of the dynamics must
therefore be smaller than the time per frame, which is 5.4577

3. The third question cannot be fully answered with this mesament. To see whether and how
the structure of the glass changes under the radiation, aayXdrraction experiment that
measures the intensity as a function of the wave vector.qgl (&, would be necessary before
and after the sample is exposed to the beam.

However, the measurement strongly indicates that there jgammanent structural change in
the glass. In the case of structural changes one would egpectadening in the two-times
correlation function. This broadening is expected due ¢oféict that di usion is faster during
the structural change and slows down after the structuredmasmged. We did not observe
any broadening of the two-times correlation function in s@gtor. This indicates that for the
time of the measurement no structural change occurred.

6.2.3 Temperature-alteration induced relaxation dynamics

As stated above, we did not only measure samples at room tataperbut also at higher temper-
atures. The standard procedure to do this type of measurem&nto heat up the sample, adjust
all necessary parameters at the beamline and then start dasunement.

The main sample for this series of measurements was ¢RI800,)¢. Firstly, the sample was
measured several times at room temperature. After this meamnt series the temperature was
raised to 460 C, where the same kind of measurement series was perforrhesdprocedure was
repeated with 490C and 510 C. In detail, the sample was held at 480D for about 1262 min
until heating up to 490C. At this temperature, the sample was held for about 1945andhthen
heated up to the maximal temperature of 510 Between the main measurement series some small
measurements and minor temperature alterations wererpextb

At the time of this measurements beam-induced dynamics keadst known. Therefore we
expected to measure di erents for di erent numbers of attenuators, but the samgwithin the
margin of error) for the same number of attenuator, i.e. thme photon ux. However, the actual
results of the measurements were quite di erent from thggeesations, as can be seen in Fig. 6.16,
6.17 and 6.18. All gures show thatincreases with time, meaning that the dynamics in the sample
is slowing down.
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Figure 6.16:Sample: (PbO)3y(Si0;)70; To =460 C; T2=436 K
Time between reaching temperaturg dnd rst measurement: 68 min
Left: Correlation time as a function of timdRight: Kohlrausch exponent as a function of time

Figure 6.17:Sample: (PbO)3o(Si0,)70; To =490 C; T: 30K
Time between reaching temperaturg dnd rst measurement: 59 min
Left: Correlation time as a function of timdRight: Kohlrausch exponent as a function of time

2 T refers to the dierence of the temperature before heating amd the actual temperature § during the
respective measurement series.
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Figure 6.18:Sample: (PbO)3(Si0,)70; To =510 C; T: 20K
Time between reaching temperaturg dnd rst measurement: 22 min
Left: Correlation time as a function of timdRight: Kohlrausch exponent as a function of time

This behaviour is di erent from the beam-induced dynanmesstigated in the previous sections.
It can also not be explained by regular internal dynamigse ghis dynamics is slowing down very
fast, as can be seen in the fast increase .oflt can best be explained by the assumption that
these are relaxation dynamics caused by the increase iretatage. This dynamics occurs due
to the amorphous nature of glass. When the temperature isggththe complex potential energy
landscape changes as well and the atoms rearrange into a e@stable state.

The change in the's is most extreme in Fig. 6.16. This can be explained by ttetiat the
di erence of temperature was the highest for this measurgérseries. The sample was heated up
from room temperature, making a change in temperature ofki3&hen we conducted the series
of measurements the sample was still in the middle of theatdsm process. This can also be seen
in the values of the Kohlrausch-exponentlt is at a value of around = 2 for all measurements.
This is signi cantly higher than for glasses that were mesbsin a frozen metastable state, where
the value of was around 1 or less.

In Fig. 6.17 there is also a change in ths, but with the di erence that at the end of the
measurement series the change ilhecomes smaller. This behaviour is in accordance with the

's. They are clearly above 1 at rst, but fall rapidly to vadueround 1 or less at the end of the

measurement series, which is a sign that the glass sampleesean equilibrium state. The reason
why the relaxation here seems to be faster than the relaxati@60 C is probably the fact that
the change in temperature was 30 K and therefore far lesstttisaochange from room temperature
to 460 C. Also the temperature here is already 10.1 K above glassittoentemperature, which
means that dynamics is faster in general and this might beethson for faster relaxation dynamics
as well.

Finally, a third measurement series was conducted at 610'he results can be seen in Fig.
6.17. Here it can be seen that the relaxation process hapmengast. Only the rst couple of's
are smaller than the rest. After around 10,000 secondawd are the same within their margin of
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errors and their respective number of attenuators. Thidsis i accordance with the behaviour of
. It decreases slightly in the beginning and then stays aotsThis behaviour of the's and the
's is logically consistent with what we have seen at 46@nd at 490 C. Here, the temperature
change was 20 K, which is less than before and the temperat@@1 K above glass transition
temperature. Therefore, it is expectable that the relatatprocess is fast. This is in agreement
with our data.

6.3 Summary

First and foremost, the aim of this thesis was to answer thestion, whether there exist beam-
induced dynamics in samples. This question can be answiéheadalear yes. There is beam-induced
dynamics in all samples investigated. Moreover, sevegatigns of detail concerning the properties
of the dynamics could have been resolved. The main resalisecaummarized as following:

At room temperature the dynamics of all samples is prop@tito the beam ux, except
for one sample. After rescaling with the relative ux, the AGér a certain sample overlap.
This clearly indicates that all dynamics measured is bedoced and no internal dynamics
is present.

The one exception here is the sample containing lithiunmiurt is the lightest alkali metal and
moves more freely than other alkali metals. Internal dyosatiroom temperature is possible
for this element. However, a systematic error can't be roletdand further measurements
are necessary to come to a de nite answer.

At temperatures slightly above glass transition tempeestthe ACFs are not proportional to
the ux. This is because the in uence of the beam is weaken #itaroom temperature. This
strongly implies that the observed dynamics is a mixturerdsst beam-induced and internal
dynamics.

The beam induced dynamics has the following properties:

It is independent of the accumulated dose and only dependeoaurrent ux. It also adapts
very fast to a change in the ux. The upper limit for the adama is 5.477 s, which
corresponds to the time it took to record one frame. Howehisris only an upper limit, the
actual adjustment is probably much faster.

Beside beam-induced and internal dynamics a third type déas bbserved. This dynamics
occurs during structural relaxation caused by a changempeeature. One can call this third
type an order-order relaxation in analogy to the analogoegss known from intermetallic
compounds.
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Chapter 7

Discussion and outlook

We can now say with great certainty that there is beam-inday@mamics occurring in oxide glasses.
First of all, this is a quite surprising result considerimg fiact, that it was believed for a long time
that hard matter is una ected by X-rays. It is not only surpris but from today's perspective this
e ect is unwanted. This is obvious considering the factt the idea behind aXPCS is to have a
technique that is capable of measuring internal dynammslids. In theory, this is a great advantage
compared to techniques such as quasi-elastic neutronesicattor Me bauer spectroscopy, since
they can only be applied to a limited number of isotopes. isctipter the separation of internal and
beam-induced dynamics will be discussed as well as thbiliyssi measuring relaxation dynamics.
Furthermore, some possible mechanisms underlying belaireshdynamics will be debated. Finally,
an outlook on future experiments will be given.

7.1 Separation of internal and induced dynamics

The biggest issue is whether the internal dynamics can eated from the beam-induced dy-
namics. It is known that di usion in solid state matter can Wwell described by the Arrhenius
equation

D=D; eBatkeT (7.1)

whereD; is the Di usion coe cient at in nite temperature,E, is the activation energyl is
the absolute temperature aikg is Boltzmann's constant. We have seen so far that at tempegat
where there is only beam-induced dynamics, the dynamiosperponal to the ux . In the case
that the beam-induced dynamics depends on the ux, but ispeddent of the temperature, the
Arrhenius equation could be modi ed in the following way:

D=D; e Easke T 4 Dpeam( ) (7.2)

Here, Dpeam( ) is the contribution due to beam-induced dynamics. Thisusion term is a
function of the ux, as we have seen. The situation becomere momplicated, if the beam-
induced dynamics depends on the temperaiuras well. Then we have the following Arrhenius
equation:

D=D; e Easke T 4 Dpeam( ;T) (7.3)

52



In this caseDypeam( ; T) also depends on the temperature of the setup. To test thigmexp
mentally, one must measure the di usion coe cient for diet temperatures. The temperatures
must be low enough so that there is no internal di usion ogogr Then a functional form of
Dpeam( ;T) could be gained. However, a possible dependence on ther&gurpenas not been
tested in the course of this thesis, therefore no de nitenmnscan be given on whether the beam-
induced dynamics is temperature-dependent or not.

7.2 Mechanism of beam-induced dynamics

There is one important aspect to the issue that has not besudsed yet, which is the mechanism
behind beam-induced dynamics. In this section we willsismo how the sample possibly absorbs
the energy, how it a ects the sample and where the energy.gbksere have been several ideas
proposed in the past, of whom the most important ones will bationed here.

7.2.1 Macroscopic heating

Internal di usion is a thermally activated process. Thisangethat di usion will be faster when the
temperature is raised. We have seen in the previous chdgatebéam-induced dynamics shows a
similar behaviour, the stronger the ux the faster the dias. This suggests to treat the beam
as a source of heat, Hence, we calculated how much the saeigldented by the beam. The
geometry for this is shown in Fig. 7.1.

Figure 7.1: Two-dimensional illustration of macroscopiating. Ideally, the beam hits the sample
in the middle and the photon ux is perpendicular to the s@nglhe sample is of circular shape
and surrounded by the sample holder.

The di erence in temperature T = T; T, between the edge of the illuminated area and the
sample holder is given by Fourier's law

_Q
T=—F (7.4)
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whereQ is the heating power of the beam,is the thermal conductivity of the sample and
F is a geometrical factor. Mathematically, above equatioa geady-state solution to the two-
dimensional heat conduction equation. The sample holdéne@edge of the sample acts as a heat
sink, thereforerl, is at a xed value. The analytical form of the geometricaltdador the given
geometry is

2 L
F = (%) : (7.5)

L is the thickness of the sampilg,is the radius of the beam amg is the radius of the sample,
i.e. the distance from the middle of the sample to the samgpligeln. The temperature in the beam
irradiated area is thefi, = T, + T.

An explicit calculation was done by Leitner et*al. They calculated the heating of a copper-
containing alloy (90 at.% Cu and 10 at.% Au) for a typical aXP&8s They assumed a continuous
beam with a ux of 2 10' photons per second, a photon energy of 8 keV and a beam diamete
of 5 m. The sample in the example was a 18 thin foil. The alloy had a heat conductivity of
= 380 W/(m K). In transmission geometry and under the assumption tha#tdf the photons get
absorbed the beam has a heating power of 0.13 mW. Heat @uiatneglected in this calculation.
Applying Eq. (7.4) gives a di erence in temperature d = 0.036 K between the edge of the
illuminated area and the sample holder.

Here, a similar calculation was done for vitreous Silitée adopted all parameters from above
calculation. The only two di erences were the thickness 50 m of the sample and the heat
conductivity, which for vitreous silica is 1.37 W/®) at 25 C[?°l, Then Eq. (7.4) gives a di erence
in temperature of T = 2.02 K. This is much higher than the value for the Cu alloy, s1ill very
small and can therefore be neglected.

7.2.2 Primary knock-on atomic displacement

Since a macroscopic view is not su cient to explain beanuaed dynamics, a microscopic view
on the situation is needed. It is known that gamma rays caagiatron damage through knock-on
displacements. A primary knock-on displaceri#ris de ned as the displacement of a whole atom
by collision with incident particles. This is in contrasttie displacement of an electron, which
is called ionization. The mechanism of ionization will becidieed in section 7.2.3. The incident
particles here are photons. The process behind the scwjtefiparticles under incoming photons
is called Compton scattering. Mathematically, the Comoattering formula is given by

B h
0 +m_c(1 cos ), (7.6)

where and ©are the wavelengths before and after scatterimgs Plancks constantc the
speed of lightm the mass of the target particle andis the scattering angle. Above equation can
be rewritten in terms of the energy shift instead of the shifivavelength:

m ¢ E
m 2+ E (1 cos)’

E%= (7.7)

1The geometrical factor was obtained from
http://www.itw.uni-stuttgart.de/dokumente/Lehre/waermeuebetragung/2_Waermeleitung.pdf(January 23, 2018)

2Vitreous silica was chosen because the thermal conductivity very well know for this material. The argumen-
tation holds for other oxide glass compositions as well, since tHelgeve quite similar values for.
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whereE and E° are the energy before and after scattering. The di erencevamelength and
energy respectively becomes maximal for a scattering ahgle 180 :

2 h
N (7.8)
0o _ m ¢ E
E” = m c2+2 E (7.9)

Eq. (7.8) shows that the di erence in wavelength is a functad the masan of the target.
The heavier the target is the smaller the di erence in the elewgth before and after scattering.
This implies that heavy particles can absorb less energy drghoton than light particles. The
lightest element used in this thesis is lithium. Accordingdo (7.8), a lithium nucleus can absorb
a maximal energy of 0.019 eV from an 8 keV photon. Howevergdar to break atomic bonds by
this mechanism energy transfer of at least several eVs weulédessary.

Furthermore, the cross sectiGnfor Compton scattering of photons and nuclei is very small.
This means that it is very unlikely that a photons scattersaatucleus. Even when it does, the
energy transfer is to small to displace the nucleus. Hemoekkon displacements can be ruled out
as well as a possible mechanism behind beam-induced dgnamic

7.2.3 lonization of atoms

Both, macroscopic heating as well as primary knock-onadispients of atoms due to Compton
scattering can't explain beam-induced dynamics su cienfThe rst mechanism fails as an ex-
planation due to the fact that the heating does not raise temperature enough to cause such
strong di usion as seen in all glasses. The second mechamisrduced, Compton scattering of
the photons with the nucleus, does not provide enough enerfick atoms directly out of their
position in the network and has a negligible cross section.

It is more likely that the photon energy gets transferredhe électrons in the sample. Two
mechanisms play a role here, the photoelectric e ect andg@@mscattering.

According to the theory of the photoelectric e ect, boundotlens can be dissolved from the
bond by absorbing a photon that has an energy higher thanittténlg energy. X-rays always have
an energy higher than the typical binding energies of elestm a glassy material. Hence, this
e ect would be su cient enough to ionize molecules in the evél.

Compton scattering was already introduced above. An 8 keYopluan transfer a maximum
of about 243 eV to an electron. XP#easurements have shown that a electron in the 2p-orbital
in a SiQ quartz needs an energy of 103&to be kicked out of the molecule. The energies must
be similar in vitreous silica. Therefore, 243 eV is enoughggro liberate electrons from their
molecule via Compton scattering and ionize it.

We have seen now that X-rays provide enough energy for botksdleat are causing ionization
in molecules. lonization subsequently causes a change itothplex potential energy landscape
of the glass, which could eventually result in a atomic aegement. This mechanism could also
explain why there is no beam-induced dynamics in metaftiplea. Not bounded (conduction)
electrons in metals are simply described as a free Fermlrgasch a gas the electrons are highly
delocalized. An absorption of a photon excites the electranstate of higher energy within the

3The cross section is measure for the likeliness that scattedocurs.
4XPC is the abbreviation of X-ray photoelectron spectroscopy.
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Fermi gas, but does not e ect the potential energy landsczgee atomic lattice and no di usion
would occur. Bounded electrons ionized by the photons ar&heocontrary, immediately replaced
from the pool of conducting electrons and thus the photorsachon atomic bindings in metallic
samples is minimized or completely annihilated.

What has not been investigated here is the cross sectiomdophotoelectric e ect as well as
Compton scattering with electrons. This is mainly becabgethesis focuses on the experimental
investigation of the e ect.

7.3 Outlook

Beam-induced dynamics is understood to some degree notihdoetis still more research necessary
for full comprehension.

An important question that must be addressed is whether tthecied dynamics is temperature-
dependent or constant for all temperatures. A possible rakpee of the temperature plays an
important role in the separation of induced and internalagiyics, as can be seen in Eg. (7.1) and
Eq. (7.3) respectively. The dynamics would be easier taaepd the induced dynamics only adds
a constant term to the Arrhenius equation.

At the time this thesis was written, ionization of the atoreemed to be a suitable candidate for
the mechanism behind beam-induced dynamics. Howeves,isretill the possibility that metals also
experience beam-induced dynamics, but that they are tdadde detected by current techniques.
Then the reasoning in this thesis regarding the mechanisonization cannot hold. If technically
possible, aXPCS experiments on a shorter time-scale caseathis question. Free-electron laser
seem to be a promising candidate for extending aXPCS to mstér fdi usion processé&¥l,

What is also up for debate is the question of what elementheénnbaterial actually move
and what the properties of this movements are on the atonatesclo get an insight into this
guestions, the correlation timeas a function of the scattering vectqrcould be investigated and
then compared to the jump models presented in section 3.4 Would give detailed information
on the mean residence time of the atoms, the typical jumpthsnand frequencies.

Last but not least, it must be mentioned that beam-inducedaalyics is probably di erent
for every material. If this is the case, then the beam-indit@ision coe cient Dpeam Must be
determined for every material that one intends to measar@aXPCS.
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Appendix A

Derivation of the optimal sample thickness

The optimal sample thickne¥%,,; is the thickness that maximizes the scattered radiatioa fuven
material and a given scattering angle. The material is cbarnaed by its absorption coe cient
and the scattering angl2 . The absorption coe cient depends on the material used ia th

experiment. Deriving the optimal sample thickness is a g&@al problem. The situation is shown
in Fig. A.1.

Figure A.1: A synchrotron measurement in transmission gepme

The partdl of the beam is scattered in an intendd of the sample. The distance the beam
takes in the sample before scatteringiandy after scattering. All measurements in the course of
this thesis were conducted in transmission geometry withaanbof intensityl o striking the sample

perpendicular to the surface. Hence the fractibrof the beam getting scattered in an in nitesimal
interval dx is®

dl = lge *se Ydx (A.1)
Integration gives
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Z

| =lgs e *¥dx (A.2)
0
y can be expressed as a function of x, yfx) = C‘é"s(zx), leading to
V4 W
W x
| = 1o e X+ sz ))d)( =
0
W
e we) e W
lo 1 o (A.3)
( cos(2 ))

Calculating%v, setting it 0 ans solving the equation fo¥ gives the optimal thickness

In(coq2
Wopt(; ): % (A-4)
( cos(2 ))
The limit ! 0 can be calculated by using IBgital's rule and gives
1
W(, =0= - (A.5)
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Appendix B

Code for logarithmic binning

%% Import Data %0

filename = "FILENAME"; %Enter FILENAME here without extensio
fullname = [filename ".txt"]; %Filename extension

data = load(fullname);

nrows = rows(data);

%% Adjust binning factor %0

binfactor = 1.05;

% Logarithmic Binning %
M = zeros(nrows ,1);

x1 1;

x2 = round(x1 binfactor);

for j=1:nrows
if (x2<nrows)
iM(j) = x1;
else
break ;
endif
x2 = round(x1l binfactor);
x1 = x2+1;
endfor

counter = 1;
for j =l:nrows
if(jM(j) = 0)
counter+=1,
else
break;
endif
endfor

counter = 1;
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jM2 = zeros(1,counter);
for j=1:counter

IM2(1,j) = M(j);
endfor

A = zeros(counter ,3);

x1l = 1;

x2 = round(x1l binfactor);
Arow = 1;

for j=jM2

if (x2 <= nrows)
for i=x1:x2

A(Arow,1l) = (x1+x2)/2;
A(Arow,2) = A(Arow,2) + data(i,1);
A(Arow,3) = A(Arow,3) + data(i,2);
endfor
else
for i=x1l:nrows
A(Arow,1) = (x1+nrows)/2;
A(Arow,2) = A(Arow,2) + data(i,1);
A(Arow,3) = A(Arow,3) + data(i,2);
endfor
endif

iIf (x2 <= nrows)
A(Arow,2) = A(Arow,2)/(x2+1 x1);

A(Arow,3) = A(Arow,3)/(x2+1 x1);
else
A(Arow,2) = A(Arow,2)/(nrows+1l x1);
A(Arow,3) = A(Arow,3)/(nrows+l x1);
endif
x1 = x2+1;
x2 = round(x1l binfactor);
Arow += 1;
endfor

for i=1l:counter
A(i,1) =1;
endfor

%0 Saving the data Y%

readoutname = [filename "logbin.txt"];
dimwrite (readoutname ,A,'delimiter 'n't','precision',7)
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