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Zusammenfassung

Moderne Hochdruckforschung erfordert die Untersuchung verschiedener
Materialeigenschafterin situin Diamantstempelzellen (DACs, von englid@dmond anvil

cellg bei gleichzeitig hoher Temperatur und hohem Druck. Die zwei Hauptmethoden zum
Heizen von Pragn in DACs sind Lasend Widerstandsheizung. Die Laserheizung wird bereits
seit mehr als funf Jahrzehnten eingesetzt und findet zahlreiche Anwendungen in den
Bereichen Mineralphysik und Hochdruckchemie, Physik, Geowissenschaften und
Materialwissenschafte.

Neben der Ublichen Methode der Dauerstrichserheizung (C\Vaserheizung, von englisch
continuouswave lasey wurden seit den ersten Versuchen der Laserheizung in einer DAC auch
gepulste Laser verwendet, die den Vorteil haben, dass aufgrund der Koatzemthoher
Laserleistung in kurzen Impulssignifikant hohere Temperaturen erzielt werden kénnen. So
wird bei der gepulsten Laserheizung durch das wiederholte Heizen und Abkuhlen der Probe
die Zeit zu einer weiteren Variablen neben Druck und Temper&amit wurde ein neues
Forschungsfeld eingefuhrt, in dem wichtijgaterialeigenschaften wie Warmeleitfahigkeit

und Diffusionsvermégen bestimmt und komplexe Prozesse in der Probe, insbhesondere das
Schmelzen, untersucht werden kénnen. Als weiterer moglicteatell wird angenommen,

dass die gepulste Laserheizung die chemische Stabilitat der geheizten Probe durch
Minimierung der Diffusion verbessert. Dies wurde jedoch bisher nicht experimentell
untersucht. Das Hauptziel dieser Dissertation ist es, die Mogiienkeder experimentellen
Technik der gepulsten Laserheizung in der DAC in Anwendungen der Minecdhl
Materialphysik zu untersuchen.

Im Rahmen dieser Arbeit wurde ein tragbares doppelseitiges gepulstes Laserheizsystem
entwickelt, das problemlos mit Geratdur zeitaufgeloste Messungen wie Rontgenbeugung
(XRD), Nuclear Inelastic Scattering (NIS), SynchrMimsbauerSpektroskopie (SMS) und
RontgenabsorptiondlahkantenstruktwSpektroskopie (XANES) an Synchrotronanlagen wie
der Europdaischen Synchrotrédtrahlungsanlage (ESRF) und PETRA Ill am DESY gekoppelt
werden kann

Die Auswirkungen der gepulsten Lasererheizung auf die chemische Stabilitdt von Proben
innerhalb  der Diamantstempelzelle wurden in zwei separaten, fur die
Hochdruckgeowissenschaften wichtigexperimentellen Féllen untersucht:

In der ersten Studie wurde die chemische Wechselwirkung zwischen einer Probe aus Eisen
und dem Kohlenstoff der Diamantstempel wahrend kontinuierlicher (CW) und gepulster
Laserheizung untersucht. Es ist ein bekanntesIBropdass das Laserheizen von Eisen in einer
DAC durch eine chemische Reaktion mit dem diffundierenden Kohlenstoff zur Bildung von
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Eisenkarbiden oder der L6sung von Kohlenstoff in Eisen fihren kann. Dies kann die geschatzte
Schmelztemperatur in Eisenschim&kperimenten erheblich beeinflussen und die Analyse der
Phasengrenzen zwischen verschiedenen Eisenphasen erschweren. In einer Reihe von
Experimenten, bei denen verschiedene Punkte auf Eisenproben entweder mit einem
gepulsten Laser oder einem GMaser ertizt wurden und aul3erdem die Dauer des Erhitzens
variierte, wurde die EiseKohlenstoffWechselwirkung mit Hilfe von XANES verfolgt. Die
Zusammensetzungen der erhitzten Proben wurden anschliel3end unter Verwendung von SMS
und XRD an verschiedamestrahllinie der ESRF und PETRA 1l untersucht. Die Ergebnisse
dieser Studie zeigen keinen offensichtlichen Vorteil des Erhitzens im gepulsten Modus und
beweisen so im Wesentlichen, dass die chemische Wechselwirkung zwischen Eisen (oder,
allgemeiner, allen Materialiein einer DAC) und dem Kohlenstoff der Diamantstempel kaum
vermeidbar ist.

Die zweite Studie untersuchte den Einfluss von gepulster Laserheizung auf die Stabilitat von
Ferroperiklas mit der geochemisch bedeutsamen Zusammensetzung vepsMB&7s)O

(Fp25) in einem weiten Temperaturbereich unter Driicken, die dem oberen Teil des unteren
Erdmantels entsprechen. Es wurde Uber die Zersetzung von Fp25 unter Bildung einer
Hochdruck(Mg,Fe3}Os-Phase mit CaJds-Struktur sowie tber die durch Erhitzen indutger
Dissoziation von Fp25 in eine-f&@che und eine Mgeiche Phase berichtet. Die Ergebnisse
unterstitzen auRerdem den Schluss, dass gepulste Lasererwdrmung chemische Prozesse
madglicherweise beschleunigt, anstatt sie zu unterdriicken.

Die Dissertation beimaltet auch die Entwicklung von zwei weiteren experimentellen
Systemen, die die Moglichkeiten von Laserheizungsstudien und deren Kopplung mit
verschiedenen experimentellen Techniken erweitern:

Das erste System ist ein EinkristdRDLaserheizsystem, dasus einem Einkristall
Rontgendiffraktometer und einem doppelseitigen Laserheizsystem besteht. Der Aufbau
wurde fur die Beamline P02.2 bei PETRA lll entwickelt. Die Leistung des Systems wurde am
Beispiel der EinkristakRDBUntersuchung von FeN und CrN untéfochdruck und
Hochtemperaturbedingungen veranschaulicht.

Das zweite System wird verwendet, um vollstandig zeitaufgeléste SMS bei hohem Dricken in
Kombination mit gepulster Laserheizung in DACs durchzufiihren. Das System ist in der Lage,
die MossbaueiAbsaption der Probe Uber die Dauer des Laserpulses zu verfolgen,
Anderungen der Probenoberflachentemperatur beidseitig zeitaufgeldst spektroradiometrisch
zu messen und die Probentemperatur durch die zentrale Verschiebung der Mdssbauer
Spektren zu bestimmen.d3 System wurde getestet, indem Eisen in KCI bei 32 GPa, Eisen in
Argon bei 36 GPa und 4£@s2in Ne bei 77 GPa erhitzt wurden.

Zusammenfassend tragt diese Arbeit bei zur Weiterentwicklung der Laserheizungstechnik fur
die Hochdruckforschung und zum besserd/erstandnis komplexer chemischer und
physikalischer Prozesse in der Probenkammer der DAC unter Laserbestrahlung.
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Summary

Modern highpressure research demands studying various propertiemaferialsin situ

inside diamond anvil cells (DACs), simultaneously at high temperature and high pressure.
Among the two major methods of heating in DACs, are laser and resistive heating; laser
heating has been already used for more than five decaded@nmtl numerous applications

in mineral physics and higtressure chemistry, physics, Earth, and materials sciences.

In addition to the common method of continuowgave (CW) laser heating, pulsed lasers have
been used from the first attempts of laskeating in a DAC, having the advantage of achieving
significantly higher temperatures due to the concentration of high laser power in a short
impulse. The repetitive heating and cooling of the sample makes time an extra variable,
additionally to pressure rad temperature, something that is not possible with CW laser
heating. A new field of research has been introduced, allowing the determination of important
material properties, such as thermal conductivity and diffusivity, and studies of complex
processes Whin the sample, particularly melting. As another possible advantage, pulsed laser
heating is thought to improve the chemical stability of the heated sample by minimizing
diffusion. However, this was not investigated experimentally. The main goal ofdsis is to
investigate the capabilities of the experimental technique of pulsed laser heating inside the
DAC in applications of mineral and material physics studies.

As part of the thesis, a portable doukd@led pulsed laser heating system has been tgpead,
that can be easily coupled with equipment at synchrotron facilities for tigs®lved
measurements, such asry diffraction (XRD), Nuclear Inelastic Scattering (Si®chrotron
Mossbauer Source (SMS), anda} Absorption Near Edge Structure sprescopy (XANES)
both at the European Synchrotron Radiation Facility (ESRF) and PETRA 1l at DESY.

The effects of pulsed laser heating on the chemical stability of samples insidx\Qeere
investigated in two separate experimental cases that are imgdrtin highpressure
geoscience:

In the first study, the chemical interaction between iron and carbon of the diamond anvils
during CW and pulsed laser heating was examined. It is a known problem that laser heating of
iron in a DAC may lead to formationiadn carbides or a solution of carbon in iron, as a result

of a chemical reaction between the sample and carbon diffusing from a diamond anvil into
the sample chamber. This can significantly affect the estimated melting temperature in iron
melting experimats and complicate the analysis of phase boundaries between different iron
phases. In a series of experiments, in which different spots of iron samples were heated by
either a pulsed laser or a CW laser and by varying the duration of heating, theairam
interaction was tracked using XANES. The compositions of the heated samples were examined
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afterwards using SMS and XRD at different beamlines of the ESRF and PETRA Ill. The results of
this study show no obvious advantage due to heating in pulsed modeeasentially prove

that the chemical interaction between iron (or generally any materials in a DAC) and carbon
from the anvils is hardly avoidable.

The second study investigated the effect of pulsed laser heating on the stability of
ferropericlase with geochemically relevant composition of (EevVigo.75)0 (Fp25) at pressure
conditions corresponding to the upper part of the lower mantle and at wide temperature
range. The decomposition of Fp25 with formation of a kpgéssure (Mg,Fe{s phase with
CaTiOs-type structure was reported, as well as the dissociation of Fp25 into aitlrand a
Mg-rich phases induced by heating. The results further support that pulsed laser heating can
possibly accelerate, rather than suppress, chemical processes.

The thesisncludes the development of two more experimental systems that further extend
the capabilities of laser heating studies and its coupling with different experimental
techniques:

The first system is a singteystal XRD/laseneating setup consisting ofsanglecrystal Xray
diffractometer and a doubksided laser heating system. The setup was developed for
0SFYfAYS tnHdu G t9¢w! LLL® ¢KS adaeaidsSvyQa LX
the singlecrystal XRD study of FeN and CrN at-pigdssureand hightemperature conditions.

The second systenis used to perform fully timeéesolved SMS at high pressures in
combination with pulsed laser heating in DACs. The system is capable to track the Méssbauer
absorption of the sample along the duration okthaser pulse, follow changes of the sample
surface temperature from both heating directions using spectroradiometry, and bulk sample
temperature by means of central shift of the Mdssbauer spectra. The system was tested by
heating iron in KCI at 32 GParirin argon at 36 GPa, and:k®&s2in Ne at 77 GPa.

To summarize, this work contributes to the developmentte laser heating technique for
high-pressure research antb a better understanding of complex chemical and physical
processes in theamplechanber of a DAC under laser irradiation.
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Chapterl. Introduction

Chapter 1

Introduction

The progress of modern science relies in the progress of technology. Not only applied but also
fundamentalresearch is advancing alongside the improvement of instrumentadiuh the

pursuit of knowledge is pushing thamits of technological capabilityBy eaching higher
energies, shorter timescales, higher measurement precisionre extreme conditions,
experimental instruments provide the means to expand the barriers of knowlexidegrees

not previously possible.

The beginning of the 20century was marked by scientific breakthroughs in physics, chemistry

and biology that established the foundations of modern science. These achievements were
based in the individual brilliance @& number of scientists that are now considered the

F2dzy RAY3I GaaNEHERREE I FR (GKSAN NBIaIor latergS T A S
milestone discoveries of contemporary science derive mainly from the effort of broad,
interdisciplinary scientifigroups collaborating at largecale projects and facilities rather than

the novel idea conception of an individually outstanding scienttistgescale facilities, such

as particle accelerators, synchrotronsyay free-electron lasers, space observatoriesd

laser interferometer gravitationalvave observatories are the places where engineers and
scientists of diverse backgrounds expand the boundaries of modern scientific knowledge.

Highpressure science, being heavily experimental, is one such scienteettes on the

advances of scientific equipment aladgescalefacilities. The inception of devices such as the
diamond anvil cel(DAC) and the multianvil pres$ and the futher improvement of their
designshas allowed the investigatioof material properties and chemistry at pressure and
GSYLISNI (dzNBE O2 y RA ( A iigriors afétrasokaBodiesh. NRisks@figreadd 2 NS |
importance br gec and planetary scienceluethe lack of actual samples from the deprth

and other planes interior. Similarly, material science and condensedtter physics profit

from the expansion of the pressure and temperature limits within which matter can be
investgated in topics of researclsuch ashightemperature superconductivity, ultrahard

material® and new materia discovery.
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Chapterl. Introduction

Alongside with the development of higiressureapparatuses different techniques have
been utilized to heat samples at geologically relevant temperatur@ne of the favord
methodshad beenexternalelectrical resistive heatifgtC. In this approachiesistive heaters
can surroundhe wholeDAC the diamonds and gasket assemblagethe supports for the
diamonds.Although external resistive heatingeates a homogeneous temperature field in
the pressure chambeit suffersfrom temperature and presserlimitations Diamond begins
to graphitize at temperatures over 1200 f8etallic gaskets become soft and yield, and the
expansion of thdody of the DAC at high temperaturean create unwanted changes in the
pressure Alternatively, theresistive heatig can be internaf's'3, by passing current through a
metallic wire inside the sample chamber, often the wire being the sample it$&is method

is more efficient and can also produce homogeneous heating, but still has temperature
limitations, andis extremely labor consuming

The highest range of temperatures inside the DAC can be achievethsgthheating Taking

advantage of the transparency of the diamond anvils for a wide range of radiation energies, a
laser beam can be focused on the sample through both diamond anwisheat the
pressurized sample up to several thousands of degkedgin The fact that it igossible to

I OKAS@S GSYLISNI (dzNBa K I for itsSeatbeSpBeBsurai ringe had NI K Q
establishedthe laserheated diamond anvil cell (LHDAC) teclweicas a very important

method formineral physics and high pressure chemistry, Earth and material sci€riées

In contrast to resistive heating, the focused laser beam heats only a small area inside the
pressure chamber and, depending on theasasot the entire sampleDue to this, the LHDAC
technique benefitssignificantlyfrom synchrotron radiatiorfor in situ measurementof the
heated sample. Thieeated part of the sample can be probed by thigh-brilliance focused

X-ray beamproduced at synchrotron light source facilities, without probing the surrounding,
cold part of the pressure chambeConsequently, over the last yeatege LHDAC technique

has been coupled with various experimental -ses at synchrotrons such as Xay
diffraction’®'”, Nuclear Inelastic Scattering (NIS), the Synchrotron Mossbauer Source
(SMSY1° and Xray Absoption Near Edge Structure spectroscopy (XANEZ)nd most high
pressure beamlines are equipped with ia situLHDAC system.

The temperature determination during laser heating is much less accurate than the
thermocouples that are used to determine the temperature during resistive heating. The most
common method employed is spectroradiome{see Sectio.3) that estimates the surface
temperature of the sample from its thermal radiation. The uncertainty of spectroradiometry
is in the order of £100 Kwhich is less than 5% for temperaturebore 2000 Kand is
acceptable for most experimental conditions. The temperature of the heated sample can be
also provided from other spectroscopic methods. The spectroradiometric measurement can
be combined with that information, which improves the acayaf the total temperature
estimation.
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Chapterl. Introduction

Another drawback for laser heating comparatively to resistive heating is the fact that not all
materials absorb laser power in the same veayl some samples might not be possible to be
heated by a specifitype of laser. Different LHDAC systems utilize lasers of different
wavelength depending on the materials under investigatibime most commonly used laser
types are:

a) Solidstate lasers with Ndloped YAG crystals as lasing medium or fiber lasers that both
emit in the nearinfrared radiation (NIR) range, specifically at around 1064 NIR.
lasers are used to usually heat metallic samples or samples that contain metals that
are usually nofiransparent at the visible range.

b) Gas lasers, more specificallyd&sers, ¥ Al AY TN} NSER NI RAFGA2Y

These lasers are absorbed by a wider range of materials, includinghatailic and
light-element samples that are transparent to the visible light. Although such lasers are
also suited for metallic compoundsye to their difficulty to be focused and their easy
absorption by intermediate optics, they are mainly utilized only for samples that
cannot be easily heated by NIR lasers.

c) Lasers that emit at the visiblgpectrum (VISjange are well suited for heatingreples
at high pressurebut the intense visible light they produdanders thein situvisual
observation of the samplandinterferes with the spectroradiometry measurements.
Heating lasers at the visible range have, therefore, limited application in CHDA
systems.

Additionally to thecommonlaser heating method of continuouwsave (CW) heatingyhere

the laser power is steadily trafesred to the heated sampleyulsed lasers have been used
from the very first attempts of laser heating in a BA€ Pulsed laser heatingas the
advantage of achieving significantly higher temperatures due to the concentration of a high
amount oflaser power in ahort impulse.

In the first decades of laser heating the capabilities of pulsed lasers have not been fully
explored Only inthe beginning of the 2000pulsedlaserheating has been coupled with time
resolved measurement$?>, The repetitive heating and cooling of the sample makes time an
extra variable in addition to pressure and temperature, which ispastsible with continuous

wave laser heating. An entirely new field of research has been introduced, allowing
determination of important material properties such as thermal conductivity and diffusivity,
and melting temperature®<°,

The present thesis focuses in the advancement of the pulse laser heating method. The
development of LHDAC setupgriesented thatare coupled with different Xay spectroscopy

and diffraction methods and are capal@éin situtime-resolved measurementduringpulse
heatingof the sampls. The pulsed laser heating technique is further investigated regarding
its effects on the chemical stability of thmaterials in comparison to conventional CW

13
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Chapterl. Introduction

heating.The experimerg reported include the chemical interaction of iron with carbon from
the diamond anvils as well as thieigh-pressure chemistry ofron-rich ferropericlase
(Fe&.25Mgo.75)0, a geologically important mineral.
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Chapter 2

Motivation

Although laser heating inside the diamond anvil cell is a-@stfiblished technique that has

led to significant advances of higinessure science, the use of pulsed lasers foetiesolved
measurements is relatively recent and only a handful of scientific groups have so far
developed systems and established methods for such experitténiilsed laser heating is
considered to have several advantages over CW laser heating, that are often reported in
literature:

a)

b)

d)

Better heating stability over long measuremen@ptical components on the laser
beam path as well as the DAC itgetbgressively heat up due to the partially absorbed
laser radiation and their thermal expansion can cause optical misalignment or
mechanical failure to the components of the heating system, especially during
measurements that require long time of heatingulsed heating allows the thermal
relaxation between pulses and minimizes the thermal exparision

Higher achievable temperatureBiamond is a material with extremely high thermal
conductivity and in order for the sample to be heated, the thermal lossesitih the
diamond anvils need to be overcome. This problem is more prominent for experiments
at very high pressures, when the pressure chamber is small and the insulation layer
between the sample and the diamonds is very thin. In pulsed heating, thedasegy

is concentrated in a short duration pulse that can overcome the energy losses more
easily than continuous wave heatitiy

Possibility of timeresolved measurementsPumpprobe experiments rely in the
excitation of the sample with laser pulses ark tobservation of its response as a
function of time. Such studies allow the investigation of chemical processes and
properties of mattet4>.

Improved chemical stabilityAs the pulsed laser heating minimizes the heating
duration in individual pulses dawto microseconds or even shorter, it is considéfed
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5to be a technique that suppresses diffusion and thus improves the chemical stability
of the system under investigation. However, there have not been studies so far, which
could allav a direct comparison of the effects of pulsed laser and continuous wave
laser heating.

In the course of the present thesis, a pulsed laser heating system was developed to exploit the
aforementioned advantages of the novel technique and utilize it, in ¢oatlon with
different spectroscopic methods, in experiments of geological and material science
importance (SectionS.1, 5.4and5.5). Experiments with duration of up to 24 hours of pulsed
laser heating are reported (Sectidrl) as well as examples of tinmesolved studies (Sections
5.1and1.1). Lastly, two studies investigate the effects of pulsed and CW laser heating on the
mobilization of carbon and its chemical reaction with iron in a diamond anvil cetidBé.2)

and the stability of ferropericlase at high pressures (Sec&@).

2.1 Portable pulsed laser heating system

Laser heating inside the diamond anvil cell is an experimental technique that greatly profits
from the analytical capabilities provided by the focused and brilliamayXbeam of a
synchrotron. For this reasomany highpressure beamlines are equipped with laser heating
setups, coupled with different experimental meth&éls. The versatility of LHDAC and the
need of heating samples both at home institutions as well as synchrotrons lgteto
development of portable setups that can be easily transported to a synchrotron beamline, fit
into the limited space provided and, if necessary, allow the movement of the sample during
data collectiofs!4,

One of the goals of this thesis was to develop a pulsed laser heating system that is designed
to be easily movable between home instibns and synchrotrons, or between different
beamlines and can be combined with different experimental setups. A number of challenges
had to be addressed to design a system that is versatile regarding the laser pulses shape and
synchronization, dependingn the demands of each experiment, and accurately measure the
time-resolved temperature of the sample while heating.

Another aspect that is of great importance in a LHDAC experiment is the information about
the spatial distribution of temperatures at andoaind the heated spot. The significance of a
surface temperature map has been noted in several stdéi#s being espeially relevant to
high-pressure melting experiment%2°, but not exclusivel?18. In melting experiments, the
temperature distribution map provides information on the maximum and minimum
temperature of the heated spot, as well as the temperature at exactly the boundary between
the melted and normelted material, which definesstmelting point.

The methods used so far to determine the surface temperature distribution estimate the
temperature profile along one line on the sample by leading the thermal emission into a
spectrometer through a shit*®. Direct twodimensional tempeature mapping techniques
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included only computational estimations such as peak scéliog multispectral imaging
radiometry approaches, without full spectroradiomettyThe portable pulsed laser heating
system developed in the course of the present thesis, aimed to provide a solution for both
temporally and spatially resolved temperature measurements in a desiblied LHDAC.

2.2 Chemical reaction(s) of laseeated materials, iron particularly, with carbon
from the diamond anvils

The LHDAC method has wide application in experiments that investigate the melting
temperature of materials as a function of pressure, i.e. their melting c&Rfex?4,
Knowledge of melting of metals under pressure is of a fundamental importance, but the high
pressure melting curve of iron is of particular interest for geosciences, as it provides crucial
constrains for @ RSt t Ay3d GKSNXYIf O2yRAGAZ2Y A -manyle (KS
boundary (CMB). Despite extensive research, it still remains uncertain and the data are
contradictory>28,

The results of studies on melting depend on many factors including the heating method,
melting criterion, and the temperature measurement technique. Undesirable chemical
reactions are amog the major experimental obstacles. It is well known by now that laser
heating of iron in a DAC may lead to formation of iron carbides or a solution of carbor?ff iron

32 as a result of a chemical reaction between the sample and carbon diffusing from a diamond
anvil into the sample chamber. This is highly unwanted in melting experiments, since the
presence of carbides or f& solid solutions can significantly affdug tmelting temperaturé®.
Theresults of a recent studyon the melting curve of iron appears to have been affected by
this carbon contaminatiot¥34 This problem is not limited to iréhbut due to the important
geological implications of its melting curve, iron is a widely investigated material.

The detection of the undesirable chemical reactions often presents a separate complex task.
Since laser heating affects the surface of the sample, the vobfrtiee laserheated material

may be very small. The amount of products of undesirable chemical reactions can appear to
be below the detection limit of the applied analytical method. The question of whether a
chemical reaction indeed took place becomes @lfor establishing correct melting curves

of metals or, more generally, for any experiments in laseated DACSs.

Solid state chemical reactions are driven by mutual diffusion of the components, which is
promoted by high temperature and prolonged heatings the pulsed laser heating minimizes
the heating duration in short pulses, it is considered as an option that suppresses diffusion
and, thus, prevents or minimizes (relatively to CW heating) the reactions between carbon from
the diamond anvils and head matter.

However, the benefits of pulsed laser heating have not been thoroughly studied and there has
been no direct comparison of the effects of pulsed and CW laser heating on the mobilization
of carbon in a DAC and its chemical reaction with the sanflieh experiments require a
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sample in a particular chemical environment to be heated using both a PL and a CW laser, in
order to support the argument of increased chemical stability when pulsed heating is used.

In the present thesis, experiments where fl@med in a structured way, by heating the same
sample with different heating methods and investigating the existence of chemical reaction
using Xray diffraction, SMS, and XANES. The dependence of the chemical reaction on the laser
heating method used angressure medium in the DAC was investigated, as well as the
influence of the detection method in the characterization of the possible reaction products.

2.3 Stability of ferropericlase at high pressures

¢CKS 9FNIKQa f26SN YI yit $evOlanyedfitte pldrétSidm tie2 NS
transition zone at the depth of 660 km to the cemeantle boundary (CMB) at 2900 Rén
Currently it is widely accepted that the lower mantle consists of mainly three major minerals
¢ ferropericlase, bridgmanite and calcium silicate perovskité Ferropericlase ((Mg,Fe)O) is

a magnesium oxide with iron content and is believed to be the second most abundant of the
three, comprising approximately 18 wt% of the lower mantf&4%41(Figure2.3-1).

The expected percentage of iron (expressed as Fe/(Mg+Fe)) in (Fe,Mg)O in the lower mantle
is 1325%, as follows, particularly, from studies of Mg partitioning between bridganite

and ferropericlasé?“3Ferropericlase with such composititsso far considered to be stable

in a NaGtype (B1) structure”Odod throughout the lower mantlé,

Temperature (K)
1500 1600 1700 1800 1900 2000

------ N . OPx|
‘\\”I, -
104 % O\ 2t
= Garnet & - 300 58

= 410

500

660

- /700

Pressure (GPa)
Transition
Zone
Depth (km)

F
304 \

Lower
Mantle

"\MgSi—perovskite i
Ll 900

20 40 60 80
Mineral proportion (wt.%)

Figure2.3-1. Experimental data on mineral composition and phase transformations in the mantle within
the pressure range §35 GPa. Fp stands for ferropericlase; CPx stands for clinopyroxenes; OPx stands for
orthopyroxenes; hgCPx stands for §h-pressure clinopyroxenes. Modified aft&r
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There are, however, reports that (Mg,Fe)O with relainarge amount of Fe may decompose

at pressuretemperature conditions of the lowermost mantle into an-fieher and a Mg

richer phase®¥4’. In contrast to the edier reports on decomposition, subsequent studies in
laserheated diamond anvil cells (LHDACS) did not observe any segregation between iron and
magnesiun4&30,  Ferropericlase inclusions in supdgep diamonds show very large
variations of Mg/Fe ratit? suggesting that there are natural processes which lead to
compositional differentiation in the formation of (Mg,Fe)O. The behavior of ferropericlase as
well as partitioning of iron betweemineralsco-existing in lower mand play a crucial role in
understanding the dynamics, geophysics, and geochemistry of the Bétth.

A possible reason for the contradictory results in the decomposition of ferropericlase into of
Fe and Mgrich components upon heating has been suggested to be the short heating
duration’®, signifying the influence of chemical kinetics. A study on the reactivity of iron with
the diamond anvils inside a DAC that is part of the present thesis, shows no obvious advantage
due to heating in pulse mode, in contrast to the general belief that pulse laser heating in
experiments with DACs prevents or minimizes (in comparison withragmis wave, CW) the
reactions between diamond anvils (carbon) and heated méafteConsiéring this, the
repetitive cooling and heating of the sample in a short timescale might be a method to
accelerate reaction kinetics, due to the high thermal gradients developed during heating.

A series of experiments present@dthis thesis, investigatent effect of pulsed laser heating
on the stability of ferropericlase with a geochemically relevant composition ob4Reo.75)O
at pressure conditions corresponding to the upper part of the lower mahtfgFigure2.3-1)
and at a wide temperature range.

2.4 Fully timeresolved Synchrotron Mdssbauer Source spectroscopy

Recoilless nuclear resonance fluoresence, namely the Mdodssbauer effect, is a physical
phenomenon that has found many applications in science. Its importancermvasdiately
evident, awarding physicist Rudolf Méssbauer a Nobel Prize in 1961, just four years after its
discovery.

While many elements can be suitable sources for the Mossbauer effect, Mdssbauer
spectroscopy (MS) using the isotoff€e has found particat use in earth science, emerging

as an ideal probe for the coordination, speciation, spin state, magnetic order, and dynamics
of earth materials because of its sensitivity and the abundance of iron. Despite the significant
utility of the technique for prbing materials at high pressures, conventional MS under
pressure is difficult due to the lack of efficient focusing schemes and, in particular, its
combination with laser heating faces severe challenges, since usually only a small portion of
the sample iheated.

Synchrotron radiation sources allow the excitation of Mdssbauer transitions with a
synchrotron beam and their high brilliance permits focusing down to the micrometer scale.

21



Chapter2. Motivation

The experimental technique of MS using synchrotron radiation, namely Symhr
Mdssbauer spectroscopy (SM$)has vyielded important results for Earth science, in
experiments conducted in DACS8, Another characteristic of SMS is the determination of the
temperature of the bulk of the sample via the measure of the second order doppler shift from
the Mdssbauer spectPd. In combination witrspectroradiometry, SMS can be a powerful tool
for experiments in LHDACS.

The combination of Mdssbauer spectroscopy with pulsed laser irradiation for samples at
ambient pressure has already been demonstrated along with the possible applications of the
method®. It was immediately clear that it is necessary to have tigsolved information of

the Mdssbauer absorption in order to take full advantage of the dynamic nature of pulsed
laser heating in the DAC. Previous experimental schemesgiephessure, highemperature
studies allowed only limited, timdifferentiated informatior?™.

As part of thepresent thesis, a detection scheme to perform fully tinesolved SMS at high
pressures was developed, in combination with pulsed laser heating in DACs. The Mdssbauer
absorption of the sample can be fully tracked along the duration of the laser pulsdtsand
temperature can be estimated on both heated surfaces using spectroradiometry as well as in
bulk from the central shift (CS) of the Mdssbauer spectra. The experimental setup allows to
take full advantage of the pulsed laser heating technique and irgegstithe dynamics of
samples at high pressure in high time resolution.

2.5 Singlecrystal diffraction in the LHDAC

Very important highpressure science discoveries were based in results froay Miffraction
experiments in DACSs, such as the synthesppetperovskité?, iron oxides with unexpected
stoichiometriesat O2 Y RAGA 2y & 2 F %“KaBd eQotichthieRiSty compbin8sNA 2 NJ
Singlecrystal Xray diffraction (SCXRD) is a powerful technique that provides significant
information about the sample under investigation. While powdeaxdiffraction (PXRD) can
determine the symmetry and uniedl parameters of the crystal structure of a novel compound

(see Sectiok.4), singlecrystal Xray diffraction can provide a full model of atomic positions

and bondrelations between atoms in the crystal, helping to determine not only the crystal
structure of a material, but also to refine its chemical composition even for very complex
multi-phase and/or multigrain samples.

Due tosignificant progress in the field digh-pressure technologythe last decade SCXRD
became availablat pressures abovel5 GPa. Novel gdsading systenf$<’* allow the use of

soft pressure transmitting media (helium or neon) in DACs, preserving single crystals to
megabar pressures. New types of diamond anvils and DACs with wajeaening up to 90
degreeg? enlarge the coverage of the reciprocal space and thus improve the data redundancy
which leads to the higher quality of the final structural models.

The achievement of gedlically relevant pressures for SCXRD studies combined with the
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possibility to reach high temperatures with laser heating allows to conduct experinments
situ, which is of great importance for studies dedicated to the modelling of processes in deep
9 | NJinkefbé& However, combining LHDAC with SCXRD is experimentally challenging.
Doublesided lasetheating systems used at synchrotron faciliti€s’3 "are suitable for Xay
diffraction studies combined with laser heating, but only powder diffraction data can be
collected while the sample is heated. This is due to the nature of the data collection, since
singlecrystal analysis requires the rotation thie DAC over a wide angle.

Singlecrystal data collectioduringheating requires the sample to be at a stable temperature
during the whole collection as well as at a stable positeativeto the Xray and laser beams.
Stationary optics cannot focus ti@ser beam through the diamond anvils while the diamond
anvil rotates. It is, therefore, necessary to be able to rotate the optics in alignment with the
DAC during data collection, keeping the laser beam at a constant angle and relative position
to the diamond anvils and heated sample. The limited space of beamline facilities is an extra
challenge in this task and special care needs to be taken for the placement of the optics and
movable parts, while maintaining the stability of the system during rotation.

Until recently, all synchrotron LHDAC setups were stationary and did not allow DAC rotation
during simultaneous heating, thus makimg situ high-pressure higitemperature SCXRD
impossible. As part of this thesis, a modification of the portable lasating system
developed in Bayerisches Geoinstitut (BGI) was mounted directly on a goniometer stage and
rotated along with the DAC providing the opportunity to collect SCXRD during laser heating.
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Chapter 3

Experimental Methods

This chapter provides a description of all the methods utilized to implement the experiments
of this thesis. They consist of techniques applied to achievenduessary temperature and
pressure conditions of the sample under investigation, as well as different spectroscopic
methods used to probe the sample properties.

3.1 Pressure Generation

The study of the properties and chemical behavior of materials at pressighsr than the
atmospheric is of high importance for materials science, through the discovery of novel
materials or previously unknown properties with technological applications, as well as
geoscience, through the simulation of the conditions that ekist (1 KS 9 NI KQ&a | y |
bodies interiors.

The pressure conditions can be dynantiwough the generation of shock wave®r static.
The simplest definition of pressurelis -, where'Ois the applied normal force, ariilis the

area,on which the force is applied. According to this relation, there are two ways of reaching
very high pressures; either by increasing the applied force, or by decreasing the area, to which
the force is applied.

There are many different designs of devices used to agtaliic pressure on large volume
samples. The generation of axial stress with a pistgimder design has roots at the end of
the 19" century. In 1970, the mukanvil press has been introduckdis a method to apply
pressure on more than one axeJ hese devices are, as expected, large and are designed to
maximize the applied force on relatively large samples.

By reducing the size of the sample (from volumes of &ny (i #), thhe \Same amount of
pressure can be gene@tR A GK RSOAOSa GKIFG OFy FAG Aydz
1952, the diamond anvil cell has been populariduking the only apparatus that can achieve

static pressure as high asTP&~ &aAYdzZ F GAy3 (G(KS O2y RAagar2y a 21
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planetarybodies.

3.1.1 Diamond Anvil Cells

The diamond anvil cell applies pressure to sample by compressing it between the flattened
culets of two opposed diamond anvils. The culet diameter can vary from 1 millimeter to a few
tens of micrometers. A smaller culet diametallows higher achievable pressures, but also
confines the size of the sample that can be placed between the anvils. The anvils are placed
on seats that transport the load from the external metallic cell onto the anvils. The maximum
achievable pressure iBmited to the mechanical strength of the anvils and the seats,
therefore, the use of anvils made of diamond and seats made of-b#ird materials such as
tungsten carbide (WCFi{gure3.1-1) increases the maximum achievable pressure.

Directly compressing the diamonds against each other can cause several problemas such
their fracture and the escape of the compressed material due to axial stress. For this reason,
a metallic gasket with a circular hole is placed between them that also helps confine the
sample within a cylindrical pressure chambieigre3.1-2). The most commonly used gasket
material is rhenium, due to its sufficiently high hardness and low brittleness.

The transparency of diamonds in a wide range of radiation (includingpkieal spectrum)
allows the sample to be observed and probed using different types of radiation. In
measurements where the rotation of the sample is necessary, such as-siggtal Xray
diffraction, the BoehleiAlma¥ diamond anvil and seat design has been developed as an
alternative to the brilliartcut diamonds, that increases the opening angle of the DAC.

In the present thesis, BXa9pe’ DACs were used, a DAC design developed at BGI at Bayreuth,
equipped with brilliantcut, modified brilliantcut, or BoehletAlmax diamonds. For some
experiments conducted at the ESRF, LeTotylpe? membrane DACs wergsed instead.

anvilseat . @A  @¥diamond diampnd
(WC) ' ' ; anvils

nvil seats
(WC)

Figure3.1-1. Photos of a closed (a) and open (b}®Xype diamond anvil cell.
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Figure3.1-2. A photograph of the pressure chamber takender an optical microscope through the
RAFY2YR |y@Af o66G2L) OAS60d ¢KS Odz SG aAl S 2F (GKS RAI
internal pressure standards.

3.1.2 Pressure transmitting media

The sample is almost never placed directly between the diamnond anvils. In the contrary,
inside the pressure chamber it is surrounded by a material acting as a pressure transmitting
medium from the anvils to the sample. Without a pressure medium, the uniaxial compression
of the two opposing diamond anvils waltause uniaxial stress on the sample and lead to
high shear strains. This is usually not wanted in most scientific cases. The material surrounding
the sample helps to make the stress isotropic (hydrostatic), which can be achieved when the
pressure mediums gas or liquid, but above a certain pressure any material will solidify and
be subject to anisotropic stresses. Nonetheless, ghgdrostatic conditions can be achieved
even at high pressures, when inert gases are loaded into the pressure chambech®igeh

of pressure medium provides also a chemically inert environment for the sample.

Apart from inert gases, solid materials, e.g. NaCl, KCl and MgO, are used as pressure media
AYyaiRS GKS 51/ LINBaadz2NE OKI Y0SNE adikeNR dzy RA
assembly. Such materials are usually chosen for their transparency and relatively low thermal
conductivity, properties that are important in the case of laser heating in the DAC (see Section

3.2).

The pressure media that were used in the experimental studies of the present thesis were
gaseous neon and argon, as well as solid potassium chloride. In the case of neon and argon,
the pressure media were loaded in thespective DACs using the gaading system
developed and installed at BGUsing thisnethod, the DAC is placed inside a pressure vessel

and the gas of choice is pumped and pressurized surrounding the DAC. The DAC is externally
closed using a piston and secured at place with screws. Lastly, the gas is released, and the DAC
retrieved, with he pressure medium confined inside the pressure chamber.

31



Chapter3. Experimental Methods

R1 (a)

R2

Intensity (arb. units)
Intensity (arb. units)

L

685 690 695 700 705 710 1200 1250 1300 1350 1400 1450 1500
Wavelength (nm) Raman shift (cm™)

» »

Figure3.1-3

Figure3.1-4. Indicators of pressure inside the diamond anvil cell; (a) Ruby fluoresspectral peaks R1
and R2. The position of peak R1 is used as a pressure gauge; (b) Raman shift spectrum of a diamond anvil
under stress. The higivavenumber edge position (red circle) is used as a pressure gauge.

3.1.3 Pressure determination

DAC experiments hg on the accuraten situdetermination of pressure inside the pressure
chamber. Different methods are used, usually relying on calibrants with a known response to
pressure or a known equation of state. In the studies presented here, three different ohetho
where used, each depending on the accuracy required or the ease of access.

The most common method is the pressure dependence of the rubydd@ed AOs)
fluorescencé®'L Typically, a micrometesized ruby sphere is placed inside the pressure
OKFYoOSNI YR A& Fftdz2NBaOSyOS AyRdzOSR aé f1I a
spectral peak is directly connected to pressure using the equation:

0 OL W 3 =— p h
whered and6 are constants that depend on the calibrati8A', and_ is the wavelength of
the peak at ambient pressure condition&idure 3.1-4 (a)). This methd of pressure
determination is accurate and wiggpread due to the ease of use, but the ruby fluorescence
is weaker and not easily measured at pressures above a megabar. At such high pressures, the
danger for the ruby to be directly squeezed between thenabnd anvil increases and in such
a case, the notnydrostatic pressure applied on the ruby affects the fluorescence signal and
thus, the accuracy of the measurements. Moreover, the addition of a ruby inside the pressure
chamber complicates the chemical abtions at the sample environment and this is usually
not wanted in chemically sensitive experiments, especially when high temperatures are
involved. For this reason, the ruby fluorescence method had only limited use in the
experiments of the present work.

As an alternative to ruby, the diamond anvil itself can be used for pressure determination. In
this case, the pressurgependent frequency of the firstrder Raman mode of the diamond
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is calibrated and the signal is collected from the center of the c8iate the stress within the
diamond anvil follows a steep gradient from ambient pressure at the table of the diamond to
the maximum pressure at the culet, the whole Raman band is usually collected in this way,
due to the imperfect spatial focus of the &sused to induce the Raman scatterirkjgure

3.1-4 (b)). The higlwavenumber edge corresponds to the part of the diamond with the
highest stress, i.e. the culet fa@nd the wavenumber value can be correlated to the pressure

in the sample chambét. This method is preferred for experiments above megabar pressures,
or when the application of ruby is not possible or not desirafllee method is, however,
sensitive to the focusing of the laser, since the stress gradients can be steep even along the
surface of the diamond culet.

The most precise technique for pressure determination is thrayXdiffraction of a material

with a wellknown equation of state, it requires, however, the availability of a diffractometer.

The unit cell parameters can be determined with high precision leading to an accurate
calibration. A small amount of a material with wstldied equation of state can tedded to

the sample chamber to be used as calibrant, usually chosen to be inert and compressible.
Alternatively, as in the experiments reported of this study, the pressure medium itself is used

as a pressure gauge without the addition of an extra substakliaerials commonly used as
pressure media, such as KBKCI, Ne'5, MgG® and NaCPF, have been extensively studied

in a wide pressure range. KCl and Ne are the materials used as pressure gauges in the XRD
expaiments of this thesis.

3.2 Laser Heating in the Diamond Anvils Cell

One of the advantages of using diamond anvils is their transparency at a broad range of the
electromagnetic spectrum that permits the probing and observation of the sample
pressurized betweethem with different types of radiation. This characteristic allows a laser
beam of appropriate wavelength to be focused on the sample through the diamond anvils and
heat the sample, provided that the laser power is high enough and the material is sufjicie
absorbing the laser radiatidh

The radiation absorption is a function of wavelength and is unique for every mateuiataD

this, lasers of different wavelength are better suited for heating different types of samples.
The most commonly used lasers in modern kpgbssure science are emitting either at the
nearinfrared radiation (NIR) wavelength of 1064 nm, produced bMdedoped yttrium

I f dzYAydzy 3 NYySG ONRAGEFEf ObRY,! DOX 2N GKS Ay
produced by gaseous @O 'he former, being close to the visible spectrum, is usually utilized
with materials that are visibly netransparent, e.g. mials, metal alloys and various oxides.
The latter is absorbed by more substances, including lighter elements and molecules, such
silicon and water. The easy absorption of the.@Ser by many different materials makes it
more difficult to handle, reflecand focus by conventional optics. It is therefore utilized mainly

in the heating of materials transparent to visible and NIR light, which would not absorb a
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shorter wavelength laser beam.
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Figure3.2-1. Typical pressure chamber configurations to insulate the sample in the LHDAC when gaseous
pressure medium is used; (a) sample foil compressed between the Re gasket and the diamond anvil and
bent into the pressure chamber; (b) sample &t ona steppedyasket.

Diamond is the hardest material found in nature, but it is also one of the best thermal
conductors. One of the biggest challenges of laser heating inside the diamond anvil cell
(LHDAC) is to decrease the temperature gradients and stabilize #rehlaating of a sample

that lies micrometers away from the diamond anvils. Dotditked laser heating is used to
reduce the vertical temperature gradient while the lateral gradients are reduced by
transforming the common Gaussishaped laser beam to a flop with the use of
ALISOALf AT SR 2LJ0i A Ghapers®2YLI2ySyia Ol fftSR -

The insulation of the sample from the diamond anvils is another very important aspect and
special care is taken during sample loading to isolate the sample from the diamonds, by
interposing a thermal insulator. It is common that the pressure medium acts also as thermal
insulator. Different pressure chamber assemblages are used, depending on the type of the
pressure medium; gaseous or solid. In the case of solid pressure media, theesamsually

LX I OSR 0SGsSSy (o2 O2YLINBaaSR fl&@SNa 2F (KS
assemblage. Different solutions have been proposed for the case when the pressure medium
is gaseous. One common method is to place the sample on a baseahtwb or three rubies

before gas loading, that also act as pressure gauge. However, the placement of several rubies
inside the sample chamber is not always acceptable in certain experimental cases. In the
present thesis, two different methods of sampéssemblages have been used, as seen in
Figure3.2-1. In the first method Figure3.2-1 (a)), the sample is compressed between the
rhenium gasket and the diamond, and bent in a small angle so that it does not have contact
with neither of the diamond anvils allowing for gas prassmedium to feel the intermediate
space. In the second methoBigure3.2-1 (b)), the gasket is firstly carved up to a certain depth
creating a cavity of a certain diater and then a hole with a smaller diameter is drilled,
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sample is kept at a distance of a few micrometers from both diamond anvils. When the sample

is appropriately inglated and the laser power high enough, temperatures of as high as 5700

K can be achieved at pressures above 350/GRad even higher dower pressures.

The most common method of laser heating inside the DAC is by providing a constant laser
power to the sample, making an effort to keep the sample temperature spatially and
temporally stable. This method is referred to as continuaase (CVWheating. In addition to

CW, pulsed lasers have been used starting from the first attempts to laser heat samples in a
DAC, with the advantage of achieving significantly higher temperafiteslue to the
concentration of the high laser power in a short impulse. The repetitive heating and cooling
of the sample makes time an extra variable in addition to pressure and temperature, which is
not possiblewith continuouswave laser heating.

For the purposes of pulsed laser heating setupsw@ched or pulsed lasers are used, with
pulse duration ranging from a few nanoseconds up to several milliseconds, depending on the
experimental conditions. At such tescales, the sample can still be considered under thermal
equilibrium, provided that appropriate timeesolved measurements follow the laser
excitation. This is the main method of pulse heating under static pressurehiouse and
synchrotron facilitiesWith the advance of higpressure science atpdy freeelectron lasers
(XFELSs), the sample is probed at the femtosecond range and thus, ultrafast lasers need to be
employed for such pumprobe experiments.

The LHDAC technique is used widely in{pigdssue geoscience and material science and has
been coupled with various experimental sgts, such as -Ky diffractiort>23 Nuclear
Inelastic Scattering (NIS), the Synchrotron Mdssbhauer SH#tfcand Xray Absorption Near
Edge Structure spectroscopy (XANEZR)The present thesis includes the development of a
NIR doublesided pulsed laser heating setup and its applications when coupled wiénedit
experimental setups at synchrotron facilities.

3.3 Temperature Measurement

All matter with a temperature above absolute zero emits radiation that is called thermal
radiation. The intensity and range of energies (i.e. the band of wavelengths) of thteedmi

radiation is mainly a function of temperature but also partially depends on the type of the
material. An ideal physical body that absorbs all the incident radiation falling on it is called a
Gofl Ol o062Ré&¢ | yR AlG A& SYAliradiatdn al & Specifid E A Y dz
temperature. The thermal radiation at a wavelengthemitted by a black body at absolute
temperature”Y YR G GKSNXIFf SljdzZAf AGNRdzYS Yyl YSte ac¢
tftryolQa tlgy
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where Qs the Boltzmann constant, h is the Planck constant, and ¢ is the speed of light in the
medium where the radiation is emitted.

In reality, physical bodies emit thermal radiation at a fraction of the idealized blackbody
maximum for a given wavelgth. Emissivity is defined as the ratio of the thermal radiation

from a surface to the radiation from an ideal blackbody surface at the same temperature. In
practice, the wavelength dependence is considered insignificant and emissivity is defined as a

constant numbermt - p. By definition, a blackbody has pand a nonideal body has
- p Ffaz2 OFftftSR I @3dINrXe o02Reé¢d ¢KS 3IAINI & 02F
study.

In highpressure DAC experiments, the temperature of the heated sampktésmined using

the spectroradiometry technique. The thermal radiation is focused on a spectrometer and a
detector that determines the spectral intensity of incident radiation. The optics and
spectrometer are optimized for the visible to near infrared wi@ngth range (typically at
around 600-900 nm), where the thermal radiation intensity is sufficiently high for the
determination of temperatures above 1000 K.

Every optical system has a transfer function that contributes to the signal collected at the
detSOU 2N Ly 2NRSNJ G2 &SLINIYGS GKS 2LIGAOLN
radiation, from the thermal radiation of the sample, the system is calibrated before the
experiment. This is done using a calibration incandescent lamp that has a ketation
between the current provided to the lamp and the temperature developed at the filament
Planck function for the known temperature of the lamp and by dividing the two, the system
response can be determined. During laser heating, the spectrum collected from the heated
sample is then corrected from the transfer functiontibé system and the resulting spectrum

is the thermal radiation of the sample. Lastly, the thermal radiation spectrum is compared to
the Planck function and a leasguare fitting algorithm provides the estimated temperature
for the given spectrumRigure3.3-1 (b)).
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Figure3.3-1. Examples of thermal radiation spectra collected in the range o580 nm. The collected

spectrum is compared to the radiation collected from a calibration lamp radiating at a known temperature
(a); By removing the optical transfer function of the system, the corrected spectrum can be fitted to the

Planck function and estimate the temperatuséthe radiating sample (b).

3.4 Mdossbauer spectroscopy

3.4.1 Basic Principles

Mossbauer spectroscopy is based on the Mdssbauer effect, which ietlodlessemission

and absorption of gamma radiation by nuclei, when bound in a solid. As firstly observed by
RudolfL. Méssbauer in 1958, when nuclei are bound to a crystal structure, they can emit and
I 0 & 2-Mys without energy loss due to nuclear recoil. The recoil momentum is instead

delivered to the surrounding crystal lattice rather than to the emitting or absa nucleus

alone, resulting in strong resonance at the same energy level. The energy range of the
absorption is, in this case, very narrow and is practically limited only by the natural linewidth

of the nuclear transition, a consequence of the uncertaiptinciple.

The strong resonance observed due to the Méssbauer effect allows to precisely measure very
small energy changes in nuclei, atoms, and crystals induced by electrical, magnetic, or
gravitational fields. This sensitivity is enough to deteceddhces in the atomic environment

of a crystal lattice through the small changes in the energy levels of the nucleus.

There is a number of elements that have isotopes with appropriate nuclear transition energy
and halflife to be used in Méssbauer specsapy. Iron is the most commonly studied
element and specifically the isotoféFe and its nuclear transition at 14.4 keV, due to the

importance of iron in technological applications and geological studies.
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Figure3.4-1. Nuclear Hyperfine interactions féfFe, showing the nuclear energy level diagram for (a) an
unperturbed nucleus; (b) a change in center shift; (c) with quadrupole splitting; and (d) with magnetic
dipole interaction. Each interaction is acgpanied with a resulting Méssbauer spectrum. Modified after

28_
Typically, there are three types of nuclear interactions that are observed: isomeric shift,
guadrupole splittingand hyperfine splitting. The isomer shift describes the relative changes
in the resonance energy of a nucleus due to the transition ofaidgal electrons. A common
effect that can alter the isomeric shift of a nucleus is the change of the oxida@b®. Sthe
quadrupole splitting refers to the splitting of the nucleus spin state intestakes with slightly
different energy levels. It is caused by the asymmetric electronic charge distribution of the
atom that creates an electric field gradient surralimg the nucleus. F&fFe the excited state
is split in two subkstates and the ground to excited state transitions create two absorption
lines in a Mdssbauer spectrum. Hyperfine splitting refers to the splitting of the nucleus spin
state into subenergy évels in the presence of a magnetic field. Féie the excited distinct
sub-states are four, leading to totally six possible state transitions and as a result six
absorption lines in the Mossbauer spectrumgure3.4-1).

To create a Mdssbauer spectrum, the energy levels around the desired resonance energy need
to be probed and a nucleus of the same type (i.e. the same isotope) as the absorber, called
G a2 dzNOS ¢ De efciies Rtda higi ey SNH & a i | @& duridy reation. Inl ¢
Mdssbauer spectroscopy setups, the source is placed on an oscillating drive, that moves the
source towards and away from the absorber. In this way, due to the Doppler effect, the
emittS R -ray energy is modulated to a small range around the initial emitted energy,
depending on the velocity of the emitter relatively to the static absorber at the time of the
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photon emission. A detector behind the absorber receives the incident photong/aed the
detection is synchronized with the MOssbauer drive speed, the energy level of each photon
can be assigned. This usually requires a modulation of the source in the order of a few
millimeters per second and it is common for Méssbauer spectroscopgdresent energy in
terms of velocity (mm/s) instead of neV.

3.4.2 Synchrotron MOssbauer Source

Mossbauer spectroscopy at high pressures can benefit from the small focus of the synchrotron
radiation beam. The experimental setup developed at the NudResmonance Beamline (ID18)

at the ESRf allows to perform energy domain Méssbauer spectroscopy on samples inside
DACs at high pressures and high temperatures. The technique is known as Synchrotron
Mossbauer Source (SMS) and utilizes’tre-enriched iron boraté’FeBQcrystd3°to achieve

neV energy resolution at 14.4 keV. The iron borate crystal has the characteristic of allowing
pure nuclear diffraction at specific Byg reflections where electronic diffraction is instead
forbidder?l. While the hyperfine interactions cause a splitting of the nuclear levels of the
crystal, under specific temperature conditions and with the application of a small external
magnetic field, a singléne nuclear resonance can be achie¥edwhen the previous
conditions are met, the energy width of the emitted line is close to the natural linewidth of
the Mdssbauer resonance, thus, allowing Mossbauer spectroscopic studies. In this way, the
borate crystal acts as a very fine monochromator of the incident synchrotron radiation. The
crystal is then mounted on a drive that provides the velocity oscillatioatdre necessary for
Mdossbauer spectroscopyigure3.4-2).

The main advantages of SMS in contrast to a conventional Mossbauer setup are the high
radiation intensity ad the small focus possibility. The high intensity of the source allows an
improved signato-noise ratio allowing to collect a spectrum with sufficient statistics usually
within 1 hour of measurements (depending on the experiment) while for the same yjadlit

data a conventional radioactive Mossbauer source needs several days. The small beam focus
is particularly important for measurements inside the DAC. The typical dimensions of the
beam in such experimental setup are in the order ofMp > Y 3> @K Md3sbauerf f 2
spectroscopic studies of a laseeated sample in the DAC.

- HHLM
Y

ST CRL MRM

KBM DAC D

‘V\IB

Figure3.4-2. Optical scheme for a highressure experiment with DACs using the Synchrotron Méssbauer
Source (SMS) at ID18 of the ESRFRundulator; HHLM: higheat-load monochromator; CRL: compound
refractive lens; MRM: mediumesolution monochromator; IB: iron borate’FeB@) crystal; KBM:
KirkpatrickBaez mirrors; DAC: diamond anvil cell; D: avalanche photodiode detector. Modified’a
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For the purpose®f this study, the collected spectra were fitted using a full transmission
integral with a normalized Lorentzissguared source linghape using the MossA software
packagés.

3.4.3 Nuclear Inelastic Scattering

Nuclear inelastic st@ring (NIS), in contrast to Méssbauer spectroscopy, focuses on the
inelastically scattered phonons after a recoil event instead of the rdcdIIE S  NBray2 v I v
absorption of the nuclei. When atomic nuclei release or absorb-argirgy radiation with

recoil and the transferred momentum of the nuclear recoil is high enough to force lattice
vibrations, phonons are generated and are inelastically scattered. A phonon is an elementary
atom vibration in the crystal lattice at a specific frequency, often carsid a quasiparticle.

NIS can only be performed using synchrotron radiation and special instrumentation.
Experiments that are part of the present thesis were carried out at the NIS setup of the Nuclear
Resonance beamline (ID18) at the ESRF in Grenolaenilial beam of 6 GeV created in the
storage ring is monochromatized in two stages. In the first stage, the bandwidth is reduced to
a few eV by a high heddad monochromator, that is composed of two independent,
cryogenically cooled crystals (Si(1 1lrdflections). In the second stage, the bandwidth is
reduced down to the meV regime (a bandwidth of 0.5 to 2 meV) by a-reggiution
monochromato?*3% to the desired 14.4 keV energy of th&e transition. As a final step, the
beam passes through an ionization chamber where the flux of the incident radiation is
monitored before being directed to the sample anxt#ing the resonant nucleiF{gure3.4-3).

Three avalanche photo diode detectors (APDs) measure the nuclear scattering. Two of them
(detectors #1 and #2 iRigure3.4-3) are located very close to the sampleZInm distance)

and count the photons scattered in a large solid angle, while the third (detector Eigume

3.4-3) counts the photons scattered by the nuclei in the forward direction.

The two APD detectors close to the sample measure the inelastic scattering of radiation by
the resonant nukei in a large solid angle. The third detector measures the nuclear forward
scattering (NFS), which is a coherent and elastic process. This detector is placed far away from
the sample, to avoid contribution from the incoherent scattering.

The incident radition energy is a function of the angular positions of the crystals in the high
resolution monochromator hence an energy scan can be achieved by rotating them. In this
way, the intensity of incoherent (detectors 1# and #2) and coherent (detector #3) soatte

can be measured within an energy range of a few hundred meV.
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Figure 3.4-3. Experimental setup for measurements of inelastic scattering at the Nuclear Resonance
Beamline (ID18) at the ESRF. Three avalanche photo diode detectors (APDs) are placed in different
orientations. Detectors #1 and #2 are located close to the sample, unegsthe incoherent nuclear
inelastic scattering (NIS) at a large angle. Detector #3 measures the coherent nuclear forward scattering
(NFS). Modified froréf.

An essential part for the NIS experiments is the synchronization of measurements with the
incident synchrotron beam. Therefore, the choice of the storage ring modeyismeortant.
Timeresolved experiments are performed when the storage ring operates in a pulsed mode,
such as the I®unch or the hybrid mode. In these modes, each pulse has typically a duration
of less than 100 ps, with varying delays between the pulgéth the use of fast electronics,

only the events after a certain delay from the beam pulse are considered. This is done to avoid
the electronic scattering from the sample, a much faster phenomenon than the nuclear
resonant scattering. While the beam ihinates the sample, electronic scattering dominates
the spectral intensity. It is, therefore, avoided by only counting the delayed events originating
from the nuclear scattering.

A NIS spectrum consists of the intense resonant peak at the reso@anedgergy, i.e. the
energy of the elastic scattering. This energy level is usually set to zero, and all energy levels
are expressed relativly to th® . On the left’©Q 1) and right’© 1) side of the elastic peak
appear vibrational modes on lower and highemergies, respectivelyF{gure 3.4-4). The
vibrational modes appear symmetrically, but with different intensities. Peaks at higher
energies represent lpnon creation and peaks of lower energies represent phonon
annihilation during the inelastic scattering process. The probability ratio between phonon
creation and phonon annihilation for a given enef@yi.e., the symmetry of the spectrum
around the elatic line, is a function of temperatui&36:37 At high temperatures thentensity

of the two peaks tends to become equal.
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Figure3.4-4. A NIS spectrum consists of an intense peak at the resoiggihtefiergy, i.e. the energy of
the elastic scattering. The lefo( ‘O) andright (O 'O) sides of the elastic peak appear due to the
nuclear inelastic scattering of the incident radiation and correspond to the annihil&@iorilO and
creationO 'O of phonons.

Due to this effect, the ratio of intensities of the two inelagbieaks in either side of the elastic
peak can be used for temperature determination. The phonon creation energ@sand
phonon annihilation energiey’ ‘O are associated by the Boltzmann factor as follows:

YO Q Y Oh
where] p¥ QY isthe inverse temperature”§, andQ is the Boltzmann constant.

A NIS spectrum can be used to extract the partial density of states (DOS) of the sample under
investigation, and from the DOS function, the sound velocities can be calculated, such as the
Debye, primary wave and secondary wave sound velocities.

In the studies presented in this thesis, the NIS method was coupled with pulsed laser heating
inside the diamond anvil cell and tirtesolved inelastic scattering spectra were collected at
high temperaures and pressures.

3.5 Xray Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) is a technique for determining the geometric and
electronic structure of matter. It is is based on the excitement of the irstail electrons of

an atom by higkenergyphotons in the Xay regime leading to the absorption of the incident
photons. Radiation is more likely to be absorbed at frequencies that close to the electron
binding energies. The-tdy energy range matches the energy levels of the core electrons of
the atoms of most elements whereas lower radiation energies are used to excite electrons of
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the outer shells.

The chance of a photon to be absorbed increases rapidly when its energy is just high enough
to excite a specific core electron to valence boundtesaor to emit it, creating a
photoelectron. This effect causes an abrupt change in energy spectra at around that energy
level, called an absorption edge. This energy level is characteristic for every type of atom and
for every electron shell, and the abgdion edge gets its name from the shell of the excited
core electron. Principal quantum numbers of n = 1, 2 and 3 correspond toalkd M-edges,
respectively. The present thesis focuses on thexle of iron at the energy level of 7112 eV,
which correponds to the excitation of an 1s electron.

At energy levels above the electron binding ener@y (), the highenergy photons are
absorbed, and the photoelectrons are ejected having a kinetic en€@gy ( ):

0 M O h

where the'Q is the energy of the incident photoriA & G KS tf I yOltea O2y a
photons frequency). This effect leads to a characteristic change in the absorbance of the atom
for the energies below and above the absorption edge.

The study of the spectra around an absorption edge provides information about the atom
under investigation and its local environment. A XAS spectrum is usually separated in two main
energy rangesHigure3.5-1):

0] The Xray absorption neaedge structure (XANES) is the region that includes the
rising edge, the energy range immediately before the edge-€oige), as well as
the region that extends fo50-100 eV after the absorption edge (yellow region in
Figure3.5-1). The characteristics of the absorption at this energy region provide
chemical information about thealence and oxidation state of the atom, the
coordination environment (e.g., octahedral, tetrahedral coordination) and subtle
geometrical distortions of it. The ne&dge structure of the spectrum is
determined by the multiple scattering of the excited imrghell photoelectron on
several of the atoms neighboring the absorbing atom. The multiple scattering
effect is dominant for this energy range due to the low kinetic energy of the
emitted photoelectrons.

(i) The extended xay absorption fine structure (EXARSthe region that extends up
to 2000 eV from the absorption edge. In the high kinetic energy range of the
photoelectron, the scattering crossection with neighbor atoms is weak and the
spectrum region is dominated by the single scattering of the pHetdson on the
atoms around the absorbing atom. Due to the wdke nature of the electron, the
electrons backscattering on surrounding atoms interfere with the electrons
emitted by the absorbing atom, creating interference patterns in the EXAFS region

43



Chapter3. Experimental Methods

of the spectrum (purple region irFigure 3.51). With the use of Fourier
transformation and model fitting analysis, the radial distribution function (i.e. the
variation d electron density around the absorbing atom as a function of distance)
can be obtained, providing information about the local interatomic distances
around the absorber.

X-ray absorption spectroscopy is a technique that majorly profits from synchrotraatrad
facilities that can provide the necessary high intensity and energy tunability for the
measurements. The XAS data presented in this thesis were collected at the Energy Dispersive
X-ray Absorption Spectroscopy (BMAS) beamline at the ESRF (ID24).eMperimental setup

of ID24 utilizes a bent silicon crystal as polychromator, to focus different beam energies at a
different angle on the sample. The collimated pink beam coming from the undulator is
previously focused from mirrors at a KirkpatgBaezgeometry falling at different angles on

the polychromator crystal. An extra vertical focusing mirror downstream of the polychromator
Ad dzaSR (2 NBF¥20dza GUKS o0StkY 2y GKS al ¥LX Sz
width half maximum (FWHM). Bend the sample, that is placed at the focal position of the X

ray beam, a positioisensitive detector collects the incident radiation that was not absorbed

at the sample. Using a known sample as calibrant, each position on the detector can be
calibrated b a specific energy of the incidentrXy beam, being chromatically dispersed
(Figure3.5-2). This technique allows the collection of a wholea){ absorption spectrum
simultaneously with a single exposure of the detector, usually in the order of a few
milliseconds. By bending the polychromator accordingly, the detector can be illuminated by a
different energy range, depending on the selected absorption edge of the sampl

The fast spectrum collection and the small focusing size achieved at ID24, allows for detailed
X-ray absorption mapping inside the DA he experimental technique is coupled with a laser
heating system allowing for XAS on samples at high temperatures and pré€sures

The EEXAS technique is partiarly wellsuited for detecting small chemical changes of the
sample, due to the chemical element selectivity and the spatial and elementdeigsity
sensitivity. Moreover, the short collection time, the small required sample volume and the
possibility tomeasure both crystalline and amorphous samples, makeXE® a powerful
technique to spatially and temporally track chemical reactions inside the LHDAC, as presented
in the experimental results of the present thesis.
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Figure3.5-1. Xray absorption spectrum of the-8 R 3 S-Fe2af47 &Pa. The energy regions are separated
in two parts: The Xay Absorption NeaEdge Structure (XANES) region right before and right after the
absorption edge (light oramgarea) and the Extendedray Absorption Fine Structure (EXAFS) that is the
range well above the absorption edge (purple area).

HFM

VFM1

Figure3.5-2. Experimental setup for Energy Dispersivay)Absorption Speiroscopy (EEXAS) at ID24 at

the ESRF. The incident beam is chromatically dispersed using a polychromator crystal (PLC) and the whole
range of energies around the selected absorption edge is collected simultaneously from a position
sensitive detector (PS0n a single exposure. The optical scheme consists of mirrors in a Kirkgaagzk
geometry for vertical (VFM and horizontal focusing (HFM). A second vertically focusing mirror2)VFM
downstream of the polychromator is used to refocus the beam ontostraple. Modified fron¥e,
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3.6 High Pressure SCXRD

Xray crystallography has extensive use in kpgbssure science as the major method to
OKI NI OGSNAT S GKS Fd2YAO adNHzOGdzNBE 2F ONRadG! f
special case of-My diffraction.

X-ray diffractian is the elastic scattering ofray photons by the electrons of atoms:ray

photons have wavelengths in the order of angstroms (@0 A). Such distances are relevant

to the interatomic distances in the crystal lattice of a solid, therefore, incideriochromatic

x-rays that are in phase can be constructively or destructively interfered when scattered from

I LISNA2RAO ONRalGlf fFGGA0S® ¢KS O2yRAGAZY T3
law:

cQi Q¢ +h

whereQis the spacing b&teen diffracting lattice planes+s the angle of the incident-bay,

¢ is any integer number andis the wavelength of the beanfrigure3.6-1). According to this
model, the incoming Xays are specularly reflected from the atoms. When the scattering
atoms are arranged symmetrically in planes with a constant dist@mtween them the %
rays scattered from adjacent planes will interfere constructively when the argiween

the plane and the Xay results in a difference between the path lengths of the two waves
equal to an integer multiplé of the wavelength_. The total palh difference between two
waves undergoing interference is givend®i Q¢ —

A crystalline material can be considered an object withdin3ensional periodic structure. The

periodic positioning of atoms is consisted of a basic unit arrangement of atbatsis
NBLISFGSR Ay Fif GKNBS RAYSyaazya (02 F2N¥Y GKSE
is called the unit cell. For the purposes of crystallography, the repetition of atoms is considered
infinite in all directions. The relative orientatioretveen the crystal and the incidentrdys

defines the way that the -xays will be scattered. Although the scatteredays cancel one

another out in most directions through destructive interference, they add constructively in a

few specific directions, dermined by Bragg's law. As a result, the incidesays on the

crystal are scattered at different angles from the initial forward direction. When a two
dimensional detector is placed at some distance from the sample, these specific directions
appear as pgots on the diffraction pattern called reflectionBigure3.6-2 (b)). The symmetry

in the intensity and position of the reflections (also called Bragg peaks) is ¢eddétathe

symmetries of the atoms in the crystal lattice and the dimensions of the unit cell. It is possible

to retrieve the exact atomic positions in the crystal lattice, when the phase and position of the
diffracted photons is known. However, both theeation of a coherent Xay source as well as

the measurement of the phase of the incident photons on a detector is technologically
RSYFTYRAY3Id 2KFG A& 1y26y a (GKS dGLKIFAS LINE
crystallography. Nonetheless, mathematicabtimods exist that can accurately model the

atomic positions and symmetry of a crystal throughai( diffraction.
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Figure3.6-1. Bragg diffraction. Two beams with identical wavelength and phase approaclistallang

solid and are scattered off two different atoms within it. The lower beam traverses an extra length of
HRaAAY & [/ 2yadNHzOGADS AYUISNFSNBEYOS o03INBSYy o6 @ST2NYO
multiple of the wavelength of the radiation.

Powder XRD - sSingle-Crystal XRD . |

Figure3.6-2. Xray diffraction (XRD) patterns produced by a powder (a) and a single crystal sample (b).
The red circle marks the positions of the direct beam, where a beamstop is placed to protect thimdetec
from very high radiation. Yellow rectangles show examples of the intense reflections from the diamond
anvil. Green arrows point to examples of the reflections from the sample in the DAC, in this case an
enstatite crystal.

Not all materials can be eaggjrown into single crystals of sufficient size and quality faayX
diffraction experiments. In this case, powder materials can be used instead. When a material
is in powder form, it consists of many tiny crystallites, each of them with a random oriemtat
When a powder material is probed byrays, the diffraction pattern does not consist of single
reflections, but diffraction rings instead, due to the accumulative contribution of all the
randomly oriented crystallited={gure3.6-2 (a)).
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The information that can be retrieved from a powder sample or a siogistal sample is
different. Powder Xay diffraction (PXRD) is typically used for phase identification and for
determining the unit cell parameters. Due to the lack of information on the intensity of specific
Bragg peaks, however, the atomic positions in the crystal lattice cannot be unambiguously
determined using PXRD alone. In the contrary, the intensity ofdiffeaction peaks from
singlecrystal Xray diffraction (SCXRD) provides information on the exact content of the unit
cell, including the type of atoms, their coordinates in the unit cell, their coordination number,
and the interatomic distances.

A big nunber of reflections needs to be recorded for the determination of the crystal structure
during a SCXRD experiment. To do so, the Bragg condition needs to be met various incident
angles of the Xays on the crystal sample. In experiments at ambient condstitime sample

is simply rotated in a series of known angles and the corresponding peaks collected. However,
this is not a trivial task in higbressure experiments where the sample is placed inside the
DAC. The device surrounds the sample and, being nmradedteel and other heavy materials,
significantly absorbs the-pays Figure3.6-3). Special care is taken in the design of diamond
anvil cells to maximize the openiaggle of the seats and diamonds to allow a wider rotation

of the cell*,

Although Xray sources are common and mangstitutions have access tan-house
diffractometers, xray diffraction at synchrotron facilities profits greatly from the high
brilliance and higkenergy Xray beam with small divergence, able to be focused in an area of
2dza i |2 ThiSigof gredt iportance for thein situX-ray diffraction experiments in the
LHDAC, since the small beam size allows to selectively probe only the heated part of the
sample, in contrast to the experimentsiathousefacilities.

In most synchrotron experimental setup$iet DAC is placed on a motorized goniometer,
Fft26Ay3a Ada NRGOGFGAZ2Y 6. Fy3afS0O | NPdzyR (KS
sample and the incident-kay beam Figure3.6-3). An Xray detector behind the sample
collects the diffracted radiation. The distance between the detector and the sample is a trade

off between better resolution at small scattering angles (when detector is further away) and
extended fiéd of view for large scattering angles (when the detector is closer to the sample).

©) © ©

x-ray beam x-ray beam

x-ray beam

detector
detector
detector

w=0° w=+25° w=-25°

Figure3.6-3. Schematic of Xay diffraction experiment in a diamond anvil cell, at three different rotation
angles of thedliamond anvil cell.
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The SCXRD and PXRD experiments of this thesis were performey atifraction beamlines
dedicated to extreme conditions, namely, ID15b at ESRFQQw 1 pB,x p T
p 1 & beam, MAR555 flagpanel deector) and P02.2 at PETRA tIdQQ,w 18 B,
X ¢ ¢' & beam, PerkinElmer XRD 1621 {i@inel detector).
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Chapter 4

ThesisSynopsis

4.1 Summary of research studies

The present cumulative thesis aimed to investigate the capabilities of the experimental
technique of pulsed laser heating in the diamond anvil cell (DAC), an important technique for
time-resolved studies in highressue geosciences and material science. Three laser heating
systems have been developed to be coupled with different experimental techniques, in the
Bayerisches Geoinstitut (Bayreuth) and the synchrotron facilities of the ESRF (Grenoble) and
PETRA lll (Hambyrdexperiments conducted using the developed laser heating setups aimed
to study the effects of pulsed laser heating on commonly researched scientific cases such as
the heating (and melting) of iron and the stability of ferropericlase at high pressures. Th
results of the present thesis provide a new insight of the capabilities of pulsed laser heating
and its effects on the chemistry of pulsed heated samples.

This part is a short overview to the results presented in Chdptbeat have been published,
submitted or are prepared for submission to pegeriewed journals. Sectidhldescribes the
design and development of a portable dowslieled pulsed laser heating system that is used
for time- and spaceresolved studies and can be coupled with experimental setups at a
synchrotron, such as synchrotron Mdssbauer spectroscopy (SM$b)nadear inelastic
scattering (NIS) at the ESRF. Sedi@ulescribes a study on the comparative effects of pulsed
and continuouswvave laser heating on the reactiaf carbon from the diamond anvils with an
iron sample during laser heating in a diamond anvil cell. Sebti®describes a study on the
effects of pulsed laser heating in the stability of idch ferropericlase (FesMgo.750) at
high pressures and temperatures. Sectod describes the development of a diffractometer
coupled with a doublesided laser heating system used for situ high-pressure high
temperature singlecrystal diffraction studies at PETRA lll. Lastly, Sebtlwdescribes the
development of a system for fully timresolved synchrotron Méssbauer source experiments
at high-pressure highemperature, coupled with a doublsided pulsed laser heating system
at the ESRF.
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The former three manuscripts were written by me as first author, while the later two as
second author. | have actively participated in the system development, conduction and
preparation of experiments, and data analysis of all studies presented in #ggth

4.1.1 Portable doublesided pulsed laser heating system for timesolved geoscience
and materials science applications

In this work, a doublsided pulsed laser heating system was developed, designed to be easily
movable between home institutions and sghrotrons, or between different bea#ines,
where the need for portability of laser heating systems has already been recoéffizési
application is demonstrated through a series of experiments conducted at the Nuclear
Resonance beamline (ID 18) of the European Synchrotron Radiation Facility (ESRF).

As part of its portability design, the lasgrssem employs a group of optical fibers probe the
laser heated area at different spots. The use of optical fibers allows to physically separate the
detector (and spectrometer) from the focusing optics and to avoid introducing additional
optical componentdetween them. These provide faster alignment and portability of the
system that is especially important for synchrotron facilities, where the lack of space makes a
free-space optical path solution unfeasibfe Moreover, this solution provides a two
dimensional surface temperature map. To our knowledge, there was so far no direet two
dimensional temperature mapping technique before this work, apart from cdatmnal
estimations such as peak scalimy multispectral imaging radiometry approaches, in contrast

to spectroradiometry.

The system is depicted as a general schemattiiguared.1-1 and is shown ifrigure4.1-2. The
system consistef the following main components:

w Two lasers that independently heat a sample in the DAC from two sides.

w Two Unihead modules (by Precitec GmbH) with optical components to shape and
focus each laser beam.

w Laser modulation and synchronization units, inahgdphotodetectors, custom
electronics and an oscilloscope for control and visualization of the pulse shapes.

w Two VIS/NIR fiber bundles for collecting thermal radiation which are optically
aligned on the sample.

w Highprecision spectrometer coupled with adt, intensified CCD detector used for
time-resolved spectroradiometry measurements from both sides.
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Figure4.1-1. Doublesided pulsed laser heating system for diamond anvil cells. SPFs argabsiitters

with a cutoff at 850 nm; CCDs are the cameras for sample visual observation; NFs are notch filters at 1064

nm used to isolate the laser beam from the detector; LPFs are longpass filters wih wavelength of

550 nm in order to avoid contaminan from the second order diffraction of the grating; BSCs are the

beama LX A GGSNJ Odzo S&T 9ha I NB (GKS aSeSLIASOS¢eE 2LIGA0a 27
viewing cameras and optical fibers; HTMs are -tralfisparent mirrors that reflect illonination light;

GeoHEATSs are achromatic lenses for laser focusing and collection of thermal radiation; PDs are the fast
InGaAs photaletectors used to capture laser pulses; and LMEs are the laser modulation electronics (The

figure is not drawn to scale)

The lasers produce a collimated output beam that is very wide for the intended applications;
therefore, it needs to be shaped and focused accordingly. Each laser beam is collected by a
Focal” { KI LISNIJ{&KCAMINOppymncn o6& ! Rf h LI oGhapedY ol 0 X
YO beam into a flattop when combined with focusing optit¥. The resulting beam spot

Oy KI @S | NIFRAdzA | &topdbdamisiused athedforusing¥tistangeK Sy |

The optical transparency of the diamond anvils allows the collection of the emitted radiation
of the heated sample and the estimation ofs itemperature using the gray body
approximation of Planck's ldw The thermal radiation is collected from both sides through
the same optical path that is used to focus the lasegyre4.1-2 (b)). This is done ith a set

of two UniHead modules, in order to maintain the portability of the system.

The accuratein situdetermination of the temperature of the lasdreated sample inside the
DAC is crucial. For this reason, special care is taken for the laser beamngslaad
improvement of the focusing optics to minimize the temperature estimation error caused by
chromatic aberration¥13 Specifically, two sets of GeoHEAT 40_NIR lenses areRigack(

4.1-2 (a)). GeoHEATSs are achromatic objectives made to minimize chromatic aberration and
are specially designed for laser heating applications with DACs.
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Figure4.1-2. (a) Overview of theloublesided pulsed laser heating system developed at Bayerisches
Geoinstitut: the UniHead modules (1) are equiped with GeoHEAT 40_NIR achromatic objectives (2) and
are located on both sides of the sample holder (3). The spectrometer (IsoPlane SCVi3# isehind

the optics and sample holder setup; (b) Overview of the optical paths (laser and thermal radiation,
respectively) inside a UniHead module.

The image of the sample inside the DAC is magnified by the UniHead optics, working as a
microscope, ad projected through a bearsplitter into both the cameras that are used for
optical observation and the collecting optical fibers. The light from the fibers is guided into an
IsoPlane SCT 320 spectrometer (Princeton Instruments) and the resulting spestrum
collected by a PMAX 4 with a 1024256 ICCD detector. The Intensified CCD camera with
enhanced Quantum Efficiency gives the possibility of very fast collection. It can work on gated
mode, which allows timeesolved collection of the emitted thermal redion.

The gated detector exposure allows to create a time series of temperatures along the duration
of the laser pulseRigure 4.1-3). To do so, it is crucial to correlate the laser pulse period with
the gated exposure windows of the camera. A common modulation trigger is used for the
lasers and the spectrometer camerarsfging the beginning of each pulse period, created
internally by the pulse generator of the-FIAX detector.

The timeresolved temperature measurement technique, when combined with multiple
temperature acquisitions from a multiore fiber bundle, results a two-dimensional map of
surface temperatures that resolve the sample thermal response both spatially and temporally.
In the present setup, a set of 30 fiber cores is used, divided into two groups of 15 fibers each,
in fiber bundles that are aligned apglly to the center of the laser heating area from both
sides of the DAC. This method can potentially reveal much information regarding the thermal
dynamics of the sample and accurately determine the temperature of the sample within the
heated spot.
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at 46 GPa with 10 kHz repetition rate. For the purpose of this experiment, the laser pulse width was set

ol LIWNRPEAYLF 0S8t & nm: Rdzié OAOf ST AdSds | RdzNI GA2Yy 2F |

of 200 ns each. The figure includes the part of the period when the heat radiation was sufficiently high to

be detected. The collection windows are aded by black horizontal lines and the solid colored lines are
guides for the eye.

An example of the twalimensional temperature mapping is shown for experiment on
pulsed laser heating of a0 crystal at high pressure. Furthermore, the stabikigd
portability of the system are demonstrated in a series of experiments using Synchrotron
Mossbauer Source spectroscdpgnd Nuclear Inelastic Scattering (NIS) spectroscopy coupled
with pulsed LHDAC at the Nuclear Resonance (ID18) beabifinef the European
Synchrotron Radiation Facility (ESRF).

For the experimental purposes, the system was transported to ESRF and mounted in the
experimental hutch of the Nuclear Resonance beamliigure4.1-4). The entire procedure

of connecting and aligning usually requires only 4 to 6 hours at the beginning of an experiment.
It may be easily performed during a shut down or maintenance day, Ssb prexious
experimental time lost to preparation is kept to a minimum. The laser heating system was
successfully used for up to 24 hours of stable heating of‘@eenriched iron foil in time
resolved NIS experiments, as well as for laser heating anhiydnde (Fek) sample while
collecting timeresolved SMS spectra, using the system presented in Sécton
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Figure4.1-4. The doublesided pulsed laser heating system coupled with the experimental setup of the
Nuclear Resonance beamline (ID18) at the ESRF. Overview of the experimental hutch (left) and the control
room (right); upstream (1) and downstream (2) UniHeadloles; (3) DAC holder, on top of a XWwa&or

stage; (4) photodiode for laser pulse observation; (5) optical fiber bundle for the collection of thermal
radiation from the heated sample; (6) XNibtor stage for the alignment of the whole optical setup to

the X-ray beam; (7) IsoPlane SC 320 spectrometer for temperature determination; Electronics for laser
intensity (8) and duration (9) regulation; (10) oscilloscope for the observation and synchronization of the
laser pulses; (11) muthannel delay generatdor time-resolved Mdssbauer spectroscopy; (12) motor
control for laser positioning; (13) computer for spectroradiometry; (14) computers for upstream and
downstream in situ sample observation.

In conclusion, the developed doubkdtded pulsed laser heatingstem is able to acquire time
resolved and spaeeesolved surface temperature information of samples under high pressure
inside a diamond anvil cell, with temporal and spatial resolution of a few nanoseconds and
micrometers, respectively. The portabilitpé stability of the system were demonstrated, as

well as the possibility to couple it with different spectroscopic techniques at a synchrotron
light source facility, allowing thén situ investigation of transitional phenomena. Possible
applications includ the determination of thermal conductivity, melting curve and rheological
properties of materials of geological and materials science significance at conditions of the
9 NI KQa AYUGSNAZ2NX | SIGAYy3a gAGK Lz aS& OFy
materials in cases that were difficult with continuous heating.

4.1.2 Comparative study of the influence of pulsed and continuous wave laser heating
on the mobilization of carbon and its chemical reaction with iron in a diamond
anvil cell

The highpressuremelting curve of iron is of a particular interest for geosciences, as it provides
ONHzOA L f O2yaidNIAya T2N Y2RStfAy3d (Kmabel f O2y
boundary. Despite extensive research, it still remains uncertain and avaitkée are
contradictory?’s?®>,  Among the major experimental obstacles are undesirable chemical
reactions. It isvell known that laser heating of iron in a DAC may lead to formation of iron
carbides or a solution of carbon in ifdff* as a result of a chemical reaction betwetre

sample and carbon diffusing from a diamond anvil into the sample chamber. This is highly
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unwanted in melting experiments, since the presence of carbides-@ &@id solutions can
significantly affect the melting temperatur?’. The carbon contamination problem is not
limited to iron?® but due to the important geological implications of its melting curve, iron is
a highly investigated material.

As the pulsed laser (PL) heating mirzies the heating duration in individual pulses down to
microseconds or even shorter, it is considered to be a technique that suppresses diffusion and,
consequently, improves the chemical stability of the system under investigation. However,
there have not leen studies so far, which could allow a direct comparison of the effects of
pulsed laser (PL) and continuous wave (CW) laser heating on the mobilization of carbon in a
DAC and its chemical reaction with the sample.

In this project, the chemical interactidretween iron and carbon of the diamond anvils during
continuous wave and pulsed laser heating was examined. Iron samples were loaded into DACs
along with different materials, Ne, Ar, and KCI, which served as pressure media and provided
different chemicakenvironments. The chosen pressure media are often used in-fessted
diamond anvil cell (LHDAC) experiments, as they are chemically inert, serve as good thermal
insulators, and have been suggested as good choices for diminishing the diffusion of carbon
from the diamond anvif8. In course of a series of experiments, in which different spots of
iron samples were heatelly either a PL or a CW laser and by varying the duration of heating,
we kept track of the irorcarbon interaction using Energy Dispersiv@a)X Absorption
spectroscopy, as implemented at the ID24 beamline at the European Synchrotron Radiation
Facility (EBF}°. The compositions of the heated samples were examined afterwards using
Mossbauer spectroscopy at the Synchrotron Méssbauer Source (SMS) at the ID18 beamline at
the ESR¥, and Xray diffraction (XRD) at HigPressure Diffraction Beamline ID15B at the
ESR¥ and the P02.2 beamline at PETRA Ill, BESY

The DACs of all experiments were compressed in the pressure range- 684&Pa, where

ANRY Aa A y-FelTKeSon Fatpés weteFPL or CW laser heated at temperatures
ranging from 1600 K to 3450 K, i.e. both below and above the melting point of iron for the
selected pressure range. Each laser heating sequence was realized through a number of cycles
characterized by S y dzYo SNJ 2F Lzt 4aSa 2F | OSNIFAY RdzN
seconds) for CW laser heating, so that sample was heated progressively longer, while keeping
track of the total heating time.-Kay Absorption Spectroscopy (XAS) spectra at thié-éage

energy (O X p px@ were collected from the quenched sample spot during the time
between two heating cycles. At the end of each heating sequence a full mapping of the sample
g1&a& YIRS Ay | 3INAR #&AniXky dbsomptiprdsedtrimiwiasScollecied H P H
at each positiof? in the gid to detect all possible chemical changes in the samipigu(e

4.1-5).
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Figure4.1-5. Upper panel Microscope image of Fe in Ne quenched at 41 GPa: (a) positions of the laser

heated spots on the sample; (b) positions of the spots for thayXdiffraction data collection dots 1

GKNRdzZZK n YIN] KSFGSR &AaLRPRAGNPRHOEKSI RRGAKSI IB&SRA & )
reference points. Lower panelA XAS map of Fe in Ne cetaded for: (c) the edge jump and (d) the ratio

r of the XANES spectra. Each black pixel marks a position without iron or relates to an unusable spectrum.

Changes in the Xay Absorption Near Edge Structure (XANES) region of XAS spectra give
evidence of changes in the iron chemical environme&igure4.1-6 shows, as an example, the

X-ray absorption spectra of Fe in Ne taken from a sample quenched at 41 GPa (the XANES
region outlined by the dashed rectangle is enlarged in the inset). The shoulder of the rising K
edge in the XAS spectra at approximately 7&¥9(pointed out by the blue arrow iRigure

4160 A& | OKI NI OHSNK &as fecentlFeSdgnizddNifat vaniEhing of this
shoulder after heating indicates a chemical reaction between iron and carbon, which comes
from the diamond anvils, that results in the synthesis of iron carbid€Fe

To quantify the difference in the spectra, we introduced the valuehich is the ratio of the
normalizedabsorption within the two energy regions ROI 1 and ROI 2 (Regions of Interest 1
and 2), which represent the peak and the valley of the shoulder. The regions are chosen to be
equally wide, with a range of 1 eV (highlighted by different colorSigure4.1-60 & €& NJ &
iron at room temperature before heating,is equal to about 0.97. The ratio increases up to
1.06 for the points close to the centerstbe heated spots. Thus, the transition fram pto

i pindicates a significant change in the rising edge of the spectrum and marks the
disappearance of the local maximum in the shoulder. Using the XAS mapping of the sample
and the value of the ratio, it is possible to detect local chemical changes in the sample and
correlate them with the laseheated areasKigure4.1-5 (a) and (d)).
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Figure4.1-6. Xray absorption spectra of Fe in Ne taken from a sample quenched at 41 GPa after heating

at a maximum temperature of 2500 K. The inset shows the enlarged XANES region of the spectra (dashed

grey rectangle). The spectra veercollected at room temperature from three locations at different

distances (@, 4c = YR y >Y0 FTNRY (KS OSyGaSN 2F (G4KS KSIFGSR
respectively). The rising edge feature is pointed out by the blue arrow. The blue speesembies those

taken from nonheated areas of the sample and is characterised by the most pronounced shoulder, which

Aa aLJS GFe.TROD1 aRd ROl 2 designate the two energy regions (Regions of Interest 1 and 2,
highlighted in pink and blue colorsyhich were used to define the ratia

4.1.2.1 Fein Ne at 41 GPa

In most of the cases, the change in the shoulder of the rising edge in the XANES spectra was
observed immediately after the first heating cycle, i.e. after a few seconds of total heating

time. Thiswas the case for both CW and PL heating with relatively long pulses. It is important

to note that even in the case of heating at peak temperatures of approximately 1600 K, i.e.
gStt o0St2e GKS YSt GAy 3-tokIEdtsanbitio, The Betdbywas Y R 0 S
almost immediate, happening after a few secoifds
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Table4.1-1).

Diffraction patterns collected from the heated areas revealed reflections which do notdpelon

0 2-Fe¥, Ré% or N&’. Particularly, at least three peawsth the d-spacings 1.665(1), 1.715(1),

and 1.754(1) A were observed in all heated spots. Although these data are insufficient to
determine the phase unambiguously, all these peaks may be assigned to iron carbide(s)
(FeC% or FeG®).

4.1.2.2 Fein Ar at 42 GPa

¢KS 2yfe& 20aSNIBSR OKLI CHS-GaWhich i§ ikegreamiidt with theli A 2 y
spectral changes observéy Aquilanti et al®, although in this case, the spectra are from the
guenched sample at room temperature and not at high temperatures. It is krfoovn the

Fe/ RAFANIY G FYOASY(l O2yRAUAZ2YyA (GKFKaatS@OSy |
lower temperatures®. It was shown by Narygina et4dlii K I 4  |j dzS yF® Kthkoprd 2 F
temperaure may be the result of stabilization of this iron phase by a small amount of carbon,

G KAOK LINBGSy(a AReapoi thkhpgratifedbiieasa. Niig/ it isisdll psssible

that in this experiment carbon might have been mobilized, but therenig mdirect evidence

of this. The calculation of the ratiothat tracks changes in the Fe rising edge shoulder did not

reveal any differences between the ntreated and heated areas of the sample after all
heating sequences.

Similarly, no contaminatiowas observed by Mdssbauer spectroscopy, since all probed areas
of the sample revealed only the presence of elemental Fe, which was also confirmed by XAS.
| 2 6 S @S NIFe wad opsar8ed in the quenched sample, the possibility of carbon diffusion
in ironcannot be ruled out.

4.1.2.3 Fein KCI

Two samples of’Feenriched iron in DACs with KCI as a pressure transmitting medium were
investigated, pressurized to 41 and 47 GPa, respectively. For the sample at 41 GPa, continuous
heating at temperatures up to 3000 K wdted in a significant deformation of the surface of

the sample. It was found that the quality of the XANES spectra was insufficient to conclude
whether chemical changes took place, due to the sample deformation.

SMS spectroscopy revealed changes in thenghed sample, both in the heated areas and
around them. In all SMS spectra, the singlet, characteristic for metallic iron at this préssure
featured a shoulder, which suggested the appearance of an additional chemical component
in the sample after heating, that could be fitted with a doublet with hyperpaeameters that

are in close agreement with the hyperfine parameters ofd~at similar pressur®.

The secondcP’Feenriched iron sample was puldeated for several minutes in total, at
temperatures up to 3800 K (peak temperature of the pulse), using the desitdbel pulsed
laser heating system of ID18 at the ESR&part from the pure Fe singlet of the ntreated
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sample a second absorption component appeared (similarly to the precases) after less
than a minute of alignment heating. Alignment heating was done at low laser power (sample
temperature was < 1500 K) to align and synchronize the lasers for the pulsed operatign. X

diffraction patterns collected at ID15 beamline of ESRNE @S I -CSR | &yBHh Kie
sample at room temperature, but iron carbide could not be detected.
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Table4.1-1. Characteristics of all heating cycles for Fe in KCl at 42 GPa.

Sample Pressure Medium | Pressure (GPa) Analysis | Evidence of
before after reaction
heating heating
Fe Ne 41 41 XANES Yes
XRD Yes

Fe Ar 42 49 XANES Uncertain
SMS No

5Fe enriched KCI 41 42 XANES Uncertain
SMS Yes

5Fe enriched KCI 47 53 SMS Yes
XRD No

Iron carbide formation was detected in most experiments, by either XRD, XANES, or SMS,
regardless of the laser heating method (
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Table4.1-1). While pulsed laser heating generally considered advantageous in preventing
the mobilization of carbon from the diamond anvils and its chemical interaction with the
sample, this is refuted by our resulfBothe contrary, laser heatingy any meansan lead to
chemical reactions, ral this effect must beconsidered particularly, for interpretation of
experiments on melting of iron and other metals.

Our observations suggest that in cases when a chemical reaction with carbon occurs, it
happens almost immediately, after only a very fesgconds of heating at moderate
temperatures (independently of heating method, CW or pulsed). It means that chemical
contamination by carbon may be an important factor even if efforts are applied to minimize
the heating time, because, as a rule, tens afmsw®ls are usually necessary to characterize the
temperature and the state of the hot sample.

Ly &t SELISNR Y:-Beyvasiobserded atadaffidentlg high &mperatures, and this
LIKFaS gl & |1 dzSy OK I -bd aSambientN&ripedaili [ihoth theymulg-ahvil *
apparatus and laser heated DAC experimé&tfthas been previously reported as an effect of
at 26 0N yaT 2 NNFeliok duy to tha yigh doblidgiratel However, Narygina et
alRS Y2y ai NI-Fe$d bdiakd siabilized by a small amount of carbon that hinders
martensitic transformation during quenching. Thus, in experiments, in which carbides are not
detected (e.g. the experiments with Ar predsls Y S R A dfé usXjuedcted at ambient
temperature, carbon contamination cannot be ruled out.

Generally, one experimental technique was not enough to fully characterize the chemistry of
the sample, and a crosalidation of techniques was necessanar Ehis reason, extra
precautions should be taken in experiments with iron in a lmesated diamond anvil cell and

the application of more than one analytical technique is strongly suggested, as \eglsds
analysis of the recovered sample if possible.

4.1.3 The effect of pulsed laser heating on the stability of ferropericlase at high
pressures

Currently, it is widely accepted that the lower mantle consists of mainly three major minerals
-ferropericlase , bridgmaite and calcium silicate perovskit&*. Ferropeiclase is believed to

be the second most abundant of the three, comprising approximatelQl@t% of the lower
mantle**51, The expected percentage of iron (expressed as Fe/(Mg+Fe)) in (Fe,Mg)O in the
lower mantle is 125%2°3 Ferropericlase with such composition is so far considered to be
stable in a Na@ype (B1) structure"Odod throughout the lower mantle* and above~50

GPa iron in ferropericlase undergoes a spin crossover fromdgighto lowspirb®.

There are, however, reports that (Mg,Fe)O with relatively large amouiRéanay decompose

at pressuretemperature conditions of the lowermost mantle into an-feher and a Mg

richer phase¥°". In contrast to the earlier reports oredomposition, subsequent studies in
laserheated diamond anvil cells (LHDACS) did not observe any segregation between iron and
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magnesiur*5&80 Ferropericlase inclusions in supigep diamonds show very large
variations of Mg/Fe rati®t suggesting that there are natural processes which lead to
compositional differentiation in the formation of (Mg,Fe)O. The behavior of ferropericlase as
well as partitioning of iron between eexisting in lower mantle minerals play a cruc@ek in
understanding the dynamics, geophysics, and geochemistry of the>E&rth

In experiments with DACs, pulsed laser (PL) heating was considered as an option to prevent
or minimize (in comparison with continuous wave, CW) reactions between diamond anvils
(carbon) and heated mattét®4 However, the results of a study that is part of this thesis
(presented in SectioB.2) show no obvious advantage due to heating in pulse mode.

This study investigated the effect of pulsed laser heating on the stability of ferropericlase with
a geochemically relevant composition of {E#Mgo.7550 (Fp25)at pressure conditions
corresponding to the upper part of the lower marffié®andover awide temperature range.

The decomposition of Fp25 with formation of a higitessure (Mg,Feds phase with CaZs-

type structure was reported, as well as the dissociation of Fp25 into aitlrand a Merich
phases induca by PL heating.

The singlecrystal samples were synthesized at Bayerisches Geoinstitut (BGI) from
(Fe.2sMgo.75)0 powder. Electronic microprobe analysis indicated a ferric iron component of
11(4) wt%, which was also confirmed by Synchrotron Mdssbauetrapealected from the
crystals at 30 GPa. In total five crystals were selected and loaded in two DA@srhl@iaded

with neon as pressurgransmitting medium.

For the first experiment, three (EesMgo.75)Ocrystalswere placed inside the sample chambe

and pressurized to 26(1) GPa. After laser heating the pressure increased to 30.0(5) GPa. The
samples were heated to temperatures ranging from 1550 K to 2300 K at ID18 of the ESRF using

the portable laseieating systerh Each crystal was heated using a different heating method

- continuous wave (CW), pulsed at 25 kHz repetition rate withpuls€ ¥ o >&X Yy R LJ
1117 6A0K Lldih sitghighpeeFsure snglerystal diffraction experiments (SCXRD)

were performed at ID15b at the ESRF and Synchrotron Mdssbauer Source (SMS) experiments

at ID18*at the ESRF.

For the second experiment, two (&Mdo.75)O crystals were placednside the sample

chambe of a DAC and thepressurized to 48(1) GPa (increased to 53.5(5) GPa after heating).

Both crystals were laser heated for approximately 30 seconds from both sides using the
double-sided pulsed laser heatingstgm of BGI that was developed as part of this thesis. One
ONEBAaGIE o6/ nm0 g+ a KSFEGSR gAGK fF &SN Lz aSa
temperatures of 2800 K and 3100 K respectively on each side, at the peak of the pulses. The
secondcrystab / nHO o6+ & KSFGSR 6AGK f1 &SNJ LldzkHE.Sa 27
The temperatures achieved at the peak of the pulses on each heating side was in this case
3100 K and 3400 K respectivelhe quenched materials were investigated at thetreme

Conditions Beamline (ECB) P02.2 of PETRMIIgrid with 1>Y aGSL) Ay 020K @€
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horizontal directionf wide scansvas collected from each crystal, covering the whole crystal
surface.

X-ray diffraction experiments on the DAC heated at 30 GPa have revealed a different response
of each (Fe2sMgo.75)O crystal to the highemperature treatnent. While the C\heated
crystal has persisted, diffraction patterns of the-lidated crystals featured appearance of
new Bragg peaks, coexisting with peaks of starting material. Based onaiysiia diffraction
data peaks belonging to the new phaserevéndexed in the orthorhombic unit cell witl=
2.7419(1) Ab=9.170(4) Ac=9.313(3) AV=234.2(2) A The crystal structure was solved in
the space groutmcm(N.63)and was found to be of Cals - type, isostructural to the high
pressure form of F€487. The unit cell volume of the observed phase is smaller than that
reported for pure hpFeOs at 41 GPa (238.683%) and calculated from published EOS (Ref.
242.4 3 at 30 GPa)Higure4.1-7). Refinement of thewo cation sites occupancies yielded
Fe.46(7Mgo.sa(7) (Site FeMdl) and Fe.es7Mdo.32(7) (Site FeM@), resulting in the formula
(Fe.s2Ma1.1821)Os, Or (F&.61(7) Mtb.39(7)304 (Figure4.1-7).

The same hjFe,Mg3Os phase was also observed at 53.5 GPa alongside ferropericlase on
both crystals that where PL heated. The detaileda¥ diffraction mapping revealed the
formation of hp(Fe,Mg30s in small amounts at the heated area of both, confirming the
decomposition oferropericlase at both pressure points.

(b) ()

Figure4.1-7. Coordination polyhedra of FeMgl (a) and FeMg2 (b) crystallographic sites in the crystal
structure of (FeszMgi1Qu. The bond distances are givén angstroms. The crystal structure of
(Fe.s2,Mg1.19Qu () is built of trigonal prisms and octahedra (FeMg)®@igonal prisms share trigonal faces
while the octahedra connect through common edges. Oxygen atoms are shown as red spheres.
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Figure4.1-8. Splitting of Bragg reflections of ferropericlase after pulse laser heating of CO1 crystal at 53.5

GPa. (a) Xay diffraction map of the crystal showing the relative intensity of the (220) reflection of

ferroLISNA Of &S 4 GKS aSt SOGSR LRaArAGA2ya i GKS SR3IS o«
(b) and (c) show 2D diffraction patterns for positions A and B respectively with selected reflections

magnified (yellow rectangles). Diamond reflectiar inactive areas of the detector (including edges)

are masked (red areas). The rest are ferropericlase peaks marked by blue rectangles. Continuous
diffraction rings are due to Ne. (d) and (e) Integrated diffraction profiles of Bragg (600) reflectidee{ma

by blue asterisk on (b)) of ferropericlase at positions A and B of the crystal respectively.
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of ferropericlase was observed on quenched samples. Th&adibn domains of
ferropericlase have the same orientations but are characterized by slightly different d
spacings of the corresponding reflections, suggesting the existence of two coherently grown
phases with different lattice parameters. In the casdhaf experiment at 30 GPa, the effect

gl a YILAyteé 20aSNBSR 2y (G(KS ONradGlrf KSIFGSR
diffraction peaks was less prominent on the crystal that was heated with long pulses of 500
>34 RdzNF GA2Y | YR BEngeteywith SVl Aser2Tie spliiy ofddd@pariclase
diffraction peaks was similarly detected on both pulse laser heated ferropericlase crystals of
the experiment at 53.5 GPa. Furthermore, analysis of the diffraction patterns usiag X
diffraction maping revealed that the separation into two phases was more intense at the
center and less pronounced at the edges of the heated area where the heating temperatures
were lower Figure4.1-8).

Upon laser heating at pressures of about 30 GPa and 50 GPa, ferropericlase-ytg)O
underwent chemical reaction resulting in the formation of a @asFiype structured post
spinel oxide (F&s1, M@.39)304. The formation of thdnp-(Mg,Fe}Os phase can be possibly the
result of the decomposition of the solid solution of M@0 with a partial release of the ferric
component that was present (~11 wt%) in the starting material.

The structure of higipressure magnesioferrite sol@blution was unambiguously determined

to be of the CatDstype using singkerystal Xray diffraction, revealing a structure with
composition (Fe73Mgo.27)(Fe@.64Mgo36)20s and Fe occupying both crystallographic
positions® The highpressure polymorph is reportedly stable@essures above 27 GPa and
was synthesized by compression at room temperature, supporting that the pressure
conditions of this study lie within the stability field of the higkessure polymorph of the
oxide.

Magnesioferritemagnetite solid solutions withron-rich compositions (MgsFe s04° and
non-stoichiometric Mgsde.s004’%) were found in magnesiowustite inclusions of natural
diamonds, formed around crystal defects of (Fe,Mg)O. The hypothesis that the
magnesioferritemagnetite solid solution is directly exsolved from (Fe®Iigis further
supported by our results, thus, reinforcing tivgerpretation of a deep, lower mantle origin

of the diamond inclusiort8 "%

Considering that Pé&-bearing ferropericlase can forat upper and lower mantle conditiorts

the decomposition of Fé&-bearing ferropericlase into a highon composition posspinel hp
(Fe,Mg3Os phase and the ability of complex oxides such agfand FOs to form solid
solutions with their Mgend-memberg%7> have implicatbns for the possible existence of
complex MgFe oxides in oxidized slabs and/or mantle and, thus, indicate that the phase
composition of the lower mantle may not be limited to only the three major minerals of
ferropericlase, bridgmanite and Cg&irovskite

69



Chapter4. Thesis Synopsis

The heating of ferropericlase single crystals at both pressure points induced broadening or
splitting of the diffraction peaks due to the decomposition of Fp25 into two different phases
with the same Na@lype structure and two different compositions, &erich and an Mgich,
respectively, providing strong evidence that there is a range of temperatures above 1800 K
where the miscibility gap of (5&5Mgo.75)O exists, as it has also been suggested for higher
pressure&’. For the sample heated at 3GPa close to solidus temperatures it is hard to draw
an unambiguous conclusion if melting was responsible or not for the decomposition.

Lately, the model of a homogeneous lower mantle with pyrolytic composition has been under
discussiof’”. The results of this study provide further arguments that the chemical
composition of the lower mantle is more complex than initially thought and that the
compositional inhomogeneity is not only a characteristic of the lowermost part but includes
depths as shallow as below the transition zone.

Lastly, the results indicate & the type of laser heating may also affect the results. For similar
temperature ranges and heating duration applied to the crystals at the same pressure, the
crystals that were pulsed (and especially the one heated with short laser pulses) had a
signifiantly higher amount of h{Mg,Fe}Os, and demonstrated much clearer signs of
dissociation of Fp2t® iron- and magnesiuntich phases. The results of this study qualitatively
agree with the study presented in Subsectibi.2 suggesting that pulsed laskeating not

only does not prevent chemical reactions, but probably accelerates them.
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4.1.4 Singlecrystal diffractometer coupled with doubseded laser heating system at
the Extreme Conditions Beamline P02.2 at PETRAIII

Singlecrystal Xray diffraction (SCXRD) in DACs is a strong tool to determine not only the
crystal structure of a material, but also to refine its chemical composition for even very
complex multiphase ad/or multigrain samplesHeating is an important parameter for high
pressure experiments, especially for studies dedicated to modelling of processes in deep
91 NI KQ& A y-sidedNRAsaeabing FdaLdp slysfems are widely used at synchrotron
facilities>1%78.7% However, until recentlyall of them were stationary and did not allow DAC
rotation during simultaneous heating, makimgsitu high-pressure highemperature SCXRD
impossible.

(a)

Downstream v-UniHead
v-UniHead positioning (2)
Stabilization elements:

Aluminum frame

L

Steel pilars — y
Counterbalan, ¢
Supporting corner o

element Upstream h-UniHead

h-UniHead

DAC positioning (X,Y,Z)

Water cooling
DAC positioning

(X\Y,2)
dsLH system Stabilization elements:
alignmerit: Clamp for h-UniHead
XY Supporting corner
w-20 element
Z Steel plate

Rotation axis ;f. e v
alignment (X,Y) N @(;
3 < e i’

Aluminum plate

(b) Pinhole Flat-panel detector (C)

Pinhole

Figure4.1-9. ScXRD/dsLH setup: view from tdewnstream side (a); from the upstream side (b) and
perpendicular to the Xay beam (c).
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In this work, the first dedicated SCXRD/dsLH setup consisting of a-ciysfigl Xray
diffractometer coupled with doubksided laser heating system was developdte $etup was
developed for beamline P02.2 the Extreme Conditions Beamline (ECB) at PET&RA 11I
became available for the general users in 2017. The major components of the setup (from the
top to the bottom) are listed below and shownkiigure4.1-9:

1 Sampleholderequipped with water cooling;

1 Two portable universal laser heating hegtiniHeads, Precité¥) equipped with 4
mm-thick glassy carbon mirrors; one UniHead is mounted horizontally (the upstream
h-UniHead), the other one vertically (the downstreardniHead);

1 Multi-axis positioning systemsealized through the combination of translation
positioning stages:

0 motorized X, Y-and Zstages for DAC alignment;
0 motorized X, Y-and Zstages for upstream-tUniHead;
o manual Zstage for downstream-WniHead;

9 Stabilization elementgaluminum frame with steel pillars and supporting corner
elements, clamp for #unihead, counterbalance for the dsLH systeia,) to decrease
vibrations and improve the stability of heating during rotation;

9 4-axis positioning systenfior alignment of dsLH system composed of following
translation stages:

0 Huber motorized X¥tage;
o0 Rotational positioning device;@rcle (v-2q) Huber goniometer;
o0 Heavyload Huber motorized-gtage;

1 Heavyload Huber motorized X3agesfor the alignment & the w rotation axis to the
focus of the Xay beam,;

1 Aluminum base plat¢50 mm thick) integrating the entire setup, including ama)(
diode, and a beamstop;

1 Additional components of the setuwhich are not shown ikigure4.1-9:
o TwoSPI RedPower Rbber laserg50 W, excitation wavelength of 1070 nm);

0 Two Ocean Optics QE65000 spectrometiers collection of the thermal
radiation

Two UniHeadsare used to focus the laser beams on the sample from the both skigsré
4.1-9). Each of them includes a compact set of optical components. Thar@hgement of
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the two UniHeads serves to minimize shadows cast on the detector by various components of
the system, to redce possible vibrations of the optical components, and to achieve the largest
possiblew rotation range. The glassy carbon mirrors are mounted at an angle to the axes of
the UniHeadsKigure4.1-9 (c)) and serve as a reflector of the laser light in order to direct it to
the sample. The upstream mirror is mounted precisely at 45°, which aligns the laser beam
parallel (coaxial) to the-Kays that penetrate the mirror. Theodvnstream mirror is placed at

a larger angle, between 50 and 55°, to avoid primanaybeam interaction and prevent
strong unwanted diffuse scattering.

Thermal radiation from both sides of the sample is collected using two optical fibers with core
dameSNJ 2F nnn >Y3I gKAOK |NBE O2yySOGSR (2 (KS
to the heating spot and focused on the image plane. In this way, due to the 20x magnification

2F (0KS aeaidsSysz GKS al YLX S (SYLISNJIdlceNBredh & LIND
at the heated spot. The thermal radiation spectra are analyzed using spectroradiGraetry
FTAGGSR dzdaAy3 GKS ANl & o62Reé& | LILINRBEAYLI@BOO2ZY 27
nm with software developed for this purpose. The spectra are collected every second with
exposure time of a few hundred of milliseconds. The stagation and the temperature data

collection of the detector are synchronized manually. The setup allows maintaining the laser
heated sample under stable temperature during the entire data collection with a temporal

variation that is well below the typat temperature measurement uncertainty of +100 K.

The SCXRD data collection is realized insaillation(=narrow slicing mode i.e. when the
RATFNI OQUA2Y A& NBO2NRSR ¢ K AaxiSin dBllisteps af €®. (G K S
During the d#a collection combined with the laser heating it is possible to collect the frames
Ay NI y 3 S &38 @ F25°DataFchlBcYon time lasts approximately one or two minutes

for the entire. rotation range.

QX

Two experiments are presented, that demonstréite capabilities of the SCXRD/dsLH setup
for in situstudies of materials, during which high pressures and high temperatures are applied
simultaneously.

In the first experiment, a piece of Cr was loaded into a DAC and wdsagkesl with N as
pressuretransmitting medium and reaction agent. Lagerating of Cr in nitrogen to 1300 K

at 47 GPa resulted in the formation of @NThe CrN crystal showed thermal argion upon

laser heating (the unit cell volum&s= 63.135(14) and 62.10(15j vere obtained during and

after laser heating, respectively). The thermal parameters acquired during laser heating were
larger than those at ambient temperatur€igure4.1-10).
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Figure4.1-10. The crystal structure of CrN at 293 K (a) and 1300 K (b). Blue and grey ballhehow
positions of Cr and N atoms, respectively. Thermal ellipsoids are shown at the 90% probability level.

In the second experiment, Nidgpe FeN'®was synthesized and its atal structure was
characterized at higipressure and higitemperature conditions using the SCXRD/dsLH setup.
The cell was pressurized to about 50 GPa and laser heated at 1900(200) K, provoking a
chemical reaction between iron and nitrogen resulting in syathesis of iron nitride FeN as
single crystals. As expected, the unit cell parameters obtained during and after laser heating
(V=29.853(7) and 28.86(4} Aespectively) differ due to the thermal expansion of the crystal.
The thermal parameters acgeinl during laser heating are about twice as large as those at
room temperature. The difference in the quality of the structural refinements for the room
(Ri=0.0594 /wR= 0.0692) and higtemperature data R = 0.0772WwR. =0.0793) is
insignificant, provinghe technical feasibility of SCXRD ifesitu studies of materials at high
pressures and simultaneous high temperatures in ldmsated DACSs.

The SCXRD/dsLH setup encompasses all the components required for SCXRD data collection
and simultaneous double-sided laser heating in a single module, which can be
mounted/unmounted on the Generdurpose experiment of beamline P02.2 (ECB) at PETRA

Il within a few hours. The alignment of the optical components and preparation of the
beamline takes approxintaly one working day. The setup has been tested in pigissure
highrtemperature experiments aimed at studying chemical reactions between nitrogen and
two metals, iron and chromium. It enabled to obtain reliable results in the structure solution

and refirement of iron and chromium nitrides.

4.1.5 Fully timeresolved synchrotron Mossbauer spectroscopy for pulsed laser
heating experiments in diamond anvil cell

Synchrotron Mdssbauer Source is a powerful tool for experiments in laser heated diamond
anvil cell$'4 taking advantage of the high spectral flux of third generation synchrotron
sources. The combination of Mdssbauer spectroscopy with pulsed lasaliation for
samples at ambient pressure has already been demonstrated along with the possible
applications of the methd®. It was immediately clear that it is necessary to have time
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resolved information of the Mossbauer absorptiam order to take full advantage of the
dynamic nature of pulsed laser heating in the DAC.

In this work, a detection scheme to perform fully timesolved SMS at high pressures, in
combination with pulsed laser heating in DACs was developed. The Mossiimagption of

the sample can be fully tracked along the duration of the laser pulse, and its temperature can
be estimated on both heated surfaces using spectroradiometry as well as in bulk from the
central shift (CS) of the Mdssbauer spectra. The methagldesnonstrated by heating iron in

KCl at 32 GPa, iron in argon at 36 GPa, apDiz6n Ne at 77 GPa.

The experiments were carried out using the synchrotron Méssbauer staténe nuclear
resonance beamline ID¥8at the ESRF, that employs the pure nuclear reflection from an iron
borate ¢’FeBQ) crystal to reduce the broadband spectrum of the undulator source to a
bandwidth of the order of few times the natural linewidth tfe 14.413 keV Mdodssbauer
transition of °>’Fe. For the heating of the sample, the portable dowgilled pulsed laser
heating setup was used, that was developed as part of this thesis.

Apart from the temperature determination on both surfaces of the heatechisie provided

by spectroradiometry, Mdssbauer spectroscopy also provides a measure of temperature: the
relative energy resolution ¢f p 1 for 5’Fe allows the observation of the second order
Doppler shift>86 The temperature determination through the second order Doppler shift
ideally complements spectroradiometry: it is bulk sensitive, it does not require calibration in
order to account for the emissivity and optical transfer function, and it is applicable for
temperatures below 1000 K, where the peak of the blbaokly radiationspectrum is shifted

to the infrared, and the intensity in the bandwidth of typical spectrometer setups is low.

\‘ X-rays ‘I%
- KBM @
‘g; SMS ———
) laser -
MBDU | |[MCPG
CHA start 12 3 4
clock reset
ACTR ~
16 bit par.
—'J’IH"""II||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIu"” /
TAG start stop
TDC
timestamp: header + 16 TAG bits + 46 time bits
2 timescales: energy laser intensity

Figure4.1-11. Experimental setup. KBM: focusing mirrors in Kirckpatrick Baez configuration. MBDU:
Mdéssbuauer drive unit. ACTR: auxiliary counter, MCPG:-phatinel pulse and delay generator, TDC:
time to digital converter. Each laser trigger starts a TDC sweepphdse of the transducer is encoded in

a 16 bit tag which is inserted into the timestamp for each stop event from the detector.
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The experimental setup employs fast electronics for the detection of photos and their energy
level. The photons transmitted thrgin the sample are detected with a scintillation detector.
The detector signal is discriminated into fast NIM pulses and these events (that correspond to
detected photons) are then recorded by a Fast Comtech 7889 -stafti time to digital
converter (TDC) ih respect to the periodic laser trigger, serving as start signal. This TDC
generates a timestamp for each event. In addition, a paralldifl@ TL tag input is evaluated

for each stop event and included in the timestamp. This tag input is used to etltegbase

and, thus, the velocity of the transducer as a binary number. The number corresponds to the
channel index of the multhannel analyzer often used in conventional Méssbauer
spectroscopy. As a result, each timestamp contains information on kbth,excitation
energy, and the time within the laser period of every detected photéigure4.1-11 shows

the schematic of the setugrigure4.1-12 shows an example of a twdimensional histogram

of the data constructed from the transducer and laser timescales.

The timestamps of every detection from the TDC are written to a continlisule which

can not only be explored in the two dimensions of transducer velocity and laser intensity, but
additionally in the order of acquisition, i.e. representing different generations of the histogram
during data collection. The temporal resotutiof the present detection scheme is only limited

by the nuclear lifetime (~98 ns for the transition®dfe at 14.4 keV).

In the first experiment, the experimental setup was tested on an Fe sample in KCl at 32 GPa
and the stability of heating was verifle

In the second experiment, a sample of Fe waslgaded in argon and compressed to 36 GPa

in a DAC and heated from both sides with a laser repetition rate of 50 kHz. It was observed
that although at the beginning of the laser pulse and heating ofséwple, the center of
absorption first moves towards negative velocities, as expected, when the laser intensity
reaches its maximum the resonant absorption is lost. Following that, the absorption is
recovered with a huge positive shift, that cannot be expdd by the temperature increase.

The experiment was repeated with different relative laser timing revealing that the response
of the center shift strongly depends on the side from which the sample is heated. This suggests
that the large velocities arene results of actual displacements of the sample, as previously
reported®®. From the data it can be concluded that the sample is directed away from the
respective laser for increasing and towards the laser for decreasing temperatures.

In an experiment with Fe4O loaded in Ne and compressed to 77 GPa, the material quickly
reactedin situto FesOs2 upon heating as evidenced byray diffraction performed after
completion of the experiment. In order to observe the magnetic transition,stmple was
heated from both sides with a repetition rate of 20 kHz. The collapse of the magnetic hyperfine
splitting upon heating is clearly observdedure4.1-12). However, pinpointing the magnetic
transition temperatures during the heating and cooling cycle requires precise control of the
laser pulse shape in order to obtain rampofiles in the resulting sample temperatures.
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Figure4.1-12. SMS in Eg0s2 at 77 GPa. 2D histogram of the raw data, as a function of the transducer
phase (tag) and laser time, with the corresponding laser pulse shapes (a) from both heating sides and
Mdssbauer drive velocity (b).

The detectbn scheme developed in this work is capable of fully time resolved Synchrotron
Mossbauer spectroscopy for experiments with pulsed laser heating in diamond anvil cells. The
determination of melting, of structural, and of magnetic phase transitions dirdxhefits

from the dynamics of pulsed laser heating in combination with the flexible binning scheme, as
the transition lines are crossed twice, first in rising and then in falling temperatures, and with
a welldefined velocity. In addition, the whole tempeure timeseries can be acquired
simultaneously. Results provide the first evidence for the observation of thermal dilatation
effects inside the sample chamber of the laser heated DAC that is to be investigated and
discussed in further studies.

4.2 Outlook and perspectives

The main goal of this thesis was to investigate the capabilities of the experimental technique
of pulsed laser heating inside the diamond anvil cell, that, despite its use from the first years
of laserheated diamond anvil cell experimentsgs started only recently to be employed by
the highpressure science community as a method for tirasolved studies of materials.

So far, whenever the pulsed laser heating technique was presented, it was followed by a series
of arguments that constitutpulsed heating an improvement of the continuewave heating
method. These included the lorgrm heating stability, the higher achievable heating
temperatures and the prevention of chemical interactions through the minimization of
heating time during mesurements. However, due to the lack of extensive methodological
studies, the arguments were mainly based on experience.
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In the course of this thesis, a pulsed laser heating system was developed and was employed
in studies with different spectroscopic tedlgaes in various synchrotron beamlines, validating

the longterm heating stability at high temperatures of pulsed heating. The results of the
following study on the reaction of carbon from the diamond anvils with iron led to the
reconsideration of the effets of pulsed heating on the chemical stability inside the DAC,
indicating that there might not be an obvious advantage in comparison to continuous wave
heating. Following these observations, the effects of pulsed laser heating on the stability of
ferropericlase were studied. The experimental results further supported the fact that pulsed
laser heating might actually accelerate chemical processes inside the DAC. The study produced
results that are important for geochemistry, signifying the utility of pulsestr heating for

such studies. The thesis includes the development of two more experimental systems that
further demonstrate the capabilities of laser heating studies and the possibility to be coupled
with different experimental techniques, yielding impant conclusions for higipressure
science.

The results of this thesis demonstrate the importance of pulsed laser heating in geoscience
and material science. Through its course, the view on the effects of pulsed laser heating has
been revisedwith indicaions that pulsed laser heating causes @eeleration of chemical
processesHoweverour results suggest thaven though this is not desired for some types

of experiments, pulsed laser heatirgindeed a method that can help to investigate chemical
processes that were previousiypt easilyobservablewith different heating methods.
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5.1.1 Abstract

A portable doublesided pulsed laser heating system for diamond anvil cells has been
developed that is able to stably produce laser pulses as short as a few microseconds with
repetition frequencies up to 100 kHinsitu temperature determination is possil by
collecting and fitting the thermal radiation spectrum for a specific wavelength range
(particularly, between 650 nm and 850 nm) to the Planck radiation function. Surface
temperature information can also be timesolved by using a gated detector tha
synchronized with the laser pulse modulation, and spes®lved with the implementation
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of a multipoint thermal radiation collection technique. The system can be easily coupled with
equipment at synchrotron facilities, particularly for nuclear resar®nspectroscopy
experiments. Examples of applications include investigations of -prggsure high
temperature behavior of iron oxides, both in house and at the European Synchrotron
Radiation Facility (ESRF) using the Synchrotron Mdssbauer Source (SM&}laadinelastic
Scattering (NIS).

5.1.2 Introduction

Modern highpressure research demands that properties of materials be stuiiestu, for
example inside diamond anvil cells (DAC), ideally simultaneously at high temperature and high
pressure. Among thewto major methods of heating in DACs, namely laser and resistive
heating"?, laser heating has been already used for more than five deéddasd has
numerous applications in minerghysics and high pressure chemistry, physics, Earth and
material sciences. The laser heated diamond anvil cell (LHDAC) technique is used, for example,
for simulating conditions similar to those in the deep Earth and planetary interiors, or for
investigatig chemical processes and physical phenomena at extreme conditions. At
synchrotron light source facilities the LHDAC technique has been coupled with various
experimental seups, such as -Ky diffractior?®, Nuclear Inelastic Scattering (NIS), the
Synchrotron Mossbauer Source and Xray Absorption Near Edge Structure spectroscopy
(XANES}O.

In addition to continuousvave (CW) heating, pulsed lasers haeen used starting from the

first attempts to laser heat samples in a DAC, with the advantage of achieving significantly
higher temperature¥'-'?due to the concentration of the high laser power in a short impulse.
Since the beginning of the 2000s, pulsed heating has been coupled withrésobed
measurement¥®14 The repetitive heating and cooling of the sample makes time an extra
variable in addition to pressure and temperature, which is not possible with contirwaues

laser heating. An entirely new feeof research has been introduced, allowing determination

of important material properties such as thermal conductivity and diffusivity, and melting
temperatures:8,

The spatial distributiof temperatures at and around the heated spot is of great importance

in a LHDAC experiment. The significance of a surface temperature map has been noted in
many studie&*?*. Such a map is relevant especially to Rigbssure melting experimem%

24 but not exclusively?°. The methods used so far to determine the surface temperature
distribution estimate the temperature profile along one line on the sample by leading the
thermal emission into apectrometer through a sht3,

In this work we present a laser heating system in which a group of optical fibers probe the
laser heated area at different spots. This solution provides a-dinwensional surface
GSYLISNI GdzNB  YI LI ¢ 2, thekeSs sb thing i@ Qvdirheyistodai SR3I S
temperature mapping technigue, apart from computational estimations such as peak $galing
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or multispectral imaging radiometry aproaches, in contrast to spectroradiorffettyse of
optical fibers also allows us to physically separate the detector (and spectrometer) from the
focusing optics and to avoid introducing additional optical components between them. These
provide faster alignment and portability of the $gm that is especially important for
synchrontron facilities, where the lack of space makes a-$paee optical path solution
unfeasiblé®?¢ Special are is taken for the laser beam shaping and improvement of the
focusing optics in order to minimize the temperature estimation error caused by chromatic
aberrationg’%¢

Thus, our portable pulsed laser heating system provides a solution for both temporally and
spatially resolved temperature measurements in a doegited LHDAC. It is designed to be
easily movable between home institutions and synchrotrons, or between different beam
lines, where the need for portability of laser heating systems has alreadyrbeegnize&?%

31 We demonstrate its application through a series of experimentslgoted at the Nuclear
Resonance beamline (ID 18) of the European Synchrotron Radiation Facility (ESRF).

5.1.3 System overview

The system is shown as a general schematiEigure5.1-1. The system consists of the
following main components (described in more detail in the following sections):

w Two lasers that independently heat a sample in the DAC from two sides.

w Two Unihead modules (by Precitec GmbH) with optical componentsajpesand
focus each laser beam.

w Laser modulation and synchronization units, including pkagtectors, custom
electronics and an oscilloscope for control and visualization of the pulse shapes.

w Two VIS/NIR fiber bundles for collecting thermal radiatmch are optically
aligned on the sample.

w Highprecision spectrometer coupled with a fast, intensified CCD detector used for

time-resolved spectroradiometry measurements from both sides.
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Figure5.1-1. Doublesided pulsed laser heating system for diamond anvil cells. SPFs ar@absfilters

with a cutoff at 850 nm; CCDs are the cameras for sample visual observation; NFs are notch filters at 1064

nm used to isolate the laser beam from the detectd?fk are longpass filters with eut wavelength of

550 nm in order to avoid contamination from the second order diffraction of the grating; BSCs are the
beama LJX A GGSNJ Odzo S&T 9ha IINBE (KS aSeSLIASOS: 2LIA0a 27
viewing cameras and optical fibers; HTMs are ‘halfisparent mirrors that reflect illumination light;

GeoHEATSs are achromatic lenses for laser focusing and collection of thermal radiation; PDs are the fast
InGaAs photaletectors used to capture laser putseand LMEs are the laser modulation electronics (The

figure is not drawn to scale)

5.1.3.1 Lasers

We use two SPI RedPower R4 Fiber lasers emitting at theinfemred (NIR) central
wavelength ofp Tt x ™ ® a1 one with maximal power of 100 W and the other wi@ W.

The lasers produce a randomly polarized Gaussian b&d@ () with a full width atp7Q of

5+0.5 mm. The lasers can be operated in both continnwage mode as well as modulated
with maximum frequency up to 100 kHz. The minimum possible lasse pulth is on the
order of a few microseconds, but a very short pulse increases the power control error of the
FSSRol O] f22L) 2F GKS fFaSNI GKSNBF2NB I KIF NJ
electronics to avoid power instabilities. Laser tie@ experiments can last up to many hours,
and the data quality relies greatly on the laser power stability. In the system described here
the laser manufacturer provides a power deviation op8t Pover 8 hours for continuous
wave emission.

5.1.3.2 Beam shaping ahfocusing

The collimated output beam of the laser is very wide for the intended applications; therefore
it needs to be shaped and focused accordingly. Each laser beam is collected by afFdcal LIS NJ
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(Focal’ { K LISNWpcdpymncn o6& ! Rf hneditdsbdpe &' 6 beanzintad K A OK
a flattop when combined with focusing opti&s?,

The output beams of the Foeal{ KI LISNAE FTNRY 020K &aARSa I NB
GeoHEAT 40 _NIR lenségg(re5.1-2 (a)). GeoHEAT lenses are speciallyigteed for laser

heating applications with DACs. The required portability of the system prohibits the
redundancy of optical pathstherefore, the optical elements for collection of thermal

radiation are common with the ones used for laser heating. Thispsdemands focusing

optics that can reliably operate in both spectral bands. GeoHEATSs are achromatic objectives
YIRS (2 YAY AYAT S OKNRYIFGAO I 6SNNI g90enm I G GK
and 1020 nnt; 1100 nm. The nominal chromatic focal stir GeoHEAT 40_NIR can be seen

in Figure5.1-3.

Samples under high pressure inside a DAC can have dimensions on the order of a few tens of
micrometers; hence in order to be able to create a distinct temperature spatial map, a physical
resolution of 2.5 um is set as a specification. According to the Rayleigh critetgoprovide

a 2.5 um physical resolution, the diamei@r of the central spot of an Airy distribution in the

focal plane of the lens has to be about 5 um. Fherber (or diaphragm number) of the lens
"QMis calculated sing the formul&":

"N QTcad L.

For_ X v atd, the center of spectral band for measurements, theuimber results in

"M ¢&. The GeoHEAT 40 NIR is designed ®@th ¢& and the focal distancé

T W& a (at 1064 nm)thus, it meets the requirements. This combination provides a large
enough field of view for optical sample alignment, as well as a narrow depth of field that is
necessary for precision in temperature measurements. The new optical setup is an
improvement over previous desigh¥ by increasing the numerical aperture and
magnification of the system, and thus the resolution.

For simple objectives the working distance is equal to the focahnligt, but in the case of a
portable system used for synchrotron applications, 40.8 mm is not enough. The space around
a DAC should be larger and sufficient for inserting additional opticalay ¥ptical elements,

for example carbon mirrors for synchrotn singlecrystal Xray diffraction studies in laser
heated DACS The optical design of th&eoHEAT 40_NIR is implemented as a retrofocus
(reverse telephoto) lens, as shown kigure5.1-2 (b). It is composed from two optical
components (i.e., groups of lenses); the first one has a negative optical power, while the
second one has a positive powerBy choosing optical powedd the components as well as

an airgap between them, it is possible to fulfil the conditions of the required focal length and
working distance.
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Figure5.1-2. Photo (a) and optical layout (b) of a geoHEBTMR built as a reverse telephoto lens. H' is
the principle plane and F' the focal spot that define the focal distance f', which is shorter than s', the
working distance.
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Figure5.1-3. Diagram of Chromati8hift for geoHEAT 40_NIR

¢KS 0SIFY aLrRd OFry KIF@S | Nlidpisdeed dt the féacysing f I &
distance. An even smaller size can be achieved by adjusting the Foc&l I LIS NE 6 dzi
Gaussian distribution. With a smooth transmissioinve of 96% over the entire spectral range
used for temperature determination, the geoHEAT 40 _NIR optics facilitate both
spectroradiometry and laser heating of the sample, improving significantly the experimental
conditions of LHDAC.

Q\

5.1.3.3 Laser modulation anslynchronization

Synchronization of the lasers is crucial. In order to heat a sample as homogeneously as
possible, the peak and duration of the laser pulses should match from both sides. Observation
of the laser pulse is done by reflecting a small portbthe laser beam into a photodiode and

then recording the response on the oscilloscopég(re5.1-1). Two fast InGaAs detectors
(DETO8CL model from Thorlabs, lace) used in this case, with rise and fall response times of
less than a nanosecond. This allows an accurate capturing of the shape of short pulses lasting
only a few microseconds.

The main trigger of the system comes directly from the internal trigger igeoeof the P4
MAX detector. The detector's generator provides a set of two triggers (named SyncMasterl
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and SyncMaster2) with a common frequency and a relative delay with respect to each other
that can be set by software. These two outputs are led to stam electronics module that
converts the fixeewidth triggers into modulation pulses with adjustable width that control
the laser behavior.

The modulation electronics are depictedrigure5.1-4. The two inputs have a fixed width of
500 ns. Two timer circuit modules connected as monostable multivibrators can shape the
incoming triggers into square modulation pulses. The width of the output pulsedbean
manually set with the help of an oscilloscope and two variable resistors.

In this way, it is possible to easily control the common modulation frequency of the lasers, the
duty cycle of their emission independently from each other, and their relativeeyd&he latter

is important, since the response time of the laser depends strongly on the working conditions,
such as the duty cycle and the emitting powts, it is likely that the two lasers will not
respond in exactly the same way, even if they reeeheir trigger at the same time.

An example of an oscilloscope screen is showrignre5.1-5. A relative delay between two

laser triggers and modation pulse width can be easily adjusted using the screen as a
reference, in order to match the laser peak position and pulse width. Their synchronization
can be finely tuned with a precision on the order of a few nanoseconds, and it is possible to
invesigate the thermal response of the sample, especially in the area around the laser peaks.
This usually appears at the beginning of the pulse, when even a very small delay between the
laser impulses can strongly affect the sample's thermal response betweetwio heated
sides®.

. Vee Modulation
Trigger 1 Pulse 1
/—* W1
Monostable W1
Multivibrator - -
(IC 555)

Monostable Modulation

Trigger 2 W2
99 /—\‘ Multivibrator Pulse 2
|| (IC 555) JWZZI

Figure5.1-4. Schematic of the electronics module that controls the laser modulation. The two input
triggers are generated by the-RIAX detector with fixed width and have adjustable relative delay. Two
square pulse outputs independently modulate the two lasers inphised mode.
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1PI-MAX trigger

Laser modulation

Laser pu'lse A

Laser pulse B
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microseconds (usec)

Figure5.1-5. Example of an oscilloscope screenMRIX sets the frequency by generating short triggers.
The lasers are modulated with negative logic, i.e., laser is ON when voltage is Th@Wfigure
demonstrates the signals needed to create Laser Pulse A. A similar séfla)Rtigger and modulation
signals are also sent to the second laser, creating the Laser Pulse B. (Colors online)

5.1.3.4 Collection of thermal radiation and temperature detamation

The accuratein situdetermination of the temperature of the lasdreated sample inside the
DAC is crucial. The optical transparency of the diamond anvils allows the collection of the
emitted radiation of the heated sample and the estimationteftemperature using the gray
body approximation of Planck's |&WFigure5.1-6). The thermal radiation is collected from
both sides through the same optical path that is used to focus the lab&sy.ig done with a

set of two UniHead modules, in order to maintain the portability of the system.

The image of the sample inside the DAC is magnified by the UniHead optics, working as a
microscope, and projected into the cameras that are used for optitaervation. A
proportion of this light is collected by a pair of fiber bundles using a pairgd®beamsplitter

cubes Figure5.1-1). The core size and the number of fibers of the bundle can vary according
to the experimental needs in order to change the spatial alignment relative to the heated
sample and the amount of collected heat radiation. The eyepiece optics@mhbinationof

lenses, designed and installed by Precitec GiniaHich allow a working distance of 150 mm
from the last lens surface to the fiber, providing a total of 20x magnification to the system,
when used in combination with the geoHEAT 40_NIR focusing lenses.

A notch filter with center wavelength of 1064 nm is placed right in front of the fiber bundles
on each collection side to isolate them from any reflected laser radiattogufe5.1-1).
Similarly, longpass filters with cubn wavelengths of 550 nm are used to a&/oontamination

from the second order diffraction of the grating, especially during the measurement of very
high temperatures (above 4000 K) when the intensity of radiation with wavelengths shorter
than 500 nm is significaft
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using the gray body approximation of Planck's law: (a) calibration and acquired spectra; (b) fitting using
gray body approximation. (Comonline)

The light is guided into an IsoPlane SCT 320 spectrometer (Princeton Instruments) and the
resulting spectrum is collected by aNAX 4 with a 1024256 ICCD detector. The Intensified
CCD camera with enhanced Quantum Efficiency gives the paggbiiery fast collection. It

can work on gated mode, which allows timesolved collection of the emitted thermal
radiation.

The exposure window during which a thermal radiation spectrum is collected in the current
setup can be as short as 1 nanoseconds. Moreover, delay increments downTi®
nanosecond can be selected, with the possibility to create a-tieselved temperature series
with overlapping exposure windows. For a given spectrum, a minimum amount of counts is
necessary in order tmvercome the background noise and successfully determine the
temperature. Therefore, whereas optical spectra may in principle be collected from every
individual laser pulse, usually each gated window of the detector is collected over many
repetitions, somehundreds or thousands of pulses accumulating during the total exposure
time. For thigeason,it is crucial that the laser heating is sufficiently stable; i.e., that all pulses
have identical shape and cause the same effect on the sample.

In order to cre#e a time series of temperatures along the duration of the laser piHsgufe
5.1-7), it is crucial to correlate the laser pulse period with the gated exposure windbtie
camera. A common modulation trigger is used for the lasers and the spectrometer camera
signifying the beginning of each pulse period, created internally by the pulse generator of the
PEMAX detector. The laser response and trigger signal are oldersiag an oscilloscope as
described in Subsectidn1.3.3 Using the trigger signal as a time reference point, the arrival
of the laser pulse relative to the triggean be correlated with the relative delay of each gated
exposure window of the camera, making it possible to determine the -tieselved
temperature response of the sample to laser heating.
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Figure5.1-7 . Temperature measured during doubdeA RS R LJdzt a SR f -G Bdde KBACG A YT 2 F
at 46 GPa with 10 kHz repetition rate. For the purpose of this experiment, the laser pulse width was set

G2 FLIWNRPEAYIFGSt & nm: RdzGRS OMOA S3a AlDEDPES | LIRNINZ B ARY RA
of 200 ns each. The figure includes the part of the period when the heat radiation was sufficiently high to

be detected. The collection windows are denoted by black horizontal lines and the solid coloreatdines

guides for the eye. (Colors online)

When working in the nanosecond timing range, cable and equipment delays become
significant. Hence, special care is taken to correct the temperaglaser synchronization by
taking into accounthe response delays of cables and electronics. Using the internal titgger

of the PIMAX detector as a time reference point, all cable and equipment delays are recorded
on the oscilloscope and subtracted to give an absolute timestamp to every eventeldy

of the photodiodes and their cables is calculated using the spectrometer to capture the real
laser pulse (attenuated significantly). A timesolved collection gives the absolute laser pulse
delay which is then compared with the delay of the lgsése recorded using the oscilloscope
and appropriately corrected.

5.1.3.5 Temperature distribution in the heated spot

The timeresolved temperature measurement technique, when combined with multiple
temperature acquisitions from a multiore fiber bundle, results a two-dimensional map of
surface temperatures that resolve the sample thermal response both spatially and temporally.
This method can potentially reveal much information regarding the thermal dynamics of the
sample and accurately determine the tempeaxeg of the sample within the heated spot.
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Figureb.1-8. (a) The bifurcated fiber optic bundle used for spectroradiometry measurements consists of

G2 odzyRt Sa 6AGK mp TFAoSNIbdhehNSmatiod &t theigoliectionSideSAt OKZ | £ A
the spectrometer side, the alignment is linear, with both legs joined at the same ferrule. (b) Portions of

the detector images showing the signal from all fibers when both sides are focused on an illuminated

pft FdAYydzy F2A6X G G2 INFOGAY3I LIRairdAzyad [ STFaGY 3INF G
its zerc-order diffraction. Right: the center position of the grating is at 710 nm, showing the dispersion of

the illumination light.

In our sptem, a set of 30 fiber cores is used, divided into two groups of 15 fibers each, in fiber
bundles that are aligned optically to the center of the laser heating area from both sides of

GKS 51/ ® ¢KS FAOSNE KI @S I RA lod& dlSsRgde mnn - >
5.1-8 (a)), one from each side, but there is flexibility to switch between different fiber sets,
depending on the desired appétion. The actual temperature probing diameter of each fiber
depends on the fiber core size as well as on the optical focus and magnification. This can be
easily determined during the alignment process by shining light into the fibers as well as on a
reflective surface that is placed at the DAC position looking at the actual lit area. Typical values
F2NJ I nann >Y O2NB FAOSNIcBIpb(iOK ®OF o6t S | NE | LILIN

At the spectrometer side, both fiber bundles are aligned linearly, one on top of the aber,
that each thermal radiation spectrum lies on a different area of the detector. In the case of |
MAX 4 1024 256, the pixel size is 26a 26° @& which defines the limits of fiber core size
and interfiber spacing. Each region of interest of the deteatan be correlated with a spot

on the heated sample that has a specific diameter and position, and it is possible to create a
two dimensional surface temperature map for each side of the sanfipufe5.1-8 (b)).
Examples of applications are presented in Subse®&itr

The fast alignment process allowlset use of different temperature collection saps by
simply exchanging and adjusting the fibers without requiring a realignment of the entire
optical path. This feature is a useful capability of the system, especially when used aluring
synchrotron expement where time is usually limited and therefore precious.

5.1.4 Examples of application

Some examples of successful application of the developed system are presented in the next
sections and demonstrate the capabilities of the system. -@iwmensional temperatue
mapping is shown for aim houseexperiment on pulsed laser heating of @R U crystal at
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high pressure. The stability and portability of the system is demonstrated in a series of
experiments using Synchrotron Méssbauer Source spectrodtamd Nuclear Inelastic
Scattering (IN5) spectroscopy coupled with pulsed LHDAC at the Nuclear Resonance (ID18)
beamling®41of the European Synchrotron Radiation Facility (ESRF).

For the experiment, the system was transported to ESRF and moimtbe experimental

hutch of the Nuclear Resonance beamline. The entire procedure of connecting and aligning
usually requires only 4 to 6 hours at the beginning of an experiment. It may be easily
performed during a shut down or maintenance day, so th&cpyus experimental time lost

to preparation is kept to a minimum.

In order to allow the Xay beam to probe the sample along the compression axis of the DAC,

it is necessary to partially modify the geometry of the system. In the case of NIS experiments,

the laser heads are placed in the sameag@l orientation and perpendicular to therXy

beam, while the DAC compression axis coincides with the direction of the beam. The sample

Ad KSIGSR T NRIYE DR Korays MsBGEKGS carlfoy mirrs positioned at

Fnpc ly3tsSa Ay FTNRyYyd 2F GKS 3IS2HpirrtWhiexpbLw F
ray absorption of the carbon mirrors is low, it is a crucial consideration for SMS experiments
when the beam intensity is weak. The carbon mirrors are therefore replaced by a pair of D
shaped, sive©2 1 SR 3t a4 YANNENE | ioptids.nimtieis way tBd Sa& T 1
incident Xray beam is allowed to pass without going through the mirrors and the heating laser

beam is as close to the DAC compression axis as possible.

5.1.4.1 Timec¢ space resolved measurements

In a series ofn houseexperiments, we aagjred both time and spaceaesolved surface
temperature data for aridQ U crystal inside a DAC. The sample was loaded in the pressure
OKIFI' YO SN owS 3A1rai1Sd AYyRSYGSR (02 HT >Y gAGK |
RAFY2YR | y@At dizepwlith Nepas both ¥ pré3siafe ansmitting medium and

thermal insulator. The pressure chamber was compressed to 106 GPa and heated from one
AARS OKSNBFTUSNI W{ARS . Q0 gAGK fF&aSNJ Lz aSa
RdzNJ (A 2y ith&fiequenty 025 kHa, resulting in a 40% duty cycle. The heating spot

was aligned to be roughly at the center of the observation area of the fiber cluster. As seen in
Figure5.1-9, it was possible to detect the propagation of heat and measure temperature at

one side of the sample during pulsed heating on the opposite side. The temperature initially
increases at the heated side during the firstmomé a 2 F fF aSNJ KSFGAy 3 | {
NAIKG I FGSNI GKS LISIF] 2F GKS Lz &aS G GAYS LR
centerofthenorK S 1 SR aA RS> 0SAy3a a2YS Kdzy RNBRa 27F F
microseconds after thepulse peak, the noteated side cools down to undetectable
temperatures when the temperature on the heated side is not high enough.
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Figure5.1-9. Time dependence of the laser pulse (red). Vertical greenjaS | YR NBR o0F N&E AYRAC
GAYS G6AYyR2ga aGlkNIAy3d NBaLSoOGA@Ste G 1énx yody |yR
insets show an image of two heating sides. Parts A) B) and C) showesoleed temperature maps of

"0 obtained at 106 GPa using os&led pulsed heating of 31.5 W pulse power and frequenéQ of

¢ UQQdThe temperature induced at the back (rbeated side) of the sample can be seen close to the

LIS 2F GKS LddzZ aS d GAYSa gRyR2® RS 200 $ Sy ISING NiIdZNENES
too low to be estimated using spectroradiometry, usually below 1100 K.
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Figure5.1-10. System layout and signal paths for thmesolved SMS experiments with pulséser
heating. SCT 320 and PiMax are the spectrometer and detector, respectively, the latter producing two
triggering pulses for the lasers; LME are the laser modulation electronics; DFG is a digital function
generator used to signal the beamline electima at the beginning of each pulse period; scope is the
oscilloscope for observing the laser pulses; PD are the InGaAs photodiodes; TDC igoadityina!
converter that collects and treatsthe tiréS a 2 f 3SR {a{ RFIGFI T | YR ete§tdf A a
used in the SMS seip

Within the heated spot, which in this case is only the central part of the probing area, it is
possible to detect a temperature gradient of more than 200 K over a distance@fild > Y @
This demonstrates the importance of iag a flat laser beam to avoid steep temperature
gradients, especially when temperature is determined by probing a relatively large area.

It is worth mentioning that temperatures at the ndreated side sometimes appear to be
slightly higher than on the lated side, as in the example®igure5.1-9F G G A YS L2 Ay
an observation can be due to individual fibers not being exactly aligned on the same spot on
eachside of the sample, where there can be a distance of a few micrometers between the
observation spots, each having slightly different temperature. Moreover, temperature
differences of a few tens of degrees Kelvin are within the detection uncertaintychwhi
generally accepted to be on the order of one hundred degrees for laser heating experiments

Timeresolved SMS absorption spectra can be collected during pulsed heating of the sample
by combining the pulsed laser heating system with newly developadhbee electronics. In
GKA&a ¢lex (0KS Lz aSR KSFiAy3a LISNA2R OFly o6S
the Mdssbauer absorption of the sample as well as its surface temperature corresponding to
each time window can be calculated accordinglye $ystem cabling and assembly is shown

in Figure5.1-10 as well as the delay for each signal path, which is necessary for the correct
synchronization of the data. The photodiode signal timing was measured by directly capturing
the laser pulse usinthe spectrometer and comparing it with the photodiode response. All
other delays were measured using a direct comparison of the signals on the oscilloscope. The
time-resolved SMS setp including synchrotron electronics and data treatment is beyond the
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smpe of this publication and will be described in detail elsewhere as a separate system.

An iron foil enriched it’Fe was placed into a DAC using paraffin as a pressure transmitting
medium and pressurized to 64 GPa, with the goal to form iron hydride &ebh heating.

First, the sample was heated continuously for several minutes at a maximum temperature of

1500 K from both sides. Then, it was doubiged pulse heated at 20 kHz frequency. The two

laser pulses wersynchronizedand both had lengths of apprE A YI 6 St & wn >Y3I A
50% duty cycle, and both were at a powerdof p T at the pulse plateau. Temperature

was estimated with spectroradiometry using two singtae fiber patch cables with cores of

nnn >Y RAIFYSGSNE O282FSOCANBEANIKEt ENBY B>yYW AN
centered at the heating spot. The laser pulses, as well as the sample temperature response
GAUK M >& (GSYLRZNIt Naresil-tiz{ch Zhg meah \WiBe of aNsBYi@sS y (i S F
of data collections is shown, along with one standard deviation (STD) margins. The heating run
lasted around 30 minutes with temperature collection approximately every 5 minutes

Thecentershift (CS) of a Mossbauer absorption line is linearly dependent on tempetgture
so the temperature of the entire probed volume of the sample can be estimated from the
difference of the CS of the ngponent(s) relative to the CS of the same component(s) at a
known temperature. The sample is coldest during the heating cycle at the moment right
before the peak of the pulse. The actual temperature during cooling depends on the sample
conditions, as welas on heating properties such as duty cycle, power and frequency. It is
expected to be close to room temperature compared to the temperatures developed during
heating. In this way, Mossbauapectroscopyprovides an estimation of the variation in
sample tenperature at different moments of heating.

The SMS absorption spectrum corresponding to@@5dp >a RSt & FTNRBY GKS

pulse period, right before the laser pulse, is showrFigure5.1-11 (a). Thecenter shift is

0.42(3) mm/s based on a fit using MossA softWar&igure5.1-11 (b) shows the SMS

absorption spectrum collected at a time window of 23 H p > a 0K G KI a |
™ wp & afi. Using he relation described in Ref?, the sample in this time interval is

1115(89) K hotter than right before the arrival of the laser pulse. Considering that the surface

temperature during the hot period is estimad to be approximately 1700 K on both sides of

the sample, cooling to around 600K takes place right before the next pulse arrives.
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Figure5.1-11. Méssbauer absorption spectra corresponding to cooledig¢ht before pulse, 6.8y ®p > a
delay from the beginning of the pulse period) and heated sample (b, collected at the time window 23

Hp >a0 600 aSty (SYLSNemicedida speciratadi@metiickr@aswidzitsi S | &
(with one standard deviadin margins) compared to the laser pulse profiles for upstream and downstream.

The shaded time windows correspond to the cold and hot spectra from (a) and (b).

5.1.4.2 Nuclear inelastic scattering at ESRF

Nuclear Inelastic Scattering requires very long dataguisition time in order to obtain
sufficient statistics for meaningful results. A single energy scan can last from half an hour to
one hour, and many repetitions are necessary to improve statistics, resulting in a collection
time of many hours. In the sa of NIS inside a pulsed laser heated DAC, the main challenge is
to maintain the stability of heating over time. Every pulse should produce the same
temperature response on the sample, or at least the difference over time should be traceable
to any possile correlations with experimental conditions (e.g., chemical reaction of the
sample).

An iron foil enriched witF’'CS 61 & f 2F RSR AyG2 | 5l.pzaaf HpA
pressure transmitting medium as well as thermal insulator. The sample wasupized to 30
GPa, taking extra care to insulate the sample from the diamond anvils that act as good thermal
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O2y RdzOG2NAP® ¢KS &l YLIX S g1 a tFaSNI KSFGSR FNRY
frequency of 16 kHz (i.e., 32% duty cycle) and pulseep®\wt the pulse plateau @f

p ®w and0 p ®w for upstream and downstream heating sides, respectively. The
surface temperature of the heated sample was estimated with spectroradiometry, using two
FAOSNI LI G§OK OF 6t S aerthat wieke fonused orncaiy are@ af igproxiatelyr S

Hn >Y FNRdzyR (GKS OSYyidSN) 2F GKS tFaSNJ KSIFGSR
LINSASYGSR KSNBE fFadSR Fmu K2dzZNB gKAES YIFAydl
temperature timeseries we 02 f t S O (i-BiRute dnlevls bétween them. Each

window of the timeseries is 500 ns long and was collected from a repetition of a few tens of
thousands of pulses, as described in SecBoch34® ¢ KA & NBadzZ 6§SR Ay Fo
acquisition time for each dataset. The pulse shapes and power of the two lasers were manually
adjusted to be synchronized and result in a similar surface temperainrboth sides of the

Fe sample.

The mean temperature for each time window is depictedrigure5.1-12 (a) and (b) for
upstream and downstream sides, respectivelyJuding the areas of +1 standard deviation
(STD) over a total of 54 collections. The standard deviation was around 100 K at the flat part
(plateau) of the pulse and 300 K at the peak position, close to the uncertainty level of
spectroradiometry measurements

The heated sample was probed with aN¥ @ o0SIFY aAil S 2F mMH >Y PR
dependence of NIS for Fe was collected. Details of the-teéselved technique for NIS
measurements will be published elsewhere. Time windows can be selected alongribe pe

of the pulse and the corresponding scattering spectra can be calculated, tracking the behavior
of the sample during each heating cycle. For demonstration purposes threewtinudws

were selected: before the pulse, after the peak, and after the drbghe pulse, as shown in
Figure5.1-12. NIS can be used to determine the mean temperature of the sample volume that
is probed by the Xay beam, along with the surfacéemperature provided by
spectroradiometry. The probability ratio between phonon creation and phonon annihilation
for a given energy E, i.e., the symmetry of the spectrum around the elastic line, is a function
of temperature’364° InFigure5.1-12 (c) the estimated temperatures for each time window
can be seen, where the phonon creation/annihilation ratio is calculated using the energy
range of 10 20 meV (shaded areas). Before and after the |ps#se,the temperatures are

low, hence not detetable using spectroradiometry at the visible light wavelength range.
Nevertheless, the sample is still approximately 80800 degrees above room temperature
even when the laser is not emitting. During the pulse, the mean temperature in the heated
spot appears to be around 2320 K, which is 2QG100 degrees lower than the surface
temperatures on both sides of the sample. This is good agreement if we consider the expected
temperature gradients between the surface and the center of the sample.
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Figure5.1-12. (a) Upstream and (b) Downstream side mean surface temperatures and their standard
deviations for the entire duration of data collection. Three different time windows are highlighted that
correspond to theNIS spectra. (c) Energy dependence of nuclear inelastic scattering (elastic component
removed) of>Fe for three different temporal positions along the pulse period. Temperatures are
determined using the detailed balance law.

5.1.5 Conclusions

A doublesided pused laser heating system was developed that is able to acquire- time
resolved and spaeeesolved surface temperature information of samples under high pressure
inside a diamond anvil cell, with temporal and spatial resolution of a few nanoseconds and
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