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Abstract

This work treats of the high energy resolution off-resonant X-ray spectroscopy (HEROS)
method of determining the density of unoccupied electronic states in the vicinity of
the absorption edge. HEROS is an alternative to the existing X-ray absorption spec-

troscopy (XAS) methods and opens the way for new studies not achievable before.

HEROS makes use of high energy resolution X-ray emission spectroscopy (XES)
to study spectra of inelastically scattered photons in off-resonant conditions, i.e., for
incident photon energies below the atomic core level binding energy of interest. It has
been shown that spectra of the off-resonantly inelastically scattered X-rays carry infor-
mation on the occupancy of the discrete valence electronic states as well as the states
above the ionization threshold (in the continuum). Provided that the incident photon
beam energy bandwidth is less than the initial state lifetime broadening and a high
resolution wavelength-dispersive detection system is used, HEROS allows to probe the
density of unoccupied states with high energy resolution. This is possible because in the
off-resonant inelastic X-ray scattering process the scattered photons’ spectra are not
broadened by the studied absorption edge core hole lifetime. Further, in HEROS the
studied material is irradiated with a monochromatic X-ray beam of energy fixed below
the given ionization threshold and the spectrometer (in the geometry of von Hamos or
Johansson) equipped with position sensitive detector allows recording emission spectra
in one shot with typically tens of electronvolts-coverage. This scanning-free arrange-
ment thus allows to probe the density of unoccupied states with time resolution limited
only by the experimental setup’s efficiency. The swift way of probing the electronic
structure of matter, provided by HEROS, is highly desirable in time-resolved spectro-
scopic studies on dynamically changing chemical systems. This also makes HEROS
a method of choice in case of extremely bright pulsed X-ray sources (such as X-ray
free-electron lasers, XFELs) where the target is damaged after every pulse and the in-
tensity variations severely limit the usability of XAS methods. Moreover, the HEROS
spectral profiles are not modified by the self-absorption effect.
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Abstract

Chapter [I| is a short introduction to X-ray spectroscopy. A brief description of
the main physical phenomena and quantities involved in the XES and XAS studies is
presented, and the experimental methods as well as the instrumentation used in XES
and XAS are highlighted.

Chapter [[1}is focused on the principles of high resolution resonant and off-resonant
X-ray spectroscopy. The theoretical background of resonant X-ray scattering is pre-
sented, and the new method HEROS is introduced. Examples of HEROS applications

in different fields are also mentioned.

Chapter [[T] is dedicated to a study showing that HEROS can be used to measure
absorption spectra unaffected by the self-absorption effect. In the fluorescence mode
XAS, the fluorescence yield is measured at the incident beam energy varying across
the studied absorption edge. The self-absorption effect arises from the strong varia-
tion of the photoabsorption coefficient in the resonant regime, and is enhanced by the
sample thickness and concentration. In HEROS, an emission spectrum is measured for
a single incident beam energy fixed below the ionization threshold of interest. As a
consequence, the self-absorption effect is reduced to only the probability of reabsorp-
tion of the produced fluorescence radiation escaping from the target which is typically
nearly constant in the measured emission energy range. The emission spectrum mea-
sured with HEROS can be further used to calculate an absorption spectrum using the
Kramers-Heisenberg formalism. This approach is supported by the presented Ta L3
edge absorption spectra obtained with the HEROS technique at the SuperXAS beam-
line of the Swiss Light Source of the Paul Scherrer Institute, Switzerland. The Ta Loy
HEROS spectra were recorded for nine Ta samples of different thicknesses, and the
Ta L3 edge absorption spectra were reconstructed. The shapes of both the measured
emission spectra and the reconstructed absorption spectra were found to be indepen-
dent of the sample thicknesses and thus of the self-absorption effect. This work was

published in Physical Review Letters [1].

In Chapter [[V]a time-resolved in situ HEROS study is described in which chemical
speciation of a silica supported Ta catalyst under reaction conditions was attained at
the Swiss Light Source of the Paul Scherrer Institute, Switzerland. HEROS is a power-
ful tool to follow chemical reactions not only due to its high speed in probing the density
of unoccupied states, but also because it needs no correction for the self-absorption ef-
fect which varies with the substrates’ concentration changes during reaction. Analysis
of the HEROS spectra measured one by one with 40 s-acquisition time during oxidation

of both the inactive starting Ta complex and the one activated in hydrogen delivered
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Abstract

several interesting findings. These include e.g., formation of dimeric Ta species caused
by reaction with oxygen and a step-wise character of the transition of the inactive Ta
catalyst to its oxidized form. The data presented in this work was published in the

Physical Chemistry Chemical Physics journal [2].

The results presented in Chapter [V| demonstrate that HEROS is applicable at
X-ray free-electron laser facilities. In this work the HEROS technique was applied
to the investigation of the electronic structure of copper in different oxidation states
at the Linac Coherent Light Source (Menlo Park, California, USA) operated in the
self-seeding mode. The experimental HEROS spectra for Cu't were compared to the
ones for Cu’ and Cu?" reported in Ref. [3], and to calculations based on theoretical
XAS spectra retrieved from FEFF 9.6 program and on reference XAS spectra. It was
shown that HEROS provides detailed electronic and structural information with high
intensity femtosecond pulsed sources as well. Furthermore, it was shown that HEROS
allows measuring single-shot spectra for each XFEL pulse separately, which makes it a
method of choice for XFELs where the appreciable pulse-to-pulse intensity variations
influence only the overall HEROS signal yield and leaves the shape of the measured

spectra unaffected.






Résumé

Ce travail de these est consacré a la méthode HEROS (spectroscopie X hors-résonance
en haute résolution), une méthode permettant d’étudier les niveaux électroniques inoc-
cupés dans le voisinage des bords d’absorption. La méthode HEROS qui représente une
alternative aux méthodes d’absorption XAS traditionnelles ouvre la voie a de nouvelles

investigations irréalisables auparavant.

La méthode HEROS tire profit des avantages de la spectroscopie d’émission X en
haute résolution (XES) pour étudier les spectres de photons ayant subi une diffusion
inélastique hors-résonance, c.a.d. a des énergies incidentes juste en-dessous des énergies
de liaison des niveaux atomiques profonds d’intérét. Il a été démontré que les spectres
de rayons X diffusés inélastiquement a des énergies hors-résonance contiennent des in-
formations sur le taux d’occupation des niveaux atomiques discrets de valence et des
niveaux du continu au-dessus du seuil d’ionisation. Si la résolution en énergie du fais-
ceau de photons incidents est plus petite que la largeur naturelle de ’état atomique
initial et si les mesures sont effectuées avec un instrument ayant un grand pouvoir de
résolution comme par exemple un spectrometre a cristal, la méthode HEROS permet
de déterminer en haute-résolution la densité des niveaux atomiques inoccupés. Ceci
est possible parce que dans la diffusion inélastique hors-résonance les raies spectrales
des photons diffusés ne sont pas élargies par les durées de vie moyenne des lacunes de
coeur associées aux bords d’absorption étudiés. De surcroit, dans la méthode HEROS,
I’échantillon analysé est irradié avec un faisceau de rayons X monochromatiques dont
I’énergie est fixée au-dessous du seuil d’absorption. Par ailleurs, I'emploi de spectro-
metres a cristal de type von Hamos ou Johansson équipés de détecteurs sensibles a
la position permet de mesurer le spectre des photons diffusés sur un domaine d’éner-
gie s’étalant sur plusieurs dizaines d’électronvolts sans qu’aucun réglage du faisceau
incident ou du spectrometre ne soit nécessaire. Ce montage ne nécessitant aucun ajus-
tement permet donc de déterminer la densité d’états électroniques inoccupés avec une

résolution temporelle limitée uniquement par l'efficacité du spectrometre. L’analyse
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Résumé

rapide de la structure électronique d’échantillons par la méthode HEROS est donc par-
ticulierement bien adaptée a des mesures spectroscopiques nécessitant une résolution
temporelle comme par exemple I'étude de la dynamique de réactions chimiques. La tech-
nique HEROS représente aussi la méthode de prédilection dans le cas ou I’échantillon
doit étre irradié avec des faisceaux de rayons X pulsés extrémement intenses comme
ceux produits par les sources XFELs (lasers X a électrons libres) parce que dans ce
cas ’échantillon est endommagé apres chaque impulsion de faisceau et les variations
importantes d’intensité entre les différentes impulsions ne permettent pas I’emploi des
méthodes d’absorption XAS traditionnelles. De surcroit, les spectres HEROS ne sont

pas affectés par l'effet d’auto-absorption.

Le chapitre[llest une courte introduction a la spectroscopie des rayons X. Il contient
une breve présentation des phénomenes physiques essentiels et des grandeurs principales
intervenant dans les études XES et XAS. Les méthodes expérimentales et I'instrumen-

tation utilisée en spectroscopie XES et XAS sont également décrites.

Le chapitre [[I] est concentré sur les principes de la spectroscopie X en haute-
résolution dans le cas d’excitations résonantes et hors-résonance. Les fondements théo-
riques de la diffusion élastique résonante de photons ainsi que la nouvelle méthode
HEROS y sont présentés. Plusieurs exemples d’application de la méthode HEROS

dans différents domaines sont également discutés.

Le chapitre [[T]] concerne plus spécifiquement une étude montrant que la méthode
HEROS peut étre utilisée pour mesurer des spectres d’absorption, lesquels sont dans ce
cas insensibles a 'effet d’auto-absorption. Dans la méthode XAS en mode fluorescence,
I'intensité des photons de fluorescence est mesurée en variant ’énergie du faisceau pho-
tonique incident a travers le bord d’absorption étudié. L’effet d’auto-absorption est da
au fait que le rayonnement de fluorescence de 1’échantillon analysé varie rapidement
dans le voisinage du bord a cause de la brusque augmentation du coefficient d’absorp-
tion a la résonance. Les corrections a apporter a l'intensité de fluorescence mesurée
augmentent avec ’épaisseur et la densité de ’échantillon. Dans la méthode HEROS,
I’échantillon est irradié avec un faisceau d’énergie constante fixée au-dessous du seuil
d’ionisation d’intérét. En conséquence, I'effet d’auto-absorption est limité a la proba-
bilité de réabsorption du rayonnement de fluorescence émis par 1’échantillon, laquelle
est quasi-constante pour 'intervalle d’énergie correspondant au spectre d’émission me-
suré. Les spectres d’émission collectés au moyen de la méthode HEROS peuvent étre
ensuite transformés en spectres d’absorption en utilisant le formalisme mathématique

de Kramers-Heisenberg. La validité de la méthode HEROS et son indépendance de |'ef-
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Résumé

fet d’auto-absorption sont démontrées a 1’aide du spectre d’absorption correspondant
au bord L3 du Ta. Les mesures ont été réalisées aupres de la ligne de faisceau SuperXAS
de la Source suisse de lumiere (SLS) de U'Institut Paul Scherrer (PSI), a Villigen, Suisse.
Les spectres HEROS La; ont été mesurés pour neuf feuilles métalliques de Ta d’épais-
seur différente. A partir de chaque spectre HEROS, le spectre d’absorption L3 a été
reconstruit hors-faisceau. Il est démontré que la forme des spectres d’émission et des
spectres d’absorption reconstruits est indépendante de 1’épaisseur des échantillons et
donc de 'effet d’auto-absorption. Ces résultats ont été publiés dans la revue Physical

Review Letters [1].

Le chapitre présente un exemple d’application in situ de la méthode HEROS
pour I'étude de la dynamique de réactions chimiques impliquant un catalyseur de Ta
sur un support de silice. L’expérience a été réalisée a SLS. Grace a ses propriétés de ré-
solution temporelle, HEROS représente un outil efficace pour ’étude de la dynamique
de réactions chimiques non seulement parce que cette méthode permet de sonder la
densité d’états inoccupés dans des temps tres courts mais aussi parce qu’elle ne néces-
site pas de correction des spectres pour l'effet d’auto-absorption, lequel dépend de la
densité de I’échantillon et peut donc varier durant la réaction. L’analyse des spectres
HEROS mesurés successivement, chacun durant 40 s, pendant la phase d’oxydation des
échantillons (complexe de Ta initialement inactif et complexe de Ta activé en atmo-
sphére d’hydrogene) a fourni des résultats treés intéressants, comprenant par exemple la
formation de dimeres de Ta produits par réaction avec l'oxygene et la nature progres-
sive, par étape, de la transition du catalyseur de Ta inactif vers sa forme oxydée. Cette

étude a été publiée dans la revue scientifique Physical Chemistry Chemical Physics [2).

Les résultats présentés dans le chapitre [V] prouvent que la méthode HEROS peut
étre utilisée pour des mesures utilisant des faisceaux de photons produits par des lasers
X a électrons libres. Dans ce travail, la technique HEROS a été appliquée a I'étude
de la structure électronique du cuivre dans différents états d’oxydation. L’expérience
a été réalisée a LCLS (LINAC Coherent Light Source,) a Menlo Park, Californie, USA
avec un faisceau de photons quasi-monochromatiques obtenu en opérant ’accélérateur
dans le mode self-seeding. Les spectres HEROS du Cu'* obtenus ont été comparés aux
spectres d’absorption du Cu® et Cu*" présentés dans la Réf. 3] ainsi qu’aux spectres
HEROS calculés a partir de spectres XAS de référence et de spectres XAS théoriques
reconstruits avec le programme FEFF 9.6. Les résultats montrent que la méthode
HEROS permet d’obtenir des informations détaillées sur la structure électronique des

échantillons aussi dans le cas de sources de rayons X pulsées de tres forte intensité
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Résumé

et de tres courte durée (femto-seconde). De plus, cette expérience a démontré que la
méthode HEROS permet de mesurer un spectre pour chaque impulsion de faisceau, ce
qui en fait la méthode de prédilection pour des mesures aupres de sources XFEL car
les variations importantes d’intensité entre les différentes impulsions ne touchent que

I'intensité globale des spectres HEROS mais pas leur forme spectrale.



Streszczenie

Niniejsza praca doktorska traktuje o metodzie poza-rezonansowej spektroskopii rentge-
nowskiej wysokiej rozdzielczosci (ang. high energy resolution off-resonant X-ray spec-
troscopy, HEROS), pozwalajacej na badanie gestosci standéw nieobsadzonych w poblizu
progu absorpcji. Metoda HEROS jest alternatywa do istniejacych metod rentgenow-
skiej spektroskopii absorpcyjnej (ang. X-ray absorption spectroscopy, XAS) i otwiera
droge do dotychczas nieosiggalnych badan.

Metoda HEROS wykorzystuje rentgenowska spektroskopie emisyjng (ang. X-ray
emission spectroscopy, XES) do badania widm fotonéw rozproszonych niesprezyscie w
warunkach poza-rezonansowych, tzn. gdy energia fotonéw rozpraszanych jest niewiele
mniejsza od danego poziomu energetycznego atomu. Wykazano, ze widma fotonéw
rozproszonych niesprezyscie w warunkach poza-rezonansowych zawierajg informacje o
gestos$ci nieobsadzonych dyskretnych stanéw walencyjnych, jak i nieobsadzonych sta-
néw formujacych continuum stanéw. Pod warunkiem, ze rozdzielczo$¢ energetyczna
wiazki padajacej jest mniejsza od naturalnej szerokosci energetycznej stanu poczatko-
wego atomu, oraz ze pomiar jest wykonany z uzyciem spektrometru o wysokiej roz-
dzielczosci (jak np. spektrometr krystaliczny), metoda HEROS pozwala na okreslenie
gestodci stanéw nieobsadzonych z wysoka precyzjg. Jest to mozliwe, gdyz w proce-
sie poza-rezonansowego niesprezystego rozpraszania promieniowania rentgenowskiego
struktury widmowe rozproszonych fotonéw nie sg poszerzone przez czas zycia dziury
na badanym poziomie energetycznym atomu. W dodatku, w metodzie HEROS badany
material jest naswietlony monochromatyczng wiazka fotonéw o energii ponizej ener-
gii danego poziomu energetycznego, a uzyty spektrometr, w geometrii von Hamos’a
lub Johansson’a i wyposazony w detektor pozycjo-czuly (ang. position sensitive de-
tector), umozliwia mierzenie widm emisyjnych w okoto kilkudziesiecioelektronowolto-
wym zakresie na raz, bez koniecznosci jakichkolwiek zmian ustawien wigzki lub uktadu
detekcyjnego. Stad, rozwigzanie doswiadczalne uzyte w metodzie HEROS — nie wy-

magajace zmian potozen elementéw optycznych — pozwala na pomiar gestosci stanow
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nieobsadzonych z rozdzielczoScia czasows ograniczona jedynie przez wydajnos¢ spek-
trometru. Analiza struktury elektronowej materialéw z duza szybkoscia, umozliwiona
przez metode HEROS, jest wysoce pozadana w badaniach spektroskopowych w cza-
sie rzeczywistym, np. w badaniach nad przebiegiem reakcji chemicznych. Ma ona
takze istotne znaczenie w przypadkach zastosowania impulsowych Zrédet promieniowa-
nia rentgenowskiego o bardzo wysokiej jasnosci, takich jak lasery rentgenowskie (ang.
X-ray free-electron lasers, XFELs), w ktérych to przypadkach prébka jest uszkodzona
po kazdym pulsie, a duze wahania intensywnosci pomiedzy pulsami znaczaco ograni-
czaja stosowalnos¢ metod XAS. Ponadto, widma zmierzone metoda HEROS nie sa

dotkniete efektem samoabsorpcji.

Rozdziat [I] jest krétkim wprowadzeniem do spektroskopii rentgenowskiej. Zawiera
on zwiezty opis podstawowych zjawisk i wielkosci fizycznych zwigzanych z badaniami w
spektroskopii emisyjnej i w spektroskopii absorpcyjnej. Opisano w nim réwniez metody

doswiadczalne oraz aparature pomiarowa uzywane w spektroskopiach XES i XAS.

Rozdziat [T koncentruje si¢ na rezonansowej i poza-rezonansowej spektroskopii rent-
genowskiej wysokiej rozdzielczosci. Opisano w nim podstawy teoretyczne rezonanso-
wego rozpraszania promieniowania rentgenowskiego oraz nowa metode HEROS. Przed-

stawiono takze przyktady zastosowan metody HEROS w réznych dziedzinach.

Rozdziat [[T]] jest poswiecony do$wiadczeniu pokazujacemu, ze metode HEROS
mozna uzy¢ do pomiaru widm absorpcyjnych niedotknietych efektem samoabsorpcji.
W spektroskopii XAS w trybie fluorescencji, widmo promieniowania fluorescencyjnego
jest mierzone dla energii wigzki padajacej o réznych warto$ciach w zasiegu badanego
progu absorpcji. Efekt samoabsorpcji wynika z duzej zmiennosci wspétczynnika ab-
sorpcji w obszarze rezonansu i nasila si¢ z rosnacymi gruboscia i gestoscig probki. W
metodzie HEROS, widmo emisyjne jest mierzone dla pojedynczej energii wigzki pada-
jacej o wartosci ponizej danej krawedzi absorpcji. W konsekwencji, efekt samoabsorpcji
jest zredukowany do jedynie prawdopodobienstwa reabsorpcji wyemitowanego promie-
niowania fluorescencyjnego opuszczajacego probke, ktore to prawdopodobienstwo jest
zazwyczaj prawie stale w zakresie mierzonych wartosci energii emisji. Widmo emisyjne
zmierzone metodg HEROS mozna nastepnie uzy¢ do obliczenia widma absorpcyjnego,
korzystajac z formalizmu matematycznego Kramers’a-Heisenberg’a. Niewrazliwo$é me-
tody HEROS na efekt samoabsorpcji jest pokazana na przyktadzie zmierzonych nia
widm absorpeyjnych progu Lz tantalu (Ta). Pomiary wykonano na linii SuperXAS
synchrotronu Swiss Light Source (SLS) w Paul Scherrer Institute (PSI) w Villigen

(Szwajcaria). Za pomoca metody HEROS zmierzono widma emisyjne w obszarze ener-
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gii emisji Lay Ta dla dziewieciu probek tantalowych o réznych grubosciach. Otrzymane
widma nastepnie uzyto do zrekonstruowania widm absorpcyjnych krawedzi Ls Ta. Za-
obserwowano, ze ksztalty krzywych widmowych w widmach zaréwno emisyjnych, jak
i absorpcyjnych, sa niezalezne od grubosci poszczegdlnych prébek i zatem od efektu
samoabsorpcji. Otrzymane wyniki opublikowano w czasopismie Physical Review Let-

ters [1].

W Rozdziale [[V] opisano przyktad zastosowania metody HEROS w doswiadczeniu
in situ, majacym na celu zbadanie przebieg reakcji chemicznej z udziatem katalizatora
tantalowego na nosniku krzemionkowym. Doswiadczenie przeprowadzono w synchro-
tronie SLS. Uzytecznos¢ metody HEROS w badaniach nad przebiegiem reakcji che-
micznych w czasie rzeczywistym wynika nie tylko z duzej szybkosci pomiaru gestosci
stanow nieobsadzonych, jaka ta metoda umozliwia. Duzg zaleta metody HEROS jest
rowniez jej niewrazliwos¢ na efekt samoabsorpcji, ktéry zalezy od stezen substratow,
mogacych zmienia¢ sie podczas reakcji. Analiza mierzonych kolejno metodg HEROS
widm, kazde z czasem akwizycji 40 s, podczas utleniania badanych prébek (nieak-
tywny zwiazek Ta oraz zwiazek Ta aktywowany w atmosferze wodoru), dostarczyta
kilka ciekawych wynikéw. Sa to np. formowanie sie dimeréw tantalu oraz etapowy
charakter przej$cia nieaktywnego katalizatora tantalowego w swojg utleniong forme.
Dos$wiadczenie to opublikowano w czasopismie naukowym Physical Chemistry Chemi-
cal Physics [2].

Praca opisana w Rozdziale [V] pokazuje, ze metoda HEROS jest stosowalna w po-
miarach z uzyciem wigzki fotonowej lasera rentgenowskiego. W pracy tej uzyto metode
HEROS do zbadania struktury elektronowej atoméw miedzi w réznych stopniach utle-
nienia. Pomiary przeprowadzono w oérodku LCLS (LINAC Coherent Light Source) w
Menlo Park (Kalifornia, USA), z wiazka lasera rentgenowskiego pracujacego w trybie
self-seeding. Widma emisyjne zmierzone metodg HEROS dla Cu'* poréwnano z wid-
mami otrzymanymi ta samg metoda dla Cu® i Cu®** opublikowanymi w Ref. 3] oraz
z obliczeniami przeprowadzonymi na podstawie referencyjnych widm absorpcyjnych
jak i na podstawie widm absorpcyjnych obliczonych za pomoca programu FEFF 9.6.
Pokazano, ze metoda HEROS dostarcza szczegoétowych informacji o strukturze elektro-
nowej badanego materiatu réwniez w przypadku uzycia bardzo jasnych, impulsowych
zrédel promieniowania rentgenowskiego o bardzo krétkim czasie trwania pulséw (fem-
tosekundy). W dodatku, przeprowadzone doswiadczenie pokazato, ze metoda HEROS
umozliwia pomiar widm osobno dla kazdego pulsu promieniowania z lasera rentgenow-

skiego, co czyni ja bardzo atrakcyjna w zastosowaniach ze zrédtami XFEL, ze wzgledu
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Streszczenie

na znaczne fluktuacje intensywnosci promieniowania pomiedzy pulsami, ktére maja
wplyw jedynie na catkowity intensywno$¢ mierzonych widm, pozostawiajac ksztatt

krzywych widmowych niezmienionym.
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Chapter 1

Introduction to X-ray spectroscopy

I.1 Introduction

In this chapter a brief introduction to X-ray spectroscopy is presented. X-ray spec-
troscopy has a long history and nowadays lively progress in this scientific field is still
being made. Books and review articles treating of this subject are published every
year. To obtain a profound introduction to the field of X-ray spectroscopy one may
wish to refer to e.g. X-ray fluorescence spectrometry (R. Jenkins, 1999) [4] or to X-ray
and inner-shell processes (edited by R. L. Johnson, H. Schmidt-Bocking and B. F.
Sonntag, 1997) [5].

Development of knowledge on the structure of atom at the beginning of 20" century
was tightly bound with the evolving understanding of the electromagnetic radiation’s
nature [6]. Despite the fact that before Wilhelm Rontgen X-rays were already observed,
it was he who did a systematic research on X-ray radiation (also referred to as Rontgen
radiation) and inspired new studies at the end of 19" century. Together with Max
Planck’s suggestion in 1900 that electromagnetic radiation is quantized (it comes in
discrete amounts) started evolution of quantum mechanics which soon was to break
classical understanding (or rather ununderstanding) of the structure of atom. In 1913
Niels Bohr, inspired by Planck’s suggestion and Ernest Rutherford’s nuclear picture of
atom from 1911, introduced the planetary model of atom which predicted one quan-
tum number. In the same year, in 1913, William Henry Bragg and his son William
Lawrence Bragg studied diffraction of X-rays on crystals and Henry Moseley noticed
regularities in characteristic X-ray radiation. Two years later Arnold Sommerfeld de-
veloped Bohr’s model by additional quantum numbers. Albert Einstein’s work Zur
Quantentheorie der Strahlung from 1916 presented quantum mechanical description of

radiation. The experiment done by Otto Stern and Walther Gerlach in 1921 proved
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Chapter I: Introduction to X-ray spectroscopy

spatial quantization of atomic electrons’ magnetic momenta. The Compton effect dis-
covered in 1922 confirmed that electromagnetic radiation consists of quanta (the term
photon was introduced by Gilbert Lewis in 1926). The intense development of quantum
theory in the years 1923 — 1928 was crowned by establishing Paul Dirac’s equation.
Quantum mechanics around 1930 was already a theory well describing atomic electrons

and its further development was focused on nuclear and particle physics.

According to the current state of knowledge, atom is a bound system of nucleus and
electrons. Almost whole atom’s mass is concentrated in the nucleus which is composed
of neutrons and protons. The atomic number Z, which is equal to the number of nu-
clear protons, determines spatial configuration of states around the nucleus occupiable
by electrons. This configuration is described by the Schrédinger equation and is not
continuous but allows electrons to move around the nucleus only on certain surfaces,
on so called orbitals. Electron associated to a given orbital has constant negative en-
ergy whereas energies associated to different orbitals, called binding energies or orbital
energies or enerqy levels, are not the same. Orbitals which are more distant from the
nucleus have lower energies and are more densely located. In materials, such as solids,
Coulombic potentials of neighboring atoms’ nuclei overlap forming a continuous band
of states allowing electrons to travel freely in the material’s structure. The energy
threshold separating the atomic orbitals’ energies from those of the continuum states
is called Fermi level. The number of electronic states available on different orbitals and
in continuum is usually described with a continuous energy-dependent function called
density of states (DOS).

Motion of atomic electrons is quantized and is described by three parameters:
principal n, angular / and magnetic m quantum numbers. The allowed values of n
are positive integers, angular quantum numbers [ can have values 0,1,....n — 1 and
quantum numbers m: —I[,—[ +1,..,0,....,1 — 1,1. Quantum numbers define different
orbitals and their energies. Group of orbitals of the same n is called shell and group
of the same n and [ is termed subshell. If the spin-orbit interaction is considered, the
subshells are described by the quantum numbers n, [ and j, where j = [ & % Most
common notations used when referring to different orbitals are given by the so called
atomic notation and the notation introduced by the International Union of Pure and
Applied Chemistry (IUPAC) [7] (see Tab. [L.1)).

Each neutral atom of atomic number Z has Z electrons. Since electrons are
fermions, at most two electrons can have the same energy and thus at most two elec-

trons can be associated to one orbital. The way the electrons are distributed among the
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Chapter I: Introduction to X-ray spectroscopy

Table I.1: Correspondence between atomic levels, IUPAC subshell notations

and associated orbitals.

Quantum numbers | Atomic level | Subshell Orbitals
nlj by IUPAC (nlm)
101/2 151/ K (100)
201/2 2512 Ly (200)
211/2 2p1 /2 Ly (210)
213/2 232 Ly 211),(21-1)
301/2 3512 M, (300)
311/2 3p1/2 M, (310)
313/2 332 Ms; (311),(31-1)
323/2 3ds)2 My (321),(32-1)
325/2 3ds.s M (322),(320), (32-2)
401/2 4s1 /2 N (400)
411/2 4py ) N, (410)
413/2 dps)s Ny (411), (41-1)
423/2 Ads)s N, (421), (42-1)
125/2 Ads N (422), (420), (42-2)
435/2 4152 Ng (432),(430), (43-2)
437/2 4f7/9 Ny (433),(431),(43-1), (43-3)

available states is described by the so called Aufbau principle. In a simplified picture,
the orbitals’ occupancy is arranged in such a way that the whole system’s potential
energy is minimal, which results in fully occupied inner (core) orbitals with usually

unoccupied outer (valence) orbitals.

An excited or singly ionized atom with a vacancy in a core level may decay ra-
diatively: an outer shell electron fills the inner shell vacancy and a photon is emitted.
The energy of the photon is given by the difference of the binding energies of the two
atomic levels involved in the transition. If there is a single vacancy in the initial and
final state, the transition is named diagram transition. The most probable diagram
transitions are E1 transitions, i.e., transitions which satisfy the electric dipole selection
rules (Al = +1, Aj = 0, *1, parity change between the initial and final state wave
function Am = yes). Different notations are used in the literature for radiative or X-ray
transitions. The clearest one consists to define the transition by the subshells where

the vacancy is located in the initial and final state, using for the subshells the IUPAC
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notation, e.g. K-Lj, or the atomic notation, e.g. 1s-2p3/. An alternative consists to
use the terminology introduced by Siegbahn, e.g. Kay instead of K-Ls. The most
intense K, L and M E1 diagram transitions are presented graphically in Fig. with
their corresponding Siegbahn notation. If there is more than one vacancy in the initial
and final state, the X-ray is emitted with a slightly higher energy than the parent dia-
gram line. Such X-rays are called satellite X-ray lines, while the additional holes which
are not directly involved in the transition are named spectator vacancies. In general,
the shift in energy increases with the principal quantum number of the subshell where
the transition electron comes from and decreases with the principal quantum number

of the spectator vacancy.

Mp Moy
M il M [05)] l
M 4

: M, -

A /j‘} Y
M,
M,

g, | a | e | Los l
L ‘* Y ‘P
3

y A
Ll \ A

Figure I.1: Most intense K, L and M X-ray transitions. The arrows show
electron transition paths (the transitions of the vacancies occur in the opposite
directions). The transitions are labeled with their corresponding Siegbahn nota-
tion. The vertical axis corresponds to the electrons’ binding energy. The energy

spacing of the atomic levels is not at scale.

Atoms can interact with electromagnetic radiation through different processes whose

cross sections are predominantly dependent on the radiation energy and atomic num-

4



Chapter I: Introduction to X-ray spectroscopy

ber Z of the interacting atoms. Cross sections of the possible photon-atom interaction
processes are plotted for Ta (Z = 73) as a function of the incident photon energy in
Fig. [.2l In photoabsorption, an electron located on an orbital i of energy E; absorbs
the energy hw; of the electromagnetic radiation which results either in its promotion
to an unoccupied state located on a higher unoccupied orbital (photoexcitation), or, if

the absorbed energy is high enough, i.e. if iw; > | F;|, the electron (named in this case

3
10
10 = Ta
o M
6
g 10
Qo
IR
100
™~
£ 10°-
-8 I m— total cross section Ty (fiwy)
3
S~ () - N,
N\
5
2
GE 1 O -
o
» 10 “ 'o". .\ \\ ) .‘.'K -~ == == pair production (nucleus)
(/)] o '\ \ 7 N == e = pair production (electron)
» -" . / “\_. """ photonuclear reaction
8 1 - \, )\ oy
o NN p e
-1 . , \u. A : "/- ‘.-i
10 = == == photoabsorption RN >’ ‘.‘ e
=== = coherent scattering I wh e
=e=esincoherent scattering I I\. :' bR . .
) kY S, % s,
1 O ) ) ) I ) ) )

100 10° 107" 1 0 100 100 100 10
Photon energy fw; (MeV)

Figure I.2: Total cross section oy for interaction of photons with Ta atoms
(Z = 73) plotted as a function of the incident photon energy Aw;. Also shown
are the contributions from different processes. The values of the cross section
for the photonuclear reaction were taken from Ref. [8] and cross sections for all
the remaining interaction processes come from Ref. |9]. Local discontinuities in
the oot (hwy) dependence, observed for incident beam energy crossing binding
energies of subsequent Ta K-, L-, and M-shell orbitals, are called absorption

edges.
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photoelectron) is ejected from the atom (photoionization or photoeffect). The minimum
energy needed to remove an electron on the level 4, here denoted by |E;|, out of an atom
is referred to as tonization threshold. Removal of an electron from an orbital leads to
the creation of a so called vacancy (or hole) in this orbital, which results into an atom’s
excited or ionized state. Photons can be also scattered on atomic electrons through
coherent scattering or incoherent scattering. Coherent (also referred to as elastic or
classical) scattering is an elastic collision of photons with inner shell electrons (it is
then described as Rayleigh scattering) or with electrons located on valence orbitals or
in the continuum (Thomson scattering). Coherent scattering leaves the atom in its
ground state. In incoherent scattering (also known as inelastic scattering or Compton
scattering), a photon scatters on an atomic electron and provides it with a part of
its energy. The scattered photon has different energy than that of the incident pho-
ton and propagates along another direction. Incoherent scattering occurs mostly on
electrons from valence orbitals and depends smoothly on Z. In the pair production
process, the interaction of a photon with the strong electric field of the nucleus or of
the electrons causes that photon energy is converted into an electron-positron pair.
Due to the energy conservation, pair production can occur only if the photon energy
is higher than twice the electron’s rest mass energy (i.e. if fw; > 1.022 MeV). In
photonuclear reaction (also called nuclear photoelectric effect or photodisintegration) a
photon is absorbed by the nucleus which is left in an excited state before decaying via

the emission of a y-ray or internal conversion process.

Interaction of an atom with electromagnetic radiation (or with charged particles)
may lead to its ionization. The ion (i.e. the atom with one or more vacancies) deexcites
to its ground state through fluorescence or through Auger decay. In fluorescence an
electron from a higher level f fills the vacancy with the emission of a photon whose
energy hws is equal to |E;| — |Ef|. Such a transition leads to the creation of a vacancy
in the level f, which is next filled by another electron and so on until all core holes are
filled. Fluorescence is thus a spontaneous cascade of radiative atomic deexcitations. In
Auger decay the electron transition from the level f to the level ¢ is accompanied by
the ejection of another atomic electron (this process is also called radiationless decay).
The Auger decay is an autoionizing process since it increases the ionization degree of
the atom by one unit. If one of the two vacancies in the final state is in the same
shell as the vacancy in the initial state, the Auger transition is named Coster-Kronig
(CK) transition. For instance, if the initial hole in the subshell L, is filled by a L

electron with the simultaneous emission of a M; electron, the transition L;-LsMs5 is
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a CK transition. Note that CK transitions are energetically allowed only for certain

regions of the periodic table.

I[.2 X-ray emission spectroscopy (XES)

X-ray radiation is an electromagnetic radiation of energy in the order of 0.1 — 100 keV
(i.e., of wavelengths in the range 10 — 0.01 nm), covering thus the energy range between
the ultraviolet and the gamma rays. X-ray spectrometry is the ensemble of methods
used to measure X-ray spectra. Depending on their energy, X-rays are usually divided
into three categories, namely soft X-rays (below 2 keV), tender X-rays (between 2 keV
and ~ 8 keV) and hard X-rays (above ~ 8 keV). Application of X-ray spectrometry
to study the X-ray radiation emitted from matter through different atomic processes
is the scope of the discipline called X-ray emission spectroscopy (XES) [10,/11]. The

spectra measured in XES are called X-ray emission spectra or XES spectra.

As mentioned in Section [[.T], the creation of a vacancy in any atomic level leads to
a cascade of spontaneous electronic deexcitations (fluorescence) governed by the selec-
tion rules. The photons emitted in this process are essentially X-rays and XES is used
to measure their spectral energy distribution. Creation of a vacancy can be achieved
in two ways: by irradiating the investigated material with a beam of X-rays of energy
high above the binding energy of a given absorption edge or by bombarding the target
with charged particles (electrons, protons or highly charged ions). The latter case is
not discussed in this work. XES applied to the detection of X-ray-induced fluorescence
is referred to as non-resonant XES (NXES). In NXES studies the excitation photon
beam does not need to be of a well defined energy as long as it provides X-rays of
energy above the ionization threshold of interest. Fluorescence photons have energies
strictly correlated with the energies of the electronic levels involved in the deexcita-
tions. Furthermore, for valence-to-core level transitions the intensity of the fluorescent
radiation is proportional to the occupancy of the valence orbitals. NXES provides
thus an element-specific tool to determine not only the energy differences between the

atomic levels but also the density of occupied states.

For illustration, the NXES Cu K X-ray emission spectrum from a CuO sample is
depicted in Fig. [[.3] Shown are the strong core-to-core Kay, Koy and K1 3 X-ray lines
corresponding respectively to the Ls-K, Lo-K and Mso-K electron transitions (see Fig.
, as well as the weak valence-to-core K 3 5 (N2 3-,M,5-K) and K 3" X-ray lines. The

intensity ratio of about 2 between the K« and Kas lines originates from the number
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of electrons in the 2ps/, (4) and 2py/o (2) levels. The K3 3 line is less intense than
the Koy o lines because the overlap between the 1s and 3p levels is smaller than that
of the 1s and 2p wave functions, which leads to a smaller transition probability. The
spin-orbit doublet K f3; 3 is not resolved because for Cu the energy separation between
the M3 and My subshells (2.2 eV) is smaller than the natural width (see below) of the
two transitions (about 3.4 eV). The intensity of the valence-to-core X-ray lines is about
1000 times weaker than that of the K« 5 lines due to the nearly-vanishing overlap of
the wave functions corresponding to the 1s and valence orbitals. Valence-to-core X-ray
transitions are nevertheless of interest because valence orbitals are uniquely sensitive to
spatial distribution of neighboring atoms. Depending on the chemical surrounding of
the fluorescing atoms, the measured valence-to-core emission lines may have different
intensities and can be shifted in energy. NXES grants therefore the access to the study
of the chemical environment of the fluorescing atoms, in particular the ligand orbitals

and bond distances (see e.g. Refs. [12-14]).
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Figure 1.3: High-resolution K X-ray emission spectrum of Cu from a CuO oxide
sample (taken from Ref. [15]). Transitions involving electrons from the 2p, 3p and

valence levels are shown.

The width of a measured X-ray line results from the lifetime broadening of the
corresponding transition and the energy resolution of the employed detector. The
lifetime broadening is due to the finite lifetimes of the vacancy in the initial and final
levels. These finite lifetimes 7; and 7; lead via the Heisenberg uncertainty principle to
some uncertainty 2 on the energy of the two levels. As a consequence the energy of

the transition will be affected by the uncertainty AE = Tﬁ + % Actually, it can be
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shown that for a given X-ray transition, the energy distribution of the emitted photons
corresponds to a Lorentzian function whose width is equal to the uncertainty AFE.
This width is called the natural width of the transition (I'ya). On the other hand,
the instrumental response of the detector can be well reproduced in most cases by a
Gaussian function. The energy resolution of the detector 'y, is then given by the full
width at half maximum (FWHM) of the Gaussian, i.e., by Tipser = 2.35 X Oijnstr, Where
Oinstr 18 the standard deviation of the Gaussian. As the convolution of a Lorentzian
with a Gaussian results in a so-called Voigt function, the shapes of measured X-ray
lines correspond to Voigt profiles. Thus, to extract the natural width of a measured
X-ray line, the latter should be deconvolved, using the known instrumental broadening.
However, reliable results can only be obtained if the energy resolution of the detector
is comparable to the natural linewidth of the transition, which requires the use of high

energy resolution instruments such as crystal spectrometers (see Section [[.4.2)).

X-ray emission has unique properties when the incident photon energy is around
a given absorption edge. In this case (resonant regime), X-ray emission can occur via
fluorescence or via a coherent absorption-emission process. XES applied in the resonant
regime is called resonant XES (RXES) and it is discussed in Section [[L.3]

1.3 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) [16}17] corresponds to an ensemble of experimen-
tal techniques aiming at measuring the absorption of X-ray radiation in materials for
changing radiation energy. X-ray absorption spectra (or XAS spectra) represent there-
fore the variation of the absorption of the incoming X-ray radiation by the irradiated
sample as a function of the radiation energy. The absorption of an X-ray beam of
intensity I, perpendicular to the sample is defined by: L (2) = Ip (1 — e #°t*), where
z stands for the penetration depth of the radiation into the sample and p represents
the total linear absorption coefficient. The latter depends on the energy of the radiation
and on the absorbing material. If the sample thickness or the distance z is expressed in
-5, the total mass absorption coefficient %, where p is the sample density, is prefer-
ably used. For a collimated X-ray beam of energy hAw;, the total linear absorption
coefficient is given by: jpuer (1) = opn (hwr) + Ocon (Awr) + Tincon (1), where oy,
Ocon and ojueon represent the cross sections for the photoelectric effect and the elastic

and inelastic scattering processes, respectively. For the energy range corresponding

to X-rays, the cross sections o¢on and oincon are much smaller than oy, and they vary
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only smoothly with Aw; so that the overall shape of the absorption spectrum and the
characteristic features of the latter originate mainly from the photoeffect process. If
the incoming energy hw, is bigger than the electron binding energy of a given subshell,
the photoeffect becomes energetically possible, which leads to an abrupt increase of
ot at this energy. These step-like increases of piyor or L,s in XAS spectra are called
absorption edges (see Fig. [.2)). If the energy hw; of the incoming X-rays is smaller but
close to the absorption edge, the photoelectron is no longer removed from the atom
but it can be promoted into an unfilled or unoccupied outer level. This so-called pho-
toexcitation gives rise to fine structures that are observed around the absorption edge.
The photoexcitation cross section depends mainly on the occupancy of the valence and
interatomic orbitals. As a result, while XES spectra provide information on the den-
sity of occupied electronic states, XAS spectra reflect the density of unoccupied states
around and above the Fermi level. In both the photoionization and photoexcitation,
the whole photon energy is given to the photoelectron and the photon disappears. For
this reason, the term photoabsorption has relevance for photoionization as well as for

photoexcitation.

The methods used in XAS are: transmission mode, fluorescence mode (or fluo-
rescence yield) and electron yield [19,[20]. Their basic concepts are depicted in Fig.
I.4{a). In the transmission mode the studied material is irradiated with an X-ray beam
of energy hw; and the intensities of the incident beam I and of the transmitted beam
I; are measured. Depending on the attenuation length 2z (which depends on the sam-
ple thickness and irradiation angle), the total linear attenuation coefficient pio; can be
calculated using the Bouguer-Lambert-Beer law [; (fuy, 2) = I (hwy) — Laps (hwy, 2) =
Iy (hwy) e Hor(wn)z - Flyorescence mode XAS makes use of the XES methods, which al-
lows to study how the fluorescence intensity I (fuwy) changes with the incident photon
energy hwy. It has been observed that the fluorescence yield FY (hw;, hwsy) = %
depends on the photoabsorption coefficient ppn ~ o, and its variation in hw; provides
the same information as the absorption spectra measured in the transmission mode
XAS [19]. The fluorescence mode XAS spectrum can be obtained using either the
total fluorescence yield (TFY) or the partial fluorescence yield (PFY). In TFY the
fluorescence yield FY is integrated over a broad emission energy range hw,, while in
PFY it is integrated over a selected emission energy range. In particular, F'Y inte-
grated over an energy band centered at a given fluorescence line and narrower than
the natural linewidth of the latter is referred to as high resolution XAS (HR-XAS)
or high-energy resolution fluorescence detected XAS (HERFD-XAS) [21}22]. HR-XAS
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Figure 1.4: (a) An outline of the XAS methods’ experimental setups. The gray
rectangle symbolizes the studied sample which is made of material characterized
by total linear attenuation coefficient uiot and linear photoabsorption coefficient
fph- The blue lines show path of the incident and the transmitted X-ray beams.
The orange line marks the exit path of the fluorescence radiation and the detecting
system is marked with the pink cylinder. See text for explanation. (b) The K
edge XAS spectrum of Fe atoms in a celadon ceramic measured in the fluorescence
mode [18]. The region of the absorption spectral curve in a close vicinity of the
ionization threshold is termed X-ray absorption near edge structure (XANES) and
the one starting from tens of electronvolts above the edge is called extended X-ray
absorption fine structure (EXAFS). The most prominent feature in XANES is
called white line. The plot in (b) was reproduced from Ref. |1§].

spectra provide more detailed information on the pi,, (hw;) dependence and is widely
used for chemical speciation (see e.g. Refs. [23-26]). The fluorescence lines chosen
in HR-XAS measurements are typically the ones induced by the core-to-core electron
deexcitations. They are characterized by a much higher intensity as compared to the
fluorescence originating from valence-to-core electronic transitions and by a much bet-
ter separation in the emission energy scale. In XAS studies done in electron yield (EY)
mode, the studied sample is irradiated with an X-ray beam and the electric current
in the sample is measured. Interaction with radiation leads indeed to an increase of
the number of free electrons in the material, with the main contribution of photoelec-
trons and Auger electrons ejected from the atoms as a result of photoabsorption. The
electron yield can be therefore used as a probe of the photoabsorption coefficient and
it has been demonstrated that it provides the same information as compared to other
XAS methods [20427].

As shown in Fig. the variation of the photoabsorption cross section as a function
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of the X-ray energy (0.1 — 100 keV) has in general a downward trend. Locally absorption
grows by jumps as the photon energy crosses subsequent ionization thresholds enabling
electrons from consecutive orbitals to undergo photoionization into the continuum. The
dependence of the photoabsorption cross section on the incident photon energy (i.e.
excitation energy) in the vicinity of an ionization threshold is illustrated in Fig. [[.4|(b)
for the K edge absorption spectrum of iron. As shown, the absorption spectrum is
characterized mainly by a sudden jump-like increase of the absorption as the X-ray
energy crosses the absorption edge. Furthermore, there are subtle features which arise
from a changing density of unoccupied discrete states localized around the Fermi level
and above. The fragment of the absorption spectral curve in a close vicinity of the
ionization threshold is termed X-ray absorption near edge structure (XANES) or near
edge X-ray absorption fine structure (NEXAFS) or X-ray absorption fine structure
(XAFS). The region extending from tens of electronvolts above the edge is called
extended X-ray absorption fine structure (EXAFS). The XANES features reflect the
density of empty valence states [28]. Analysis of the EXAFS oscillations, which arise
from photoexcitation to unoccupied states localized in interatomic orbitals, provides

information on the local geometric structure around the absorbing atom [29].

1.4 Instrumentation

I.4.1 Production of X-rays

Production of X-rays that can be used in XES and XAS experiments can be realized in
different ways. Commonly employed methods are based on irradiating a given material
with charged particles (typically electrons or protons) which induce Bremsstrahlung
and fluorescence. In less common approaches a secondary fluorescer is inserted in
the primary X-ray beam, which provides a characteristic X-ray radiation of a better
defined spectral energy distribution, however, at the cost of the intensity. v rays from
radionuclides (such as 2! Am, 1%Cd, 153Gd, %Eu, *5Sm) are also used, both directly
and in the secondary fluorescer mode. In this section only production of X-rays with

X-ray tubes and synchrotrons is discussed.

An X-ray tube consists mainly of two electrodes placed in a high vacuum and con-
nected to a very stable high-voltage generator able to provide voltages of typically 40 —
100 kV. When the generator is on, electrons are emitted by the cathode (which is typi-

cally a coil of tungsten wire), accelerated in the electric field between the electrodes and
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impinge the anode, which leads to the emission of Bremsstrahlung and characteristic
X-rays whose energy depends on the element the anode is made of. The emitted radi-
ation escapes the tube through a sealing window (typically made of beryllium) which
absorbs low-energy X-rays. The intensity of the produced photon beam is bigger for
higher atomic number Z of the anode material, for higher electric currents and higher
voltages. Depending on the experimental conditions, low-power and high-power X-ray
tubes are used, capable of working with powers of 0.5 — 1 kW and 2 — 4 kW, respectively.
Very low-power compact X-ray tubes are also available (~ 10 W); in these devices the
cathode may be irradiated with a laser beam which leads to the emission of electrons
through the photoelectric effect. In the low-power and the high-power X-ray tubes the
anode (typically made of Sc, Cr, Cu, Mo, Rh, Ag, W or Au) heats up strongly. To
maintain a low and stable temperature the anode element is plated or cemented on a
block of copper connected to a water cooling system. The X-ray beam escaping from
an X-ray tube is polychromatic, as presented in Fig. (a). [ts spectrum contains the
continuous distribution of Bremsstrahlung photons (determined by the tube’s voltage)
and the discrete emission lines from the anode’s material fluorescence. X-ray tubes
are compact and relatively bright X-ray sources and are mainly applied in laboratory

setups.

Synchrotrons are highly specialized facilities dedicated to the production of a very
bright and monochromatic electromagnetic radiation of energy ranging from tens of
eV to hundreds of keV. In synchrotrons an electron beam (in which the electrons are
grouped in bunches) is accelerated to GeV-energies and is kept circulating along a
storage ring by means of bending magnets. Relativistic electrons pass through mag-
netic fields generated by bending magnets and so called insertion devices (wigglers and
undulators) installed in the storage ring. Interaction of electrons with the magnetic
fields causes change of the electron propagation direction which leads to the emission
of electromagnetic radiation. The electromagnetic beam produced at synchrotrons
has a pulsed structure with pulse durations ranging typically from picoseconds to
nanoseconds. At bending magnets and insertion devices, experimental stations (so
called beamlines) are built and equipped with specialized optics used for collimation,
monochromatization and focusing of the photon beam. Depending on the photon beam
characteristics and equipment installed, different beamlines allow for studies in many
specialized scientific fields, such as XAS, X-ray scattering, X-ray diffraction and X-ray

imaging to mention a few of them.
One of the main characteristics of X-ray sources is the brilliance defined as the
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Figure 1.5: (a) Spectrum of an X-ray beam produced with an X-ray tube with
Cu anode operated at a voltage of 20 kV [30]. The spectrum contains continuous
contribution from the Bremsstrahlung photons ending at 20 keV and the discrete
Cu Kajp and K3 fluorescence lines. The cutoff seen below 3.5 keV is an
effect of absorption of the low-energy X-rays in the tube’s window. The plot
was reproduced from Ref. [30]. (b) Comparison of spectral brilliances of different
X-ray sources. Below the orange dashed line: X-ray tubes with different anode
materials; above: synchrotron’s bending magnets (Bends) and insertion devices.
The synchrotron’s spectral brilliances are given for two electron beam energies.

The plot was reproduced from Ref. [31].

number of produced photons per unit time, per source size (in the plane transverse to
the observation direction) and per unit divergence of the produced photon beam. In
case of synchrotrons the observation direction lies in the storage ring’s plane and in
the same plane is defined the beam’s divergence. Brilliance is higher for higher rates
of the photon production, for smaller photon source sizes and smaller photon beam’s
divergences. The spectral brilliance is the brilliance per 0.1 % bandwidth (BW), i.e.,
the brilliance divided by 0.1 % of the energy of the produced photons. The spectral
brilliance thus grows with increasing monochromaticity of the produced photon beam.
From among all the insertion devices used at synchrotrons, undulators have the highest
spectral brilliances and, as shown in Fig. [[.5|(b), the reachable values are in the order of
10° higher than the ones achievable with X-ray tubes. Synchrotrons are 3'¢ generation

X-ray sources while 4™ generation sources, the so called X-ray free-electron lasers
(XFELSs), operate since 2009. XFEL is described more in detail in Section [V.2]
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1.4.2 Detection of X-rays

Introduction

Depending on the type of employed detectors, X-ray spectrometry is usually divided
into two categories, namely the energy-dispersive and wavelength-dispersive X-ray spec-
trometry (EDS and WDS, respectively). In this section a brief description of the in-
strumentation used in EDS and WDS is presented. An exhaustive introduction to

X-ray spectrometry methods can be found in, e.g., Refs. [32-34].

Energy-dispersive X-ray spectrometry (EDS)

In EDS detectors such as gas counters, scintillators and solid state detectors, the X-ray
energy E is converted into a voltage pulse of height V' [32,33]. Such detectors are
characterized by the following parameters: quantum counting efficiency, linearity, pro-
portionality and resolution. Quantum counting efficiency is the ratio of the intensity of
the beam absorbed in the detector to the intensity of the beam incident on it. It reflects
therefore the detector’s efficiency. Linearity refers to whether the number of electronic
pulses produced by the device is in linear dependence with the incident photon beam
intensity. If so, the detector is said to be linear. The detector is proportional if the
heights of the produced voltage pulses are linearly dependent on the X-ray energies.
Finally, the resolution of the detector is a measure of the scatter AV of the output
voltage pulses’ heights V' induced by the absorption of monoenergetic photons. The rel-
ative energy resolution is given by % = % so that the (absolute) energy resolution of
an EDS detector is AE = A—VVE . The distribution in energy of monoenergetic photons
measured with an EDS detector corresponds in most cases to a Gauss function. The
energy resolution of the detector is then just equal to the full width at half maximum
(FWHM) of this Gaussian. High resolution is important to separate close-lying X-ray
lines.

The lowest resolution among commonly used X-ray detectors have scintillation
detectors. These devices are composed of two parts: a scintillation material optically
coupled to a photomultiplier. The scintillator is typically a sodium iodide crystal doped
with thallium. The interaction of X-rays with the scintillator causes the emission of
visible light. The photomultiplier converts the pulses of visible light into electronic sig-
nals which are next amplified and registered by the connected electronics. Scintillation

detectors are proportional and can be used to detect tender and hard X-rays.

Another type of instrumentation used in EDS are gas flow proportional detectors.
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They consist of a cylindrical tube (with few cm-diameter) and a thin wire (with thick-
ness of tens of pum) placed inside the tube along its radial axis. The tube is filled
with inert gas (typically Ar) mixed with a quench gas (typically methane) and closed
on one side by a very thin foil (entrance window) made of an X-ray poorly absorbing
material. To compensate the possible loss of gas through the thin window, the gas
pressure is kept constant in the chamber by a gas circulation system. An electric po-
tential difference of about 1400 — 1800 V is applied between the tube and the wire.
An X-ray passing through the gas medium ionizes it and the produced electric charges
are separated in the tube by the applied electric field. The separated charges are col-
lected on the electrodes, which leads to a short voltage variation that is detected by
the connected electronics. Gas flow proportional detectors are mainly used for the de-
tection of soft and tender X-rays. Gas detectors provide a few times higher resolution
than scintillation detectors. Gas scintillation detectors, combining principles of both
scintillators and gas detectors, are also met. These devices consist of a gas tube and a
photomultiplier. Recombination of inert gas’ ions created by ionizing radiation causes

emission of ultraviolet photons which are next registered by a photomultiplier.

The best resolution in EDS is achieved with solid state detectors. The main part of
these devices is a semiconductor diode, made of Si or Ge, to which a reverse bias voltage
of about 1000 V is applied, which removes remaining charge carriers. Incoming X-rays
ionize the diode’s medium and create hole-electron pairs whose numbers depend on the
energies of the absorbed photons. The free electrons are swept from the diode by the
reverse bias voltage and collected on the electrodes which build with the semiconductor
a small capacitor. The electric charge accommodated on the capacitor is released at
a certain frequency and an output voltage pulse is formed whose height depends on
the charge collected and thus on the X-ray energy. Solid state detectors are therefore
proportional. To keep the dark noise at small values, i.e., to preserve the resolution,
solid state detectors must be operated at low temperature. Small size detectors are
cooled down using Peltier elements, detectors with bigger volumes (up to some tens of

cm?) with liquid nitrogen.

Wavelength-dispersive X-ray spectrometry (WDS)

Detection of X-ray radiation in WDS is done with X-ray spectrometers [34]. X-ray
spectrometers are detecting systems composed of a crystal (also called analyzer), which
spatially disperses X-rays of different energies through the Bragg diffraction, and a de-
tector, which registers the Bragg-diffracted photons. In contrast to EDS, where the
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detectors act as both counters and analyzers, in WDS the measured X-rays are ana-
lyzed by the crystal and the detector’s role is reduced to count the spatially dispersed
photons. As a result, the spectrometer’s energy resolution depends only on the diver-
gence of the incident beam, the crystal’s Darwin width and the diffraction angle. The
obtained relative energy resolution A—EE is typically of the order of 107, i.e., more than
100 times better than the one of common EDS detectors.

According to the Bragg’s law, photons of energy E will be diffracted by a crystal

he n
2dpp sinf?

Planck’s constant, ¢ for the speed of light in vacuum, n (n=1,2,3...) for the diffraction

where h stands for the

at a Bragg angle 6 meeting the relation F (0) =

order and dpy; for the spacing of the crystal’s diffraction planes defined by the Miller’s
indices (hkl). The Bragg angle 6 is the angle between the diffraction planes and the
direction of propagation of the incident (or the diffracted) photon beam. Depending
on the cut of the crystal, diffraction planes can be parallel to the irradiated surface
of the crystal plate or perpendicular to it. In the first case (Bragg case) the WDS is
named reflection- or Bragg-type crystal spectrometer, in the second case (Laue case)

transmission- or Laue-type crystal spectrometer.

In Laue-type spectrometers the analyzed X-ray beam has to pass through the
crystal’s bulk before it reaches the detector. Since absorption grows drastically with
decreasing X-ray energy, transmission-type spectrometers are usually not used for de-
tection of photons of energy below about 15 keV. On the other hand, design of the
Bragg-type spectrometers restricts the range of usable reflection angles to above 20°,

which corresponds to photon energies below 7 — 12 keV (note that F (0) ~ sin™! 6).

The crystals used in X-ray spectrometers are plane or curved and single- or multiple-
crystal arrangements can be employed. Plane-crystal spectrometers provide the best
resolution but are extremely inefficient because of the tiny diffracting area of the crystal
which can cover only very small solid angles with respect to the X-ray source. With
curved crystal spectrometers the diffracting area is much bigger but the correspond-
ing increase of the solid angle is attenuated by the larger distance between the X-ray
source and the crystal. This distance is indeed in the same order of magnitude as the
radius of curvature and the latter cannot be too small (typically 20 cm — 300 c¢m) to
preserve a curvature of good enough quality. In addition the limited crystal’s reflectiv-
ity and, in the Laue case, the absorption in the crystal of the incoming and diffracted
radiation contribute to further diminish the spectrometer’s efficiency. Curved-crystal

spectrometers have a slightly worse resolution as compared to plane-crystal setups.

Among Bragg-type curved-crystal spectrometers two different setup’s geometries
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are distinguished, depending on whether the crystals used are bent in the dispersive
or nondispersive plane. In the former case, a Johann [35] or Johansson geometry [30]
can be used, whereas the latter case corresponds to the von Hamos geometry [37]. In
the geometries of Johann and Johansson, since the analyzing crystal is bent in the
dispersive plane, the focusing on the detector (in these geometries the detector serves
only to count the diffracted photons) is realized only if the X-ray source, the crystal
and the detector are placed on the so-called Rowland circle whose radius is half the
one of the crystal’s curvature. In these point-to-point focusing geometries photons of
only one energy can be focused for a given Bragg angle so that an X-ray spectrum has
to be scanned by varying the angle of both the crystal and detector step by step. As
a result, measurements of X-ray spectra with spectrometers in the standard Johann’s
or Johansson’s geometry are time consuming. This problem is not encountered with
the von Hamos spectrometer equipped with a position sensitive detector (PSD). In
this case, X-ray spectra covering energy ranges of typically tens of eV can be recorded
in one shot. It can be noted here that Johann and Johansson spectrometers equipped
with a PSD and operated with a defocused source can also collect photons within a

certain energy range at once [3§].

Comparison between EDS and WDS

The relative resolutions and useful energy ranges of different energy-dispersive X-ray de-
tectors are presented in Tab. [[.2] The resolution of a Bragg-type wavelength-dispersive
spectrometer equipped with different crystals is also given for comparison. Because of
their poor resolution, scintillation and gas detectors are usually used as counters, i.e.,
for measurements of X-ray beam intensities. In particular, gas detectors are commonly
used for monitoring the intensity of synchrotron radiation beams, in transmission mode
XAS measurements and in wavelength-dispersive spectrometers with a point-to-point
focusing geometry. Solid state X-ray detectors are characterized by a broad energy
range detection (few to tens of keV) and have a much better resolution as compared
to scintillators and gas detectors. They allow the simultaneous measurement of many
fluorescence lines within a short collecting time and are frequently used to determine

the chemical composition of complex samples.

WDS instruments are not as flexible as EDS detectors in terms of covered energy
ranges (in general different crystals are needed to cover different energy ranges). They
are also less efficient and more complicated to operate but their energy resolution and

their precision are far beyond those of EDS detectors.
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Table 1.2: Comparison of useful energy ranges and resolutions between different

types of X-ray energy-dispersive detectors and a Bragg-type crystal spectrometer.

The resolutions are given for the energy of the Ka fluorescence of Cu (8.04

keV). The useful energy ranges and resolutions of the EDS detectors were taken

from Ref. [32]. The spectrometer’s resolutions were calculated with the XOP

program [39]. Only the contribution of the Darwin’s width was considered. The

useful energy range quoted for the crystal spectrometer requires the use of several

different crystals.

Detector type Useful energy range (keV) | Resolution %
Energy-dispersive detectors

Scintillation 6 — 60 4 %1071
Gas flow proportional 0.2 -8 1x 107t
Solid state (Si(Li)) 1.5-25 2 x 1072
Wavelength-dispersive

spectrometers (Bragg-type) 1-15

LiF(200) 8 x 107
LiF(220) 3 x 107
Si(111) 1x107*
Si(333) 1x107°
Si(444) 6 x 1076
Ge(220) 2 x 107
Ge(440) 3x107°
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Chapter 11

High energy resolution off-resonant
spectroscopy (HEROS)

II.1 Introduction

X-ray emission spectroscopy (XES) is an ensemble of experimental methods dedicated
to measurements of spectra of X-ray radiation emitted from matter. XES allows study-
ing different features of the electronic structure of atoms and molecules in gases, liquids
and solids. Resonant X-ray emission spectroscopy (RXES) is XES applied in the reso-
nant conditions, i.e., when the incident photon energy is close to or above the binding
energy of a given atomic core electron. RXES is used to study two X-ray scatter-
ing processes: resonant elastic X-ray scattering (REXS) [40,/41] and resonant inelastic
X-ray scattering (RIXS) [42,/43]. The REXS process delivers information on the spa-
tial modulations of charge, spin and orbital degrees of freedom, whereas the RIXS
process provides data on the density of unoccupied electronic states and the geometric

orientation of the interacting atoms.

This work treats of the inelastic scattering of X-rays in the off-resonant conditions,
i.e., on the inelastic scattering of photons having energies below a given absorption
threshold. This process is also know as resonant X-ray Raman scattering. As is ex-
plained in Section [[I.2] the off-resonant inelastic X-ray scattering opens the way to
studies of the occupancy of the electronic states situated below the Fermi level (i.e.,

valence discrete states) as well as the ones above the Fermi level (in the continuum).
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II.2 Theoretical background

Interaction of electromagnetic radiation with atomic electrons in the resonant regime,
i.e., for incident photons energies not differing much from the binding energy of a
given electronic level leads to enhanced (also called anomalous) X-ray scattering. The
scattering can occur either elastically, where the photon energy remains unaffected by
the interaction, or inelastically, where the energies of the incident and scattered photons
differ. These two processes are distinguished using the terms resonant elastic X-ray
scattering (REXS) and resonant inelastic X-ray scattering (RIXS). Some authors use

the term resonant X-ray Raman scattering when referring to RIXS.
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Figure II.1: Nonresonant and resonant inelastic scattering of X-rays of energy
hwi on atomic electrons involving excitation from the initial state of energy FE;
to an above-Fermi level unoccupied state of energy F and deexcitation from the
final state of energy E; with emission of a photon of energy hws. The expressions
below the diagrams indicate the total energy conservation of the atom-radiation
system. For incident photon energies greater than the binding energy of a given
core level the X-ray scattering process is stepwise and leads to characteristic flu-
orescence (a). In the case of on-resonance and off-resonant scattering, excitation
and deexcitation occur coherently and the deep-core hole exists only in a virtual

intermediate state (b).

The process of resonant inelastic scattering of X-rays on atomic electrons is shown
schematically in Fig. [[I.1] The cross sections for the RIXS interaction channels depend

on the photon energy and on whether the states involved in the scattering are situated in
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the continuum or if they are the discrete valence states. For the off-resonant scattering,
i.e., when the energy of the incident X-ray photon is insufficient to promote a core-
level electron to an unoccupied state in the continuum (see Fig. [[LI|(b)), excitation
and deexcitation occur coherently and the photoelectron is given additional energy
at the expense of the emitted photon energy. The energy conservation implies that
fws (E) = hwy — |Ef| — E, meaning that the emission induced by an off-resonant
excitation carries information on the unoccupied states to which the photoelectrons
are promoted. Note that for the off-resonant scattering fuwv, (E) < |E;| — |Ef|. Due
to coherence of the core-hole excitation and deexcitation only the final state width
contributes to the broadening of the scattered X-rays’ spectrum. For photon excitation
energies hw; corresponding to an absorption threshold | F;|, i.e., on-resonance, the X-ray
scattering leads to resonance fluorescence. For incident photon energies above a given
absorption threshold an electron from a core level i is excited to an unoccupied state
of energy E localized in the continuum (see Fig. [[L.1J(a)). The excitation is followed
by deexcitation of an electron from another core level f of energy E; and emission
of X-ray fluorescence. Due to the energy conservation the emitted photon has an
energy hwy = |E;| — |Ey| and the resulting emission spectrum is broadened by both
the initial ¢ and final f state widths. In the case of inelastic X-ray scattering on
sub-Fermi level discrete state of energy Fgiscrete, the energy conservation implies that
Twy = hwy — |Ef| + | Ediscrete|, and for resonance fluorescence the photoelectron energy
E = hwy — |E;] is equal to Fgserete- Note the constant energy transfer (energy loss)

hwy — hwy for the inelastic X-ray scattering on discrete states.

The cross section for scattering of X-rays on atomic electrons was first described
by Kramers and Heisenberg [44] who transformed the classical dispersion formula in-
troduced by Lorentz by application of the correspondence principle. The derivation
of the Kramers-Heisenberg formula based on the quantum electrodynamics, starting
from the Schrédinger equation, was performed by Dirac [45]. The author treated the
Hamiltonian describing the scattering electromagnetic wave as a perturbation to the
non-excited atom’s Hamiltonian under minimal coupling approximation, i.e., taking
into account only the interaction of the radiation with the interacting electron’s charge
distribution. Healy and Woolley [46,47] showed that the Kramers-Heisenberg disper-
sion formula can also be obtained using the multipolar form of the non-relativistic
Hamiltonian, i.e., including also effects of polarization, magnetization and diamag-
netic fields on the radiation-electron interaction under assumption of non-relativistic

velocities of the electron in the radiation field.
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In the approach of Tulkki and Aberg [48,49] the scattering radiation was described
with a Hamiltonian from the Dirac equation. The authors treated the scattering radia-
tion Hamiltonian as a perturbation to the non-excited atom’s Hamiltonian and consid-
ered the interacting atom as a many-body system that can undergoes a transition from
its initial state |i) to the final state |f) directly or through an intermediate state |n).
The transition matrix T.,; was derived by solving the starting Lippmann-Schwinger
equation (which is a representation of the Schrodinger equation) describing an inelastic
scattering process fuw, + A; = hwy + Ay, where A; and A are the atom’s energies be-
fore and after the scattering event, respectively. The found transition matrix was used

do

to describe the scattering differential cross section (E) toi |Tf<—>i|2. The obtained
<1

generalized Kramers-Heisenberg formula has the following form [49):

d20' (hwl) 9 7%)2

X

Flexp(uk )i (er- ) + (<f 2 e olp 10

n

+
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2
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B, — &, + hw,

(IL.1)

where 7y and m stand for electron’s classical radius and rest mass, respectively. The
symbols e; and e, denote unit complex vectors of the polarization of the incident and
the scattered photons, respectively. The momentum operator is denoted by p and the
term exp (2 k - r) (with the imaginary unit ¢) comes from the vector potential associated
with the scattering photon. The symbols FE, and &, both refer to the stationary
intermediate-state energy, however, the latter accounts for the lifetime effects I',, and
in the case of non-overlapping intermediate states can be approximated by FE,, — %zl“n.
Note that the first-order term in Eq. describes the elastic scattering cross section

and was used to be called by Fermi Golden Rule No. 2 [50]. The term containing
2

the sum over all intermediate states ‘Z ()‘ refers to inelastic scattering (the two
interaction channels are outlined in Fig1.1 , and was originally derived by Kramers
and Heisenberg [44]. It also refers to what Fermi used to call Golden Rule No. 1 [50].
Due to convergent reasoning of these researchers the generalized Kramers-Heisenberg

formula is sometimes called generalized Fermi’s golden rule or similarly.

Tulkki and Aberg considered off-resonant X-ray scattering (fiw; < |E;|—T';) within
the dipole approximation (exp (¢ k - r) &~ 1). They showed that in case of a good sepa-

ration between the electronic states localized below Fermi level and in the continuum,
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the resonant term of Eq. can be split into a discrete and a continuous part. The
obtained continuous part, describing the cross section for the inelastic X-ray scattering

involving the unoccupied above-Fermi level states, is of the form [49]:

do () ) /oo [hw (|E| — |Ef]) (B + E)

—= =27r
d (o) 0 hwi (|Ei| + E — hwy)® +T2/4
Ff/27'l'

X
(hwi — hws — |Ey| — E)* + T3 /4

(I1.2)

dg;
X Gt (E)

E
dE 4z,

with final-to-initial state transition oscillator strength gs.,; and energy-distribution of
the initial state-to-continuum transition oscillator strength % (E). The symbols I'; and

I’ denote lifetime broadenings of the initial and the final states, respectively. Note

that j‘g’ (E) is proportional to the density of unoccupied states and is directly measured

in X-ray absorption spectroscopy, whereas the fluorescence yield, which is measured in

X-ray emission spectroscopy, is proportional to d;((mh:*;l)). Eq. [[1.2 thus allows to retrieve

an absorption spectrum from an off-resonant emission spectrum and wvice versa.
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Figure I1.2: Schematic of the off-resonant X-ray scattering. Typical distribu-
tion of the electronic states involved in the scattering is presented in (a). It
includes the occupied initial ¢ and final f states as well as the unoccupied states
localized below the Fermi level (the discrete states) and in the continuum. The

two Lorentzian functions and j%i (E) in the integrand in Eq. are depicted in

(b) together with a discrete state distribution. The cross section described by Eq.
can be interpreted as the common area under the two Lorentzian functions

and the i% (E) curve (hatched area).
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The integrand in Eq. is a product of three functions having the same variable
E: two Lorentzian functions and $% (E). The Lorentzian functions, fi (E) and fs (E),
have the same widths as the density distribution functions of the initial and the final
states, I'; and I'f, respectively (see Fig. . The cross section described by Eq. is
associated with the common area under the three functions constituting the integrand,
as presented in Fig. [[L.2(b). If the incident photon energy is fixed below the initial
state energy, the cross section depends only on the position of the f; (E) curve which
is centered at fuv; — hws — |Ey|. As a consequence, one may conclude that an emission
spectrum recorded for the incident photon energy fixed below an absorption threshold

directly reflects the density of unoccupied states.

I1.3 Resonant X-ray emission spectroscopy (RXES)

It is common to present the data recorded with RXES in the form of a three-dimensional
plot showing the normalized emission intensity as a function of the incident beam
energy and the emitted photons’ energy. Such a plot is usually referred to as 3D RXES
plane or 3D RIXS plane. The exemplary 3D RXES plane shown in Fig. (a), presents
the Ta Lay XES data recorded for an incident beam energy tuned across the Ta Lg
edge energy |Ep,| = 9.881 keV. As can be seen in Fig. [[L.3|(b), the emission spectrum
for an incident beam energy well above the absorption edge is simply a fluorescence
line. Detuning the incident beam energy below the ionization threshold results in
an asymmetric shape of the XES spectra. Such spectral profiles, which depend on
the density of unoccupied states situated below the Fermi level (i.e., discrete valence
states) as well as the ones above the Fermi level (in the continuum) (see Section [[I.2]
for more details), are a consequence of the mechanism of the RIXS process in the
off-resonant regime. The emission spectra integrated over an energy range centered
at a selected emission line (here: Ta Loy line) yield an absorption spectrum (see Fig.
[1.3(c)). The narrower the integration range, the more pronounced are the features in
the absorption spectrum. In particular, if the integration is done over an energy range
smaller than a given core level lifetime broadening, the obtained absorption spectrum
is called high resolution XAS spectrum (HR-XAS spectrum). The diagonal line in Fig.
[1.3|(a) connects the maxima of the photon intensity distributions corresponding to the
scattering on a discrete state. The positions of the maxima are determined by the
constant energy transfer condition (see Section for more details). The probability

of scattering on the discrete state as a function of the scattering X-ray’s energy is
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Figure I1.3: (a) 3D RXES plane showing Ta Lo XES spectra as a function of
the incident beam energy varied across Ta Lg ionization threshold. (b) Emission
spectra for three different incident beam energies marked with dotted lines in
().

Ta La; fluorescence line is detected. Emission spectra recorded for off-resonant

For excitation energies well above the Ta L3 absorption edge a normal

excitation energies are characterized by a spectral shift, a decrease in intensity and
an asymmetric spectral profile. (c) Ta L3 edge high resolution XAS (HR-XAS)
spectrum obtained by integration of the XES spectra over 2 eV-wide emission

(d)

Probability of X-ray scattering on the discrete state as a function of the incident

energy range centered at the Ta La; fluorescence line (dashed line in (a)).

X-ray energy. The data points are the fluorescence yields along the diagonal

dash-dotted line in (a) and the corresponding excitation energies.

that there is a manifold of discrete sub-Fermi level states that merge into the
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continuum band. As a result, an appreciably broad white line is observed in the Ta L3
edge absorption spectrum in Fig. [I1.3(c) as well as the broad probability distribution
in Fig. [I1.3(d).

An alternative way of presenting RXES data is a three-dimensional plot similar to
that in Fig. [II.3|(a) but with the emission energy scale replaced with the energy transfer
(i.e., the difference between the incident and the scattered photons’ energies) scale, as
shown in Fig. [I1.4{a). Because of the constant energy transfer condition ruling inelastic
X-ray scattering on the discrete states, such a plot provides a convenient way to deduce
the initial and the final states’ lifetime broadening, assuming that the experimental
resolution and the incident beam energy bandwidth are known. Section through a 3D
RXES plane along the constant energy transfer determined by the energy conservation
(see Section for more details), presented in Fig. [I1.4{(b), yields a distribution
function whose width reflects the initial state lifetime broadening I'; (here: hole on

the Ta L3 level) convolved with the incident beam energy bandwidth. Section through
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Figure I1.4: (a) 3D RXES plane showing the data from Fig. [II.3(a) with
the emission energy scale replaced with the energy transfer scale. (b) Sections
through the 3D RXES plane in (a) for constant energy transfer (dash-dotted
line) and excitation energy (dotted line). The obtained curves reflect the X-ray
scattering probability on discrete states and their widths the initial state lifetime
broadening for the constant energy transfer case, and the final states lifetime

broadening for the constant excitation energy case.

a constant incident beam energy corresponding to excitation to the given discrete

state provides a distribution function of a width depending on the final state lifetime
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broadening I'y (here: hole on the Ta Ms level) and the detection resolution. The
described features are easily readable for atoms with well separated discrete sub-Fermi
level states, which is usually the case for gaseous elements. In case of solids, such as
metallic Ta, the discrete states are very likely to overlap with each other and extend
to the Fermi level. This may make them hardly distinguishable and the initial and the
final states’ lifetime broadenings read from a 3D RXES plane may appear bigger than
they really are.

II.4 Development of HEROS

The first measurements in the off-resonant regime were performed by Sparks [51],
who did a systematic research on off-resonant X-ray emission from different elements.
The apparatus he used, an X-ray tube with a single crystal monochromator and an
energy-dispersive solid-state detector, was sufficient to allow observation of asymmetric
structures in the off-resonant XES spectra. Moreover, the measured data revealed a
dependence of the detected structures’ positions on the energy of the atomic state from
which the radiative decay occurred. Few years after Sparks’ pioneering experiment,
Tulkki and Aberg derived a formula describing cross section for the off-resonant inelastic
X-ray scattering process starting from a generalized Kramers-Heisenberg formula [44,
49]. Their finding brought new light to interpretation of the off-resonant XES spectra
revealing that their shape is modulated by the density of unoccupied electronic states
of the interacting atoms. This could not be observed in the work of Sparks due to the
low resolution of the used detection setup. Because of the low cross section of the off-
resonant inelastic X-ray scattering only few off-resonant XES studies were successfully
attempted since the work of Tulkki and Aberg. Nonetheless, with the development
of high-resolution spectrometers the influence of the density of unoccupied states on
the shape of the off-resonant XES spectra was confirmed experimentally with both

conventional Cu K« X-ray sources [52,53] and synchrotron radiation sources [54-57].

The major problems that need be confronted in off-resonant XES studies on the
density of unoccupied states are: the very low cross section of the inelastic X-ray
scattering (~10? smaller than the photoabsorption cross section) and the need of high-
resolution detection systems. To overcome these requirements, single- or multiple-
crystal spectrometers working in a point-to-point geometry are typically used at 3¢ and
4% generation X-ray sources [54,55,/58,59]. However, studies done with such detection

setups allow only point-by-point measurements of the emission spectra which definitely
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extends the recording time and makes them inapplicable in many studies, especially
at X-ray free-electron lasers (XFELSs) facilities. Only recently, a wavelength-dispersive
von Hamos-geometry-based spectrometer was used to measure in high resolution single-
shot spectra of off-resonantly scattered X-rays, establishing thus the "high energy
resolution off-resonant spectroscopy’ (HEROS) [60-62].

The HEROS method brings two important advantages to the studies on the den-
sity of unoccupied states. First, a combination of a wavelength-dispersive spectrometer
(typically in the geometry of von Hamos or Johansson, and equipped with a position
sensitive detector) with a fixed incident beam energy makes the HEROS experimental
setup fully scanning-free. It allows to probe the unoccupied states with an acquisition
time limited only by the spectrometer’s efficiency, unlike the XAS methods where the
adjustment of the monochromator crystals takes additional time. Second, because of
the nature of the off-resonant inelastic X-ray scattering itself, where — as noted by
Tulkki and Aberg [49] — the initial state lifetime broadening has no part in broad-
ening of the scattered X-rays’ spectrum, as well the wavelength-dispersive setup, the
spectra recorded with HEROS are of very high resolution. HEROS allows as precise
determination of the density of unoccupied states as the one achievable with high res-
olution XAS (HR-XAS). The most limiting factor in the HEROS studies is the very
low X-ray scattering cross section in the off-resonant regime (order of 103 smaller than
the photoabsorption cross section). It narrows the applicability of this approach down
to concentrated samples or very bright X-ray sources, such as XFELs. This limitation
can be, however, overcome by the employment of multicrystal arrangements which may
possibly shorten the data acquisition time and allow for studies on diluted samples.
Nevertheless, probing the unoccupied states with HEROS is much quicker than with
XAS methods which is of key meaning in in situ research where real-time determination
of the density of unoccupied states is necessary to understand complex and dynamic

chemical reactions.

The possibility of using the measured off-resonant emission spectra to calculate
the absorption spectra using Eq. was already recognized by Hayashi et al. [54,55].
The authors retrieved the Cu K edge absorption spectrum from a series of measured
off-resonant emission spectra and showed that the obtained XANES exhibit the same
features as the ones detected with the fluorescence mode XAS. Morever, the inde-
pendence of the off-resonant emission spectra on the initial state lifetime broadening

made the structures in the deduced absorption spectra much more pronounced, hence
the lifetime-broadening-suppressed XANES (LBS-XANES) acronym was introduced (or

30



Chapter II: High energy resolution off-resonant spectroscopy (HEROS)

alternatively: lifetime-broadening-removed XANES, LBR-XANES). Furthermore, the
authors reported that analytical deduction of XANES allows correction for the final
state lifetime broadening which narrows the spectral features even more. Another
acronym was therefore introduced — lifetime-broadening-free XANES (LBF-XANES)
— referring to analytically deduced XANES spectra which are free of both the initial
and the final state lifetime broadenings. However, numerical implementation of the
analytical correction for the final state width does not always give satisfactory result,
especially in cases of low-quality off-resonant emission spectra. For this reason in this
work the final state lifetime broadening is not corrected for and the HEROS-XAS
acronym is used to describe LBS-XANES absorption spectra calculated by means of
the Kramers-Heisenberg formula modified by Tulkki and Aberg [44.|49] based on the
emission spectra measured with HEROS. The numerical algorithms used in this work
for calculation of LBS-XANES were written in the Wolfram Mathematica software
and are presented in Appendix [A| (algorithm for LBF-XANES calculation, although

unused, is also enclosed).

One should note that in some cases there are significant discrepancies in ab-
sorption spectra measured in the fluorescence mode (such as HR-XAS, LBS-XANES,
LBF-XANES, HEROS-XAS) and the ones obtained in the transmission mode (see e.g.
Refs. [63,/64]). Even fluorescence-mode XAS can provide different absorption spectra
depending on the detected decay channel [65]66]. Nevertheless, the XANES spectra
obtained with RXES, especially in cases where core-core decay channels are detected,
deliver to a good approximation the same information as measurements done in the

transmission mode.

1I.5 Examples of applications of HEROS

Lifetime-broadening-suppressed Cu K-edge XANES

In the work of Hayashi et al. [54,55] the experimental method was based on the use
of high resolution single-crystal point-to-point-geometry-based spectrometer, which is
essentially different than the single-shot spectroscopy method employed in HEROS.
However, since the authors were first to study at a synchrotron the density of unoc-
cupied states with off-resonant XES with energy resolution similar to that of HEROS,
one should perhaps mention their work among applications of HEROS. Hayashi et al.
studied CuO and CuCly-2H50 at a synchrotron and recorded emission spectra in the

Cu Kay energy range with resolution of 1.1 eV (determined by FWHM of the elastic
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X-ray scattering peak) for several incident beam energies fixed below Cu K ionization

threshold. In the measured off-resonant XES spectra, of which the ones recorded for

®  8977.1eV Exc.
O 89791
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< 89831
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Figure I1.5: Measurements on the CuO compound performed by Hayashi et
al. . (a) Emission spectra recorded in the Cu K«j energy range for four
different incident beam energies fixed below Cu K edge binding energy. (b) Cu K-
edge LBS-XANES spectra deduced analytically from the spectra in (a), compared
to absorption spectra measured with the conventional fluorescence mode XAS.
The spectral features A, B and C in (a) correspond to the features a, b and ¢ in

(b), respectively. The plots were reproduced from Ref. .

CuO are presented in Fig. [I1.5(a), the authors observed structures arising from scatter-
ing on the Cu 3d discrete state as well as on the above-Fermi level states. The emission
spectra were next used to calculate the Cu K edge absorption spectra by means of
the Kramers-Heisenberg formula modified by Tulkki and Aberg within over
20 eV-wide XANES energy range (see Fig. [I1.5(b) for the results obtained for CuO).
Despite different shapes of the measured off-resonant XES spectra, the computed ab-
sorption curves converged. Further comparison between the calculated XANES and the
Cu K edge absorption spectra measured in the conventional fluorescence mode XAS
revealed that the former exhibited the same spectral features but in a much higher
resolution. Hayashi et al. proposed the term lifetime-broadening-suppressed XANES
(LBS-XANES) to describe the XANES spectra obtained in the way reported in their

work.
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In situ chemical speciation of Pt species with HEROS at a subsecond time

resolution

The HEROS method was first used by Szlachetko et al. in a time-resolved in situ
study on the platinum(II) acetylacetonate complex Pt(acac), during its decomposition
in hydrogen at a temperature of 150 °C [60]. The experiment was performed at the
SuperXAS beamline of Swiss Light Source (Paul Scherrer Institute, Switzerland). The
authors recorded emission spectra in the Pt La; energy range at an incident beam
energy of 11.537 keV, i.e. 27 eV below Pt L3 edge binding energy, with a wavelength-
dispersive spectrometer in the von Hamos geometry consisting of a cylindrically bent
Ge(660) crystal and a micro-strip detector. The off-resonant emission spectra, mea-
sured one by one with acquisition time of 0.5 s each (see Fig. [[1.6(a)), changed during
the chemical reaction which indicated a varying occupancy of the Pt atoms’ valence
orbitals (mainly Pt 5d orbitals) as well as their reduction from Pt** to Pt". Temporal
evolution of the position and the intensity of the main spectral structure, illustrated
in Fig. [IL.6(b), revealed that the decomposition did not pass continuously but had a
stepwise character. The two-step reduction mechanism of Pt(acac), decomposition in

hydrogen was not observed in previous experiments [67].
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Figure II.6: Evolution of Pt La; HEROS spectra during decomposition in
hydrogen of the platinum(II) acetylacetonate complex Pt(acac)s at a temperature
of 150 °C [60]. (a) The measured HEROS spectra as a function of time. (b)
Temporal evolution of the position of the main spectral structure’s peak (white
line) as well as of fluorescence yield integrated over a narrow energy range centered
at the peak. The symbols A and C in (a) and (b) mark time intervals before
and after decomposition, respectively. In the time period marked with B an
intermediate step in the starting complex’ transition was observed. The plots
were reproduced from Ref. .
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Another time-resolved in situ study with HEROS was performed on a Pt/Al,O3
catalyst during its reduction and reoxidation at 300 °C [68]. In this work Pt Lay
HEROS spectra were recorded one by one with acquisition time of 0.5 s at an incident
beam energy fixed 10 eV below Pt L3 edge binding energy. In order to obtain a
satisfactory signal-to-noise ratio, the chemical reaction was initiated 120 times and for
each cycle a series of HEROS spectra was recorded, which resulted in 2-hour total
acquisition time. The obtained 120 sets of HEROS spectra as a function of time
were next averaged. Starting and stopping the subsequent reduction-oxidation cycles
was managed without opening the reactor containing the starting Pt/Al,O3 catalyst,
by switching the gas flowing through the reactor from 4 % O, to 4 % CO and wvice
versa. Similarly to how it was done in previous time-resolved in situ HEROS on
Pt(acac)s [60], the measured HEROS spectra were integrated in the energy domain
of the main spectral structure detected (off-resonant Pt La; asymmetric peak). Two
narrow integration energy intervals were defined, one centered at 9.426 keV and another
at 9.427 keV. Thus obtained temporal dependence of total intensities from the two
energy ranges of interest is presented in Fig. [I1.7(a). Asshown, reduction of the starting

Pt La, HEROS

* Pt-O chemisorbed
= P10 + Pt-O chemosorbed on Pt?
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Figure II.7: The data measured with HEROS during reduction and reoxida-
tion of Pt/AlyO3 catalyst [68]. (a) Evolution of the intensity integrated over two
narrow energy ranges centered at 9.426 keV and 9.427 keV. (b) Pt La; HEROS
spectra measured in three moments during reoxidation, marked with dashed ar-
rows in (a). The dashed lines in (b) indicate the two integration energy ranges.

The figure was reproduced from Ref. [68].

complex Pt/Al;O3 led to decrease in intensity of the off-resonant Pt Lo line, which
means diminishing occupancy of the Pt 5d orbital. Calculations performed with FEFF
allowed to conclude that the decreasing intensity was caused by chemisorption of CO

component on Pt atoms in atop position [69,70]. The temporal evolution of integrated

34



Chapter II: High energy resolution off-resonant spectroscopy (HEROS)

intensity revealed formation of a metastable intermediate state during reoxidation but
only for one of the integration energy intervals. Fig. [IL.7(b) presents Pt La; HEROS
spectra measured before, after and in a transitional moment of the studied material
reoxidation. The spectra differ mainly in the off-resonant Pt La; line’s intensity, but
also in energy position and relative contribution of a small feature around 9.426 keV.
From comparison of the HEROS spectra recorded after and in the time of reoxidation
it was concluded that the reoxidized Pt catalyst contains effectively both metallic Pt

species and oxidized ones (with a strong contribution from chemisorbed O).

Ls-edge HEROS-XAS of gaseous Xe

Recent work shows that HEROS can be successfully applied to study the electronic
structure of gaseous elements as well [61]. In this work a gaseous xenon sample was ir-
radiated at the ID26 beamline of the European Synchrotron Radiation Facility (Greno-
ble, France) with a photon beam of energy 4.7589 keV, which is about 25 eV below
the Xe L3 ionization threshold. The emitted radiation was detected by means of a
Johansson-geometry-based in-vacuum spectrometer [38] in energy range centered at
about 25 eV below Xe La; fluorescence line energy with acquisition time of 5700 s.
From the FWHM of a Gaussian fit to the elastic photon scattering peak, experimental
resolution of 0.76 eV was found. In the measured HEROS spectrum, which is shown in
Fig. [IL.§(a), 2ps/» — 65, 5d, 6d resonances were observed followed by the characteristic

decaying Lorentzian tail originating in the 2ps/, — continuum excitations. The emis-
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Figure I1.8: Experimental spectroscopic data on gaseous xenon obtained with
HEROS [61]. (a) Xe La; HEROS spectrum recorded at incident beam energy
detuned 25 eV below Xe L3 edge binding energy. (b) Xe Ls edge HEROS-XAS
spectrum reconstructed from the spectrum in (a). The reconstruction was done
based on the Kramers-Heisenberg formula derived by Tulkki and Aberg [44}49];
the energy scale in (b) is determined by the RIXS energy conservation (see Section
for more details). The plots were reproduced from Ref. [61].
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sion data were next used to retrieve the Xe L; HEROS-XAS spectrum presented in
Fig. [[L.§(b). In the obtained absorption spectrum five discrete states belonging to d-
and s- bands were observed followed by the continuum. The determined energies of the
discrete states 65, 5d, 6d and 7d as well as the 2ps/, ionization threshold were found to
be in a fine agreement with previously published data. The determined relative occu-
pancies of the states 6s, 5d and 6d were also very consistent with the values reported
in the literature. The HEROS-XAS spectrum was finally compared to the measured

Xe L3z HR-XAS spectrum and the same spectroscopic information was found.

Mo L3-edge HEROS-XAS for a nanolayered system at grazing emission

conditions

Applicability of HEROS in the soft X-rays’ energy regime can be illustrated with the ex-
ample of a study on the L3 absorption edge of molybdenum atoms in a few-layer MoSe,
deposited on SiO, [71]. The study was performed at the Phoenix I beamline of Swiss
Light Source (Paul Scherrer Institute, Switzerland) using the von Hamos-geometry-
based high-energy-resolution X-ray spectrometer of Fribourg [72]. The studied sample
was irradiated with an X-ray beam of energy 2.518 keV (i.e., 3.6 €V below Mo L3 ab-
sorption edge binding energy) and the spectrometer was adjusted to cover Mo Lay 2

emission energy domain. In addition, the emitted radiation was detected at grazing
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Figure I1.9: Spectroscopic data on Mo for a tri-layer MoSes deposited on SiOq
[71]. (a) The Mo La; 2 HEROS spectrum measured at an incident beam energy
fixed 3.6 eV below Mo L3 ionization threshold. (b) Mo L3 XANES obtained by
reconstruction based on the data in (a) (HEROS-XAS) and the one measured
with total electron yield (TEY) method. The dashed line is HEROS-XAS curve
convolved with a Gaussian with FWHM of value 1.5 eV.
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exit conditions. Unlike grazing incidence setups, the grazing emission geometry has the
advantage that the critical angle of total reflection does not change when tuning the
incident photon energy across an absorption-edge and thus the probed depth-region
remains the same. The measured HEROS spectrum is presented in Fig. [[1.9(a). Due
to the only about 3 eV-separation of Mo energy levels M5 and My, the measured spec-
trum is effectively a sum of overlapping signals from two decay channels: M; — Ls
and My — L. Fig. [[1.9(b) presents Mo L3 HEROS-XAS spectrum compared to Mo
L3 XANES measured in the total electron yield (TEY) mode. As shown, the recon-
structed spectrum exhibits very pronounced features not distinguishable in the TEY
spectrum, apart from the white line. Applying blurring to the HEROS-XAS spectrum,
by convolving it with a Gaussian of a 1.5 eV-FWHM, results in a curve strongly con-
verging with the TEY data up to about 2.530 keV. This finding suggests that both
TEY and HEROS-XAS provide the same spectrum but the latter in a much higher

energy resolution.
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Chapter III

Self-absorption-free HEROS

III.1 Introduction

X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) are
widely used in the fields of physics, chemistry, medicine, biology and material sciences
(see, e.g., Refs. [73-79]). It has been long established that conventional fluorescence
mode XAS measurements bear an unwanted effect from the self-absorption process in
the target material [80]. In view of the wide range of applications of XAS based tech-
niques in different disciplines, considerable progress to circumvent the self-absorption
and to account for its effect on XAS spectra measurements has been made. Nonethe-
less, in many scientific cases the self-absorption problem cannot be easily coped with
because of the nature of the sample itself whose mass thickness may not be easily re-
duced either by thinning or diluting. One can state that mitigation of self-absorption
has been and still is a topic of active research (see, e.g., Refs. [81-84]).

In the present study the high energy resolution off-resonant spectroscopy (HEROS)
technique was used to investigate Ta L3 absorption edge at a synchrotron. The off-
resonant Ta Loy emission spectra measured with HEROS were used to calculate Ta L3
edge XAS spectrum by means of Kramers-Heisenberg formula modified by Tulkki and
Aberg [44,/49]. Tt was demonstrated that thus obtained HEROS-XAS spectra are free
of self-absorption effect. This work was published in Physical Review Letters [1].

II1.2 Self-absorption in X-ray spectroscopy

In the fluorescence mode XAS, with its typical setup outlined in Fig. [[IL.T the mea-
sured fluorescence yield F'Y as a function of the incident photon beam energy is af-

fected by the self-absorption [80]. The self-absorption is a partial absorption of the
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photons penetrating the sample and the fluorescence escaping from it. It causes that
the measured fluorescence yield is not in a linear dependence with the photoabsorption
coefficient ppp, of the studied material. The self-absorption effect causes that the spec-
tral structures appear weaker in the measured absorption spectra (see e.g. Ref. [85]).

This effect is observed in both XANES and EXAFS region.

Iy (hwy)

Htot (hwl) ----------------------
fph (Awr)
e (hwr)

Figure III.1: Scheme of a typical fluorescence mode XAS experimental setup
with assumed flat sample surface. The incident beam (blue arrow) of intensity
Iy and energy hw, falls on the sample of thickness d at an angle ¢. The fluores-
cence radiation (orange arrow) of energy hwsy induced at a depth x escapes the
sample at an angle # and reaches the detecting system (in pink) with intensity
I. The sample is made of a material characterized by the total linear attenu-
ation coefficient fitor (fuw1), the linear photoabsorption coefficient ppn (fuwi) and
the fluorescence efficiency ¢ (fuv1). The experimental constant C' associated to

the detecting system depends on the detection efficiency and the covered solid

angle.

Following analytical considerations of the fluorescence mode setup shown in Fig.
one finds that the normalized yield of the fluorescence F'Y emitted at depth z
meets the relation [80,86]

I (hwq, hws,
FY (hwl,hwg,x) = (Il(huj;)
0 (IIL.1)
1 —(taen praon ),
=(Ce (hwl) Hph (hwl) Sin¢€ s

where the meanings of the used symbols are explained in Fig. [[IL.I} The extent to
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which the self-absorption affects the measured fluorescence yield is described by the

term —- 5 X exp [— (“ “:iflh;f’l) + £ t?stiflhg’?)> a;} It therefore varies with the incident photon

energy, the energy of the detected fluorescence radiation and the geometry of the
experiment. The fluorescence yield as a function of the sample thickness d is described

by the equation

hw _( ot(hw1) | ptot (hwa)
FY (hw17 hw27d) _ C 5( 1)/1’ph (h/ujl) T ll —e ( sin ¢ + sin 6 )C[| : (1112)
Htot (hwl) + Htot (hw2>

sin 0

which is found by integrating Eq. [[II.1 over x varying from 0 to d.

Perhaps the most common approach to obtain fluorescence yield data free of the
self-absorption effect is that proposed by Eisebitt et al. [80], further developed by Booth
and Bridges [86] as well as Ablett et al. [87], independently. The authors applied to
the measured XAS spectra a correction for the self-absorption effect based on the
geometrical analysis described above. This approach, however, involves the use of the
values for the studied material’s total linear attenuation coefficient, while determining
these values requires in principle XAS spectra already unaffected by the self-absorption.
The effectiveness of the correction for the self-absorption effect can be seen in the Co
Ls-edge absorption spectrum studied by Eisebitt et al. [80], which is presented in Fig.
MII.2] As shown, the fluorescence mode XAS spectra exhibit weaker white lines due to
the self-absorption. The self-absorption-corrected FY absorption spectra are found to

be in a good agreement with the EY data.

In the inverse partial fluorescence yield (IPFY) technique, reported by Achkar et al.
[81,82], the absorption edge under study is probed indirectly, by observing the normal
fluorescence from the deexcitations to weaker bound electronic levels. The emitters
of the normal fluorescence may be atoms of the studied element or another one. The
authors showed that the inverse of the normal fluorescence yield is theoretically linearly
proportional to the photoabsorption coefficient and free of the self-absorption effect.
They supported their reasoning studying a single crystal of Laj 475Ndg.4S1rg.125CuQy.
The inverse of the O Ka PFY spectrum recorded for the incident beam energy varying
across Cu Ly 3 and Nd M, 5 absorption edges provided self-absorption-free absorption

spectra of the scanned electronic levels, as shown in Fig. [[T1.3]
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Figure III.2: (a) The Co Ls-edge absorption spectrum measured with the elec-
tron yield and the fluorescence yield for two incident angles: 27° and 85° [80]. (b)
The Co Lz-edge FY absorption spectrum corrected for the self-absorption effect

compared to the EY spectrum.
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Figure IT1.3: Comparison of the absorption spectra of the Cu Lg 3 (a) and Nd
M, 5 (b) edges measured with three techniques: total electron yield (TEY), total
fluorescence yield (TFY) and inverse partial fluorescence yield (IPFY) [81]. The
IPFY spectra, unlike the TFY ones, exhibit no self-absorption effect.
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II1.3 Experimental

I111.3.1 Experimental setup

The present work was performed at the SuperXAS beamline of the Swiss Light Source
of the Paul Scherrer Institute, Switzerland (see Fig. [II1.4)). The synchrotron’s storage
ring stores electrons of 2.4 GeV-energy circulating with a current of 400 mA. SuperXAS
is a bending magnet beamline and can deliver photons of energy ranging from 4.5
to 30 keV. The produced photon beam is collimated and passes through a double
crystal monochromator. Two types of the monochromator crystals are available at
the beamline: Si(111) reducing the beam’s intrinsic energy resolution down to about
1.4 x 107* and Si(311) allowing values of about 0.5 x 107*. The monochromatized
beam is focused on the sample by means of a toroidally bent Rh mirror to spot sizes
from 100 x 100 gum? down to 5 x 0.5 pm?. Achievable fluxes on the target are of the

order of 10'? @

—— "
PAUL SCHERRER INSTITUT

O Undulator
@ Berding magrat

Figure IT1.4: Aerial view on the Swiss Light Source (SLS) located at the Paul
Scherrer Institute (PSI) in Villigen, Switzerland. The measurements were carried
out at the SuperXAS beamline (marked in yellow), one of 21 available at the
facility.

In the present study the double Si(111) crystal monochromator was used and the
incident beam’s relative energy resolution of 1.4 x 10~* was achieved. The incident

11 photon
0 s

beam’s photon flux was found to be 7—8 x 1 and the spot size on the sample

was 100 x 100 pm?. The measurements were done with the experimental setup pre-
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Figure II1.5: The experimental setup showing the X-ray spectrometer and the
ionization chamber placed upstream of the sample. The direction of the photons
incident on and transmitted through the sample is shown by the blue arrow, while
the path of the fluorescence radiation from the sample to the detector is outlined
with the orange arrow. Not shown is a lead shielding that was used to reduce the
unwanted signal from the background and the second helium ionization chamber

placed downstream of the sample.

sented in Fig. at ambient conditions. Nine Ta metallic foils of nominal thicknesses
in the range 0.5 — 50 ym were irradiated at an incident angle of 45°. The Ta La; o emis-
sion spectrum was detected by means of a wavelength-dispersive von-Hamos-geometry-
based spectrometer composed of a cylindrically curved segmented-type Si(444) crys-
tal and the position-sensitive microstrip silicon MYTHEN detector . Two
30-cm-long, helium filled, ionization chambers were placed along the beam direction
upstream and downstream the sample to allow the F'Y normalization and transmission
measurements. For each sample, the L3 edge absorption spectrum was measured in
the transmission and fluorescence mode simultaneously. The TFY and high-resolution
XAS spectra were obtained from the La; o XES data recorded for incident X-ray beam
energies varied across the L3 edge. The off-resonant emission spectrum was collected
at a beam energy of 9.855 keV (i.e., 26 €V below the L3 edge binding energy). The
acquisition time for each XES spectrum was 10 s and 6000 s for the HEROS spectra.
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II1.3.2 Data analysis

The raw experimental data, handled by the data acqusition system of SLS [90], were
stored in text files (.TXT). They were accessed with different programming frameworks
and software tools to retrieve and analyze the data relevant to the present work. This
section presents a description of how were obtained the XAS (in both transmission

mode and fluorescence mode) and the HEROS spectra for each Ta sample.

The energy calibration of the incident beam was done with the Ta L3 absorption
edge (see Fig. [[IL6|(a)). The inflection point of the Ta Lz edge XAS spectrum measured
in transmission mode was assigned the value of 9.8811 keV (taken from Ref. [91]), and
the 0.3 eV-error on the incident beam energy was found. To calibrate the energy
scale of the spectrometer, the incident beam energy was varied within the Ta Lay o
emission energy domain and the elastically scattered photons were detected. Since
the detector’s pixel-to-pixel spatial resolving power (1280 independent 50 pm-pitch
strips) was found to be beyond the total experimental resolution a binning of 4 was
applied to all recorded emission spectra. The spectrometer was energy-calibrated with
the elastic scattering peaks and the Ta Laj o emission lines (energies were taken from
Ref. [92]), as presented in Fig. [[ILG[b). The energy calibration line was found by
fitting a linear polynomial to the calibration data points. The uncertainty of the
spectrometer energy calibration decreased linearly with increasing energy. For all the
studied sample thicknesses, it remained in the range 2.4 eV — 1.3 €V for energies from
8.085 keV to 8.200 keV. Note, that because of different Ta L3 edge binding energy
values used during the data analysis the presented spectra are slightly shifted in the
energy scale as compared to the ones reported in the article [1]. The average full width
at half maximum (FWHM) experimental energy resolution of 1.25(6) eV was found by
fitting a Gaussian to the elastic scattering peaks. The obtained FWHM values varied
with the beam energy and the sample thickness in the 1.17 eV to 1.3 eV range.

In the transmission mode study, where the samples of thicknesses d were irra-
diated at the same angle ¢p=45° the measured incident beam intensity Iy (fuw;) and
transmitted beam intensity [; (fuvy,d) were used to calculate the absorption spectra
Lot (Awr,d) = —In [I}S?;if)l)] SiZ‘z’, according to the Bouguer-Lambert-Beer law. The
obtained spectral curves were translated along the p. axis so that their pre-edge re-
gions fell to 0 (see Fig. [[IL.6[a)). The total fluorescence yield spectra were obtained

by integrating the XES data over the whole Ta Ly 5 energy domain (8.045 — 8.250

keV). The partial fluorescence yield, high energy resolution XAS, spectra result from
integrating the XES data within a 2 eV energy window centered at the Ta La; fluo-
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Figure ITI1.6: (a) The Ta L3 edge transmission mode XAS spectrum measured
for the 1 pum thick sample. The dashed line intersects the observed XANES at
its inflection point to which an energy of 9.8811 keV was assigned. (b) The data
used for the energy calibration of the spectrometer during the measurements with
the 1 pm thick sample. The uncertainty of the emission energy increased linearly
from 0.6 €V to 1.7 eV for the strips numbers from 75 to 225. The inset shows an
exemplary elastic scattering peak and its full width at half maximum (FWHM)

of 1.3 eV.
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Figure II1.7: Ta Lajp XES spectrum recorded at the incident beam energy
tuned to 119 eV above the Ta L3 edge for the 1 pm thick sample. The TFY and

PFY spectra integration ranges are shown in green and red, respectively.

rescence line. The integration ranges for TFY and PFY spectra are presented in Fig.
MT.7 The flourescence mode XAS spectra were translated along the absorption axis

so that the white line’s tail fell to 0 and scaled to coincide at an excitation energy of
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9.905 keV.
The strength of the HEROS signal depends on the sample thickness and the ma-

terial concentration. Since different thicknesses were studied, a normalization of the
experimental data was done before comparing the obtained HEROS spectra. First,
all contributions to the measured signal coming from the background and the used
experimental method (scattering, electronic noise in the detector) were described by a
baseline and subtracted from the recorded data. The baseline was found by fitting a
quadratic polynomial to the data points for which a zero HEROS signal is expected,
as presented in Fig. [[II.§] Then all the HEROS spectra were scaled to coincide at an
emission energy of about 8.086 keV. This procedure is based on the assumption that
the sample thickness introduces only scaling to the overall HEROS yield (validity of
this assumption is explained in Section [[TT.4)).

18 -
~ Ta La ~ Ta Lo
= 16‘(a') 12 T 16+ b s 1,2
% 144 HEROS % 144 HEROS
2 124 7 124
g 104 1 g 104 .
8 8 a . ;xpell:imenlaldam 8 8 .
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Figure II1.8: (a) The Ta Laj 2 HEROS spectrum measured for the 1 ym thick
sample at the incident beam energy detuned to 26 eV below the Ta L3 edge with
shown baseline. (b) The data from (a) with the subtracted baseline.

III.4 Results and discussion

The Lz-edge XAS spectra of elemental tantalum measured for different sample thick-
nesses in the transmission-mode, TFY, and high energy resolution are presented in
Fig. [[II.9} In the transmission-mode spectra, plotted in Fig. [[IL.9Y[a), the white line
appears only for samples of thicknesses up to 20 pum and decreases with increasing
thickness. The decrease of the white line intensity was found to be accompanied by an

2 eV increase of its FWHM. The spectra obtained for thicker samples are also char-
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acterized by a decrease of the overall spectral intensity and an apparent shift of the
absorption edge energy with the sample thickness. The effect of the sample thickness
on the transmission mode XAS spectra is well known and is named over-absorption or
thickness effect [93] or incident beam self-absorption [94]. It arises from different ex-
perimental factors whose contribution to the measured signal changes with the sample
thickness. These factors may include the long tails of the incident beam’s energy dis-
tribution function (where less attenuated X-rays give rise to a significant background),
nonuniformity of the sample (uneven surface, internal pinholes), photons scattered to
the detector without passing through the sample and others. All these unwanted con-
tributions cause that the intensity of the photons transmitted through thicker samples
is no longer proportional to the photoabsorption cross section as the photon energy
is varied across the edge. The mentioned factors can be counteracted independently,
however, the only way to considerably reduce the over-absorption is to use samples
thin enough. Stern and Kim [95] recommend to use sample thicknesses d satisfying
the condition piyaxd < 1, where figay stands for the maximum value of the absorption
coefficient. In the present study this recommendation is complied with by only the 0.5
pm and 1 pm thick Ta samples. The pipacd product calculated for the thickest one
(i.e., 50 pm thick) reaches a value of about 42.

The measured high energy resolution and TFY XAS spectra of the Ta L3 edge
are depicted in Fig. [II1.9(b) and Fig. [II1.9(c), respectively. Self-absorption effect
is predominantly reflected in the white line reduction and broadening. To a smaller
extent they also cause distortions of the XANES peaks. The discussed differences in
the absorption spectra are only observable for sample thicknesses up to 10 um. Fig.
[11.9(d) shows the RIXS map recorded for the 1 pm thick sample. The horizontal
lines extending for excitation energies above 9.881 keV are dominated by the Ta Loy
and Las emission lines. The two oblique features originate from the excitation of the
L3 photoelectrons to a sub-Fermi discrete state probed by the L3Ms; and L3 M,y decay

channels.

The recorded HEROS spectra are presented in Fig. (a). As shown, the effects
on the spectral shape which are related to the sample thickness are almost blanked by
the HEROS approach. The observed relative deviations, which for all the investigated
samples do not exceed 4%, are not related to the sample thickness but are due to the

statistical fluctuations.

As reported by Tulkki and Aberg [49] the photon scattering cross section for the

off-resonant excitation well below the ionization threshold is correlated to the density
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Figure II1.9: Ta L3 absorption edge (9.881 keV) scanned with an X-ray beam of
energy varying in the range 9.850 — 9.915 keV for samples of different thicknesses
[1]. The data were recorded both in transmission- (a) and fluorescence-mode in
high energy resolution (b) and TFY (c¢). (d) RIXS plane recorded for the 1 pym
thick sample showing the normalized fluorescence yield as a function of energy
of the incident and the emitted photons. High energy resolution XAS spectra in
(b) were obtained by integrating the XES data over a 2 eV integration window
centered Ta Lay (LsMs5) fluorescence line, which is marked with the dashed lines
in (d).
broadening of 4.68 €V [96]. For the TFY spectra in (c) the integration range was
extended onto the whole Ta Lay o (L3gMs4) energy domain (8.045 — 8.250 keV).

Note that this energy interval is smaller than the initial state lifetime
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Figure II1.10: (a) HEROS spectra recorded for different sample thicknesses at
an incident X-ray beam energy of 9.855 keV (i.e. 26 eV below Ta L3 edge binding
energy). (b) The reconstructed HEROS-XAS spectra corresponding to the Ta Ls
absorption edge. The reconstruction was done by means of Eq. (see further
in the text). The HEROS spectra were scaled to coincide at the emission energy
of 8.096 keV in a) and the HEROS-XAS spectra at the excitation energy of 9.905
keV in (b). The insets show enlarged the scatter of the data at the top of the two
peaks.

of unoccupied states. Assuming that the fluorescence yield is proportional to the
scattering cross section and the oscillator strength distribution for electron excitation
to the density of unoccupied states, one can reformulate the Tulkki and Aberg formula
to retrieve the XAS data from the measured HEROS spectrum [60]. The formula
was adapted to the present study allowing calculation of the Ta Ls-edge absorption
spectrum as a function of the excited photoelectron energy E, denoted by Ixas (E),
based on the measured Ta La; HEROS data (shown in Fig. [[IL10[a)), denoted by
Ixgs (hwy). Tt has the following form [1]:

o

hw? (|EL3| - |EM5|) (E + |EL3|)
hwr (B + |Ery| — hwi)* + T2, /4

Ips (hws) = /0

(IIL3)
X IXAS (E)é(hwl — th — |EM5| — E) dE,

where I';, stands for the initial state broadening, hw; and hws the energies of the in-
cident and the emitted photons, respectively. The initial and the final states’ binding
energies are denoted by Fy, and F,., respectively. The final state broadening is omit-
ted which results in substitution of the Lorentzian term in Eq. [[I.2] describing the final

state’s density with a Dirac delta function. The omission of the M5 state broadening
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may seem arguable since its value of 1.61 eV is comparable to that of the initial state,
ie. 4.68 eV [96]. However, it makes Eq. easily solvable for Ixas (E) and has
a minor effect on the obtained results (introduces a small blurring to the calculated
spectral curve). The values for Er, and Ey; were taken from Ref. [91]. Finally, the
Ix s (E) function retrieved from the HEROS data Ixpgg (Aws) by means of Eq.
is proportional to the linear photoabsorption coefficient pi,, as a function of the ex-
citation energy (F + |EL,|), which is here named HEROS-XAS spectrum. Note that
toh (B + |ErLy|) = ppn (hwy — hws + |EL,| — |En,|) according to the energy conserva-
tion relation [49,/54]. The HEROS-XAS spectra reconstructed for all the studied sample
thicknesses are presented in Fig. [[IL.10[(b). They appear independent of the sample
thickness and thus of the self-absorption effect.

The fluorescence yield measured with a typical detection setup is described by Eq.
MT1.2] with the symbols introduced in Fig. [[ILI} It can be used to study a relative
difference of fluorescence yields detected for different sample thicknesses. Ratio of F'Y

for sample thicknesses d; and ds, which is expressed by the relation:

FY (o hiondy) | 1— ¢ et )
1 2, W1 —¢€ .
= = Ratio (hwy, hwe, dy,dy) ,  (111.4)
FY (hwl, hws, d2) 1 6_(l‘tot(hwl>+l‘tosti£‘hg’2>)d2

sin

was used to compare the self-absorption effect around the Ta Ls-edge in the conven-
tional fluorescence XAS and HEROS methods. The pos was obtained by scaling the
transmission-mode XAS spectrum measured for the 0.5 pm sample with the values of
the total linear attenuation coefficient calculated from Ref. [97] assuming density of
the elemental tantalum of 16.65 _£;. Thus obtained fi; as a function of the energy of

the photons penetrating the Ta medium is plotted in the upper parts of Fig.

In the conventional fluorescence mode XAS the emitted radiation is detected and
integrated within a fixed part of its spectrum and the incident beam energy is varied
across a given absorption edge. In the present work the Ta L3 edge is scanned and
the emission from a 2 eV energy window centered at the Ta Loy emission line (for the
high energy resolution XAS spectra) or the whole Ta Lay 2 energy range (for the TFY
spectra) is detected and integrated. The ratios Ratio (Aws,d;,ds) of thus measured
fluorescence yields calculated for different sample thicknesses by means of Eq. [[I[.4] are
presented in Fig. [[II.11J(a). As shown, the detected fluorescence yield depends on both
the penetration depth of the incident photons (which depends on the incident beam
energy and varies very strongly in the resonant regime) and the escape length of the
induced fluorescence (which depends on the fluorescence radiation energy and varies

slowly with the emission energy). As a result, thicker or more concentrated samples
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Figure II1.11: Calculations based on Eq. showing the effects of the tar-
get thickness on the Ta Ls-edge in the conventional fluorescence-mode XAS (a)
and in the HEROS (b), for ¢ = 6 = 45°. The yield ratios were calculated with
respect to the 0.5 pum thick sample (i.e., do = 0.5 pum). In the XAS case the
ratios Ratio (fuvy, hwe = 8.146 keV, d;, d2) were calculated for a fixed X-ray emis-
sion energy corresponding to the Ta Lo line (8.146 keV). In the HEROS case,
the fluorescence yield ratios Ratio (fuv; = 9.855 keV, fuws, dy, d2) were first calcu-
lated. The calculations were performed for the beam energy used in the HEROS
measurements, i.e. 26 eV below the Ta Ljs-edge binding energy. Then the en-
ergy scale of the X-ray emission was converted to the excitation energy scale
(|ELs| + E) through the relation (|Er,| + E) = |EL,| + 9.855 keV — fwy — | Epy |
(see Eq. [IIL.3]).
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will provide stronger F'Y (hwy) signals, but will introduce stronger spectral distortions
and reduction of the XANES peaks (see Fig. [[IL.1I}a)). Note, however, that these
distortions are not as much due to the self-absorption of the emitted fluorescence radi-
ation as due to the differences in the incident photon penetration depth as a function

of the photon energy.

In contrast to the conventional fluorescence mode XAS, in the HEROS technique
an emission spectrum is measured at a fixed off-resonant incident beam energy. The
ratios Ratio (fws, dy, dy) calculated using Eq. for Aw; fixed 26 eV below Ta L3
edge binding energy and hws varying in the Ta La; energy range are presented in Fig.
[11.11{(b) (lower plot, top and left axes). As shown, changing the target thickness, to
a good approximation, introduces only scaling of the measured F'Y (Aw,). Conversion
of the measured HEROS spectra to HEROS-XAS spectra by means of Eq. yields
absorption spectra whose shapes are independent of the target thickness (see Fig.

[11.11|(b), lower plot, bottom and left axes).

II1.5 Conclusion

In the present study the Ta Ls absorption edge 1] was studied with high energy res-
olution off-resonant spectroscopy (HEROS) at a synchrotron. The absorption spectra
measured in fluorescence mode suffer from the self-absorption effect which causes a
reduction of the detected spectral structures, both in XANES and in EXAFS regions.
The main contribution of the self-absorption effect to the conventional fluorescence
mode XAS spectra arises from the photoabsorption coefficient strongly changing in
the resonant regime. In HEROS an off-resonant emission spectrum is measured at
an incident beam energy fixed below the given absorption edge binding energy. The
impact of the self-absorption effect on the HEROS spectrum is reduced to only the
probability of reabsorption of the produced fluorescence radiation escaping from the
target which is usually nearly constant in the measured emission energy range. The
HEROS spectrum contains information on the density of unoccupied states and can be
converted to an absorption spectrum by means of the formula introduced by Kramers
and Heisenberg [44] modified by Tulkki and Aberg [49].

To investigate the effect of the self-absorption on the spectra measured with HEROS,
nine Ta metallic foils of nominal thicknesses in the range 0.5 — 50 pm were studied. The
measured Ta La; HEROS emission spectra and the reconstructed Ta L3 HEROS-XAS

absorption spectra were found to be independent of the target thickness and thus of the

53



Chapter III: Self-absorption-free HEROS

self-absorption effect. It was demonstrated that the HEROS method circumvents the
problem of self-absorption effect allowing potentially the investigation of any strongly
absorbing sample with fluorescence XAS. HEROS is thus an alternative to existing
XAS techniques, in particular in cases where they are not applicable. It is the method
of choice for single-shot XAS spectra measurements allowing extraction of a precise in-
formation on the electronic structure from XAS spectra which are free of self-absorption

effect.
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Time-resolved chemical speciation
with HEROS

IV.1 Introduction

The ability of high energy resolution off-resonant spectroscopy (HEROS) to perform
time-resolved studies on chemically dynamic systems has already been used to follow
the time course of such chemical processes as oxidation, reduction and compound
decomposition [604,/68}98]. It has been shown that, despite a low fluorescence yield for
the off-resonant excitations, HEROS allows observation of changes in the density of
unoccupied states caused by the changing chemical environment of the probed atoms
with a high temporal resolution reaching below 1 s. Moreover, insensitivity to the
self-absorption effect makes it a reliable tool to do a quantitative chemical speciation

under reaction conditions.

In the present work the HEROS method was employed to study a silica supported
Ta(V) bisalkyl catalyst at a synchrotron. The Ta Loy HEROS spectra were measured
during oxidation of the inactive starting complex and its form after activation in hy-
drogen. Based on the experimental data and theory-based calculations, it was shown
that oxidation of the inactive and the active Ta catalyst leads to the formation of
mono- and di-meric species on the SiO, surface. The relative species’ concentration
was successfully retrieved as a function of time using the fingerprint HEROS spectra
measured for the unoxidized and the oxidized catalyst. It allowed observation of a
transition of the inactive catalyst from its unoxidized form to the oxidized one through

an intermediate step.
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IV.2 Experimental

IV.2.1 Experimental setup

The measurements were carried out at the SuperXAS beamline of the Swiss Light
Source of the Paul Scherrer Institute, Switzerland (see Fig. [[IL4). The collimated syn-
chrotron beam was monochromatized by means of a double Si(111) crystal monochro-
mator and focused with a toroidally bent Rh mirror to a 100 x 100 gm2-spot size on
the target. First, a Ta foil was used as the target to perform energy calibration of the
incident beam and the spectrometer. Then the investigated Ta complex was loaded
into a quartz capillary reactor cell in a glove box and exposed to 20 ppm O, at room
temperature. Two silica supported Ta complexes were studied, Ta(V) bisalkyl complex
(Complex 1) and Ta hydride (Complex 2):

Complex 1: [(= SiO,) Ta (= CHtBu) (CHytBu),] ,
Complex 2: [(= SiOq) TaHj] .

The quartz capillary reactor cell (see Fig. [[V.1fa)) was mounted on the sample holder
and connected to a remotely switchable gas system which allowed applying a gas flow
through the target on line. Two gases were used: Ar to flush residual gases out of the re-
actor and 10 % Hs/He to activate the Ta complex. The temperature of the Ta complex
was adjusted with an air blower and a thermometer placed on two sides of the reactor
(see Fig. [[V.I|(a)). The target was irradiated with a synchrotron X-ray beam of energy
9.863 keV and 9.867 keV for Complex 1 and Complex 2, respectively. The induced
fluorescence was detected in the energy range around the Ta Loy emission line (8.146
keV) by means of a wavelength-dispersive von Hamos-type spectrometer consisting of
two cylindrically curved segmented-type Si(444) crystals [88] and a two-dimensional
PILATUS 100K detector [99] (see Fig. [[V.I|(b,c)). The radiation diffracted by the two
crystals was directed onto two separate spots on the detector. The HEROS spectra
were measured in the two regions of interest (ROIs) of the detector, and collected one
by one with an acquisition time of 40 s each. From the full width at half maximum
(FWHM) of a Gaussian fit to the elastic scattering peak the experimental resolution of
1.6 eV was found. A 30-cm-long, helium filled, ionization chamber was placed upstream

the target to allow the detected fluorescence yield normalization.
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Figure IV.1: Elements of the used experimental setup. (a) Zoom on the target

holder with the incident beam direction marked with a blue arrow. The meaning
of the symbols is the following: A — connected to a gas system quartz capillary
reactor cell containing the studied complex, B — blower with adjustable temper-
ature of the blown air, C — thermometer. (b) Two Si(444) cylindrically curved
segmented-type crystals [88]. (c) Two-dimensional PILATUS 100K detector [99)].
The setup was shielded with lead and aluminum plates to reduce unwanted con-

tributions to the signal coming from the background.

I1V.2.2 Data analysis

Since a time-resolved chemical speciation with HEROS was attempted in this work, a
precise energy calibration of the synchrotron beam and the used von Hamos spectrom-
eter was of high importance. In this section the applied two-step energy calibration
of the synchrotron beam and the spectrometer is described as well as the measured

HEROS spectra analysis.

The synchrotron beam energy calibration is usually done with an absorption edge
of a given element. In this approach, however, the determined absorption edge posi-
tion depends on the spectroscopy method used and the nature of the target sample
itself. The influence of the experimental setup on measured emission lines’ positions
is much more limited. In the present study the synchrotron beam energy calibration

was therefore carried out in two steps. First, a Ta foil was used to measure the Ta L3
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edge absorption spectrum in the fluorescence mode. The first inflection point of the
obtained spectral curve was assigned a value 9.8811 keV |91]. The synchrotron beam
energy was next varied in the Ta Laj o emission energy range with a step of 10 eV
and the elastically scattered photons were detected in the form of sharp peaks, in both
regions of interest (ROIs) on the detector independently. The positions of the elastic
scattering peaks and the corresponding incident beam energies were used to find the
first step spectrometer calibration curve (a quadratic polynomial was assumed), as pre-

sented in Fig. [IV.2(a). The obtained calibration curve was compared to the previously
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Figure IV.2: Two-step energy calibration of the synchrotron beam and the
spectrometer. In the first step (a) an inflection point of the measured Ta Lg
XAS spectral curve was assigned a value 9.8811 keV [91] (see the inset) and
the spectrometer was energy-calibrated with elastic scattering peaks. A shift of
2.9 eV between the spectrometer calibration curve and the measured Ta Lo o
emission lines’ positions [92] was observed. In the second step (b) the new energy
calibration was established by lowering the measured incident beam energies by

2.9 eV as compared to the first step energy calibration.

measured Ta Laj o emission lines’ positions (with their energies taken from Ref. [92])
and a relative energy shift of 2.9 eV was found. In the second step, to keep the energy
calibration consistent with the measured Ta Laj 2 emission lines’ positions, a shift of
—2.9 eV was introduced to the first step energy calibration of the synchrotron beam
(see Fig. [IV.2b)). The incident beam energy uncertainty was found to be below 0.4
eV. The error on the energy of the photons detected in both ROIs changed with their
energy but did not exceed 0.5 eV within the range 8.085 — 8.175 keV. The spectrometer

energy resolution was found by fitting a Gaussian function to the elastic scattering
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peaks data. The average of the extracted full width at half maximum (FWHM) values
was 1.6 eV and 1.5 eV for the two ROIs.

To estimate the contributions to the recorded HEROS signal coming from the
background noise and the used experimental method (photon scattering, detector’s
electronic noise) a measurement was performed with the synchrotron beam directed
onto a target-free spot on the reactor. Thus recorded signal was fitted with a quadratic
polynomial and the obtained baseline was subtracted from all the measured HEROS
spectra (see Fig. . The final spectra obtained in both ROIs were summed.
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Figure IV.3: (a) The Ta La; HEROS spectrum recorded in one ROI at an
incident beam energy of 9.867 keV for Complex 1 with shown baseline. The inset
presents a signal measured in the same ROI and at the same conditions but for
a target-free spot on the reactor. The baseline was found by fitting a quadratic
polynomial to the data recorded without the presence of the target Ta complex

in the beam’s field. (b) The data from (a) with the subtracted baseline.

The measured Ta La; HEROS spectra changed in time due to the changing chem-
ical environment of the Ta atoms. Two reaction paths were followed: activation of
Complex 1 to Complex 2 and oxidation of the latter, as well as direct oxidation of
Complex 1. In Fig. [[V.4(a) are shown the parameters whose temporal changes were
studied. The relative chemical energy shifts were obtained from the positions of the
off-resonant Ta La; line maxima. The intensity changes were determined by integrat-
ing the fluorescence yields in two emission energy ranges corresponding to two detected
spectral structures. To investigate the temporal change in the concentration of Com-
plex 1 and Complex 2 during their oxidation, their fingerprint HEROS spectra before

and after oxidation were first measured. A linear combination of the fingerprint spec-
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tra was next fitted to each acquired HEROS spectrum (see Fig. [[V.4{(b)). The ratios
of the extracted scaling coefficients allowed estimating the temporal evolution of the

concentration of the two complexes during their oxidation.
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Figure IV.4: (a) One of the Ta Loy HEROS spectra measured for Complex 1
during its oxidation. The two fluorescence yield (FY) integration ranges, 2 eV-
wide and separated by 4 eV, correspond to two observed spectral features. The
red dot indicates the off-resonant Ta Lay line maximum. (b) The same spectrum
as in (a) with shown contributions from the unoxidized and the oxidized Complex
1. The contributions, obtained by finding the best fit of the fingerprint spectra’s
linear combination to the measured HEROS spectra, reflect the relative concen-
tration of the unoxidized and the oxidized Ta atoms. The presented HEROS
spectrum was recorded when about 35 % of the starting Complex 1 was already

oxidized.

IV.3 Calculation of XAS spectra with FEFF

The independent particle theory describing XAS (see e.g. [100-102]) assumes that the
potential determining the atomic orbitals is dominated by the nucleus’ potential. The
orbitals calculated under this assumption are approximate and can be corrected for the
weak interaction between electrons. The independent particle approximation (IPA)
allows to present the atom’s wavefunction as a product of independent wavefunctions
describing every orbital, which makes their calculation very efficient but ignores many
important many-body effects. The approaches going beyond the independent particle
approximation make use of the time-dependent density functional theory (TDDFT)
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or the Bethe-Salpeter equation (BSE) [103}/104]. However, they are usually based
on simplified or semi-empirical models (see e.g. [100,|105,/106]), providing very often

divergent results.

In the recent approach of Rehr et al. [100,/107,/108] the scattering of electromag-
netic radiation on atomic electrons is described using the real-space Green’s function
(RSGF) formalism within quasiparticle picture (where the photoelectron is treated as a
particle moving in a lossy inter-atomic potential). The authors express the absorption
coefficient in terms of effective one particle Green’s function corresponding to the inter-
mediate and the final many-body states [109/110]. The Green’s function is separated
into two summands |111]: one associated with the absorbing atom (which is taken as
the leading term) and another describing multiple scattering on the surrounding atoms
(which is treated as a perturbation). Such a presentation of the Green’s function leads
to a form of the absorption coefficient similar to that obtained by Lee and Pendry [112].
It consists of two summands: one describing the intra-atomic contributions from the
absorbing atom (i.e., the ones defined by the solid-state potential at the absorption

site) and the multiple scattering term determining the fine structure.

The theoretical description developed by Rehr et al. is implemented in the FEFF
software [107]. In the present work FEFF in the version 9.6 was used to calculate the
L3 edge XANES spectra of Ta atoms in different chemical environments. The program
includes in the calculations to a good approximation effects of dominant many-body
effects, such as the photoelectron-core hole interaction and the lifetime effects of the
photoelectron and the core hole. However, the calculated spectrum may slightly vary
depending on several input parameters. The full multiple scattering is computed within
a sphere centered at the absorbing atom and having the radius specified by the pa-
rameter FMS (in dngstroms) (see the FEFF’s main window in Fig. [[V.5)). If the SCF
card is activated, the self-consistent field method (also called Hartree-Fock method)
is used to calculate the orbitals and the potentials. In this method different values of
Coulomb potentials, electron charge distributions and Fermi energy are used in an iter-
ative manner and the total energy of the system is calculated. If the total energy does
not change any more between consecutive iterations, the last used values are applied
to further calculations. The first parameter in the SCF card (called further simply
SCF parameter) determines the radius of the sphere (in angstroms) within which the
calculated potentials are to be self-consistent with electron densities and Fermi energy.
The EXCHANGE card contains two fields where an optional modification of the Fermi

level and the spectral broadening can be introduced (in electronvolts). The calculated
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Figure IV.5: Screenshot showing the FEFF 9.6 program’s main window and the
plotting window with a calculated XANES. The shapes of the calculated spectral
curves may vary depending on the input parameters: full multiple scattering
(FMS), self-consistent field (SCF), exchange correlation potential (EXCHANGE)

and the core hole treatment.

X-ray emission and absorption spectra depend on the fact whether the final states’
wave functions are computed in the presence of the core hole potential or not. FEFF
provides different treatments of the core hole state through the card COREHOLE. The
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three available options assume: absence of the core hole, screened potential of the core
hole (within the random phase approximation, RPA) and final state rule (FSR). In the
final state rule, which was introduced by von Barth and Grossmann [113], the electron
excitation probabilities are calculated from wave functions obtained in the presence of
the core hole potential, and for the calculations of the deexcitation probabilities no

core hole potential is assumed. In the present work only FSR was used.

Calculation of XAS spectra with FEFF requires information on the spatial dis-
tribution of electric potential in the vicinity of the absorbing atom. For this reason,
to run a XAS spectrum calculation one needs to specify an .INP file containing data
which defines types of atoms and their configuration in a sample cluster. Such data
is obtained experimentally and can be found in different databases available online,
e.g. Crystallography Open Database [114]. Apart from XAS spectra, FEFF allows
calculation of the density of unoccupied states. This feature was used to determine the

most contributing states to the measured spectra.

IV.4 Results and discussion

The data measured within this work was published and can be found in Ref. [2]. The
discussion held in this section is focused on experimental aspects of the study and only
several chemistry related issues are addressed. The mentioned publication provides a

more deeper chemistry-oriented analysis.

The Ta La; HEROS spectra measured for an incident beam energy of 9.863 keV
during oxidation of Complex 1 are presented in Fig. [[V.6|(a). The reaction took place
at room temperature and it caused an increase in the fluorescence intensity as well as a
shift of the detected spectral structure towards lower energies. In the case of Complex
2, the Ta La; HEROS spectra, which are shown in Fig. (b), were collected at
incident beam energy of 9.867 keV. Complex 2 was obtained by activating Complex 1
in hydrogen which was achieved by exposing Complex 1 to 10 % Hs/He gas mixture
between 1300 s and 3200 s under temperature rising from 20 °C to 150 °C. During
activation, a slight gradual displacement of the detected spectral structure towards
lower energies was observed. Further oxidation of Complex 2 led to a sudden spectral

shift and an increase in intensity of the emitted fluorescence.

More precise analysis of temporal changes in the spectra measured during oxida-
tion of Complex 1 is presented in Fig. [V.7} As shown, the spectral shift towards lower
energies (Fig. [[V.7[(a)) did not occur in a continuous manner but in two steps, first by
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Figure IV.6: The measured Ta La; HEROS spectra as a function of time for
Complex 1 (a) and Complex 2 (b). The spectra in (a) and (b) were recorded for
an incident beam energy of 9.863 keV and 9.867 keV, respectively (i.e. 18 eV and
14 eV below the Ta L3 edge binding energy, respectively).
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Figure IV.7: Variation of the off-resonant Ta Lay line’s position (a) and the
fluorescence yield from two emission energy ranges (b) during oxidation of Com-
plex 1. The emission energy range F'Y range 1 is centered at the main spectral
feature’s peak and FY range 2 is fixed 4 eV below (for more details see Fig.
IV.4(a)). The fluorescence yields integrated over the two emission energy ranges
were scaled to 1 in the time interval 0 — 500 s. The data in (a) suggests an in-
termediate chemical form of Complex 1 during its reaction with oxygen and the

data in (b) shows the evolution of a second peak.
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about 0.4 eV and next by about 0.6 €V. The detected shifts are bigger than the un-
certainty introduced by the statistical fluctuations. This finding suggests that during
oxidation Complex 1 passes through an intermediate form, which is consistent with
further analysis. The evolution of the fluorescence yield integrated over two emission
energy ranges (for more details see Fig. [[V.4[(a)) is shown in Fig. [[V.7|(b). The pre-
sented relative temporal changes of the two partial fluorescence yields show an overall
growth of the fluorescence emission due to oxidation. However, while the main spectral
feature’s intensity is augmented by about 10 %, the fluorescence yield integrated over
energy interval situated 4 eV below the main spectral feature’s peak grows by over 60
%. This result indicates the evolution of another spectral structure on the low energy

side of the main peak.

The evolution of the second peak in the HEROS spectra measured for Complex
1 during its oxidation suggests the formation of Ta=oxo dimeric surface species with
octahedral coordination [115], which is consistent with calculations of Ta L3 edge XAS
spectra and off-resonant Ta La; XES spectra for a monomeric and a dimeric Ta species
(see Fig. . The absorption spectra were computed using the FEFF program and
the emission spectra were obtained using the Kramers-Heisenberg formula modified by
Tulkki and Aberg [44,49] with the result from FEFF as the input data. The XAS
spectra in Fig. [IV.§|(a) show that Ta L3 XANES is dominated by one peak in the case
of monomeric species and by two peaks in the case of dimeric species. The electronic
states that contribute most to the absorption spectra are in both cases the 5d orbitals
of Ta atoms. As shown in Fig. [[V.§|(b), there is a significant difference in the shape
of the off-resonant XES spectra calculated for monomeric and dimeric Ta species, and
it resides mainly in the presence of a doublet in the case of the latter. The performed
calculations thus confirm that the evolution of the second peak in the Ta Lay; HEROS
spectra measured during oxidation of Complex 1 is caused by formation of dimeric Ta
species. However, the ratio of the two peaks’ intensity is different for the spectrum
calculated for a dimeric Ta species and the one measured for the oxidized Complex 1.
This result suggests that both monomeric and dimeric Ta species are present in the

sample after its oxidation.

Fig. [V.9 presents how the Ta La; HEROS spectra were changing during activation
of Complex 1 leading to creation of Complex 2, and during oxidation of the latter.
As shown in Fig. [[V.9(a,b), the activation in hydrogen caused the off-resonant Ta
Loy line to move in a continuous way towards lower energies by about 0.5 eV. This

continuous shift seems to have started at about 1300 s, when the 10 % Hy/He gas
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Figure IV.8: (a) The Ta L3 edge XANES calculated with FEFF for a monomeric
and a dimeric Ta species. The lower panel shows the distribution of the Ta
atoms’ d-states which are contributing the most to the absorption spectra. (b)
Off-resonant Ta La; spectra calculated with the Kramers-Heisenberg formula
modified by Tulkki and Aberg [44,49] based on the XAS data from (a). The
formula used was of the form of Eq. [1]. The data points come from the
measurements of the fingerprint HEROS spectra for Complex 1 before and after
its oxidation. The structures present in the calculated spectra are broader than
the ones in the measured spectra because of a higher value of the final state
broadening used in the calculations. The lower panel in (b) presents the density
of unoccupied states from (a) converted to the emission energy scale by the RIXS

energy conservation.

flow was engaged, and ended at about 2500 s. Significant statistical fluctuations in
the fluorescence intensity hinder accurate judgment on the temporal changes in the Ta
d-states’ occupancy. The main peak’s fluorescence yield remained constant until about
2500 s after which a slight upward trend may be noticed. Much more pronounced
changes are observable during oxidation of Complex 2, as presented in [[V.9(c,d). As a
result of interaction with oxygen, the Ta La; HEROS spectra underwent a sudden shift
towards lower energies by about 0.7 eV with no intermediate step. The fluorescence
intensity changes reveal a formation of another peak which is caused by formation of
dimeric Ta species. The ratio of the two partial fluorescence yields after oxidation is,

however, different than in the case of the oxidized Complex 1, which suggests relatively
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Figure IV.9: Temporal changes in the position of the Ta La; HEROS spec-
tra and fluorescence yields integrated over two emission energy ranges during

formation of Complex 2 (a,b) and its oxidation (c,d).

smaller contribution of Ta=oxo dimeric surface species to the measured spectra.

For both studied complexes the fingerprint Ta La; HEROS spectra were recorded
before and after oxidation to determine temporal changes in the species’ concentration.
As can be seen in Fig. [[V.10[a), during reaction of Complex 1 with oxygen only
about 20 % of the sample first turned into its oxidized form and the remaining 80 %
transformed afterwards. This finding is consistent with the result presented in Fig.
[V.7(a). In the light of the apparent formation of dimeric Ta species during oxidation,
one may suppose that the demonstrated step-wise transition is an effect of different
reaction rates for oxidation and dimerization. Such a behavior was not observed in the
case of Complex 2 oxidation, as shown in Fig. [IV.10(b), where at about 6800 s all the

sample was suddenly oxidized.
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Figure IV.10: Relative concentration of Complex 1 [2] (a) and Complex 2 (b)
as a function of time during oxidation. The step-wise character of the reaction

in the case of Complex 1 was not observed for Complex 2.

IV.5 Conclusion

In the present work the HEROS method was used at a synchrotron to study temporal
changes in the density of unoccupied states of Ta atoms in two different silica supported
catalysts during their oxidation [2]. The catalysts studied were: inactive Ta(V) bisalkyl
complex as well as Ta(V) bisalkyl complex activated in hydrogen. The active site in
catalysis, postulated to be Ta hydride, was found to be very susceptible to oxygen
and its detection was not reported in any earlier work. Analysis of Ta La; HEROS
spectra measured with 40 s-time resolution showed that oxidation of both catalysts
leads to formation of monomeric and dimeric Ta surface species. The catalysis was
found to be irreversible. Calculations done with FEFF software [107] and Kramers-
Heisenberg formula modified by Tulkki and Aberg [44,49] revealed that the electronic
states contributing most to the measured HEROS spectra come from the Ta d-band.

The present work is therefore the first to depict the electronic structure of the d-orbitals

(directly involved in the catalysis) of Ta grafted catalysts.
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Chapter V

HEROS at X-ray free-electron laser

facilities

V.1 Introduction

This chapter deals with the application of HEROS at an X-ray free-electron laser
(XFEL) facility. The goal of the study was to demonstrate the potential of the HEROS
technique in determining the electronic structure of matter and tracking the electronic
structural dynamics with femtosecond hard x-ray free electron laser pulses. Indeed,
the single-shot capability of HEROS and its chemical sensitivity makes this technique
an ideal probe for time-resolved X-ray experiments. Recent studies have shown that
despite the high peak intensity of the X-ray pulses at XFELs the same electronic
structure can be probed yielding experimental data consistent with those obtained
at synchrotrons [116,117]. In this perspective, the HEROS technique was applied to
the investigation of the electronic structure of copper in different oxidation states.
The present work focused on the case of Cu'*. The experimental HEROS spectra
were compared to the ones for Cu’ and Cu?T reported by Szlachetko et al. [3], and to
calculations based on theoretical XAS spectra retrieved from FEFF 9.6 program [107]

and reference XAS spectra.

V.2 X-ray free-electron lasers

At synchrotrons an electron beam is accelerated to the velocities close to the speed of
light and is trapped in a storage ring. The electromagnetic radiation is emitted during
the interaction of electrons with the magnetic field produced by the insertion devices:

bending magnets, wigglers and undulators. At X-ray free-electron laser (XFEL) facil-
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Figure V.1: (upper panel) The power of the emitted electromagnetic radia-
tion as a function of the distance passed by the electron bunch in the undulator.
The rapid exponential growth of the radiation power is caused by the formation
of electron micro-bunches (lower panel). The microbunching and the electro-
magnetic radiation emission are mutually enhancing processes, hence the name

self-amplified spontaneous emission (SASE). The illustrations were reproduced

from Refs. , .

ities, the 4" generation X-ray sources, a relativistic electron beam travels through an
undulator whose length is typically of the order of hundreds to thousands of meters
(i.e. 10 — 100 times more than for the undulators used at synchrotrons) [119]. Due
to the long undulators required, the XFELs are not equipped with storage rings and
every electron bunch produced is dumped after passing through the undulator. Dur-
ing the long lasting interaction with the undulator’s magnetic field, the electrons form
micro-bunches separated by a distance of %“, with undulator period A, and electrons’

Lorentz factor v (see Fig. . The micro-bunches interfere constructively with the
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electromagnetic radiation they emit, which additionally enhances microbunching. Due
to the mutual enhancement of the radiation production and micro-bunches formation

this process is referred to as self-amplified spontaneous emission (SASE) [120,[121].
The photon beam produced at XFELSs consists of extremely bright and short X-ray

pulses. As compared to synchrotron radiation, a typical XFEL produces 10~7 fewer
pulses per second but each contains 10 — 10? times more photons and has duration
time up to 10 times shorter (reaching below 1 fs). As a result an XFEL has an
average brilliance (i.e., brilliance averaged over unit time of the machine’s operation)
comparable to that of a synchrotron, but its peak brilliance (i.e., brilliance of one pulse
production) reaches far beyond capabilities of the 3'% generation X-ray sources (Fig.

V.2)). Using optics to focus a SASE beam allows to irradiate a small surface area with a
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Figure V.2: Comparison of the peak brilliance between chosen 3'¢ (BESSY,
SLS, SPring-8, APS, ESRF, PETRA III) and 4" (FLASH, LCLS, European

XFEL) generation accelerator-based X-ray sources. The data was taken from

Ref. .

tremendous number of photons within the pulse duration [123]/124]. Achieveable values

of the peak power density on a target are of the order of 102-Y; (thousands of ‘f’h:%)
S

which is many orders of magnitude more than what synchrotrons can provide. The

pure SASE X-ray beam has a longitudinal coherence similar to that of a synchrotron
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beam and is almost fully coherent in the transverse plane [125,126]. It has, however, a

relatively large energy bandwidth (of the order of 1073).

To reduce the energy bandwidth of the beam and improve its coherence, so called
seeding is performed where a bright external laser beam (of the wavelength corre-
sponding to the desired harmonics) is merged with the electron beam as it enters the
undulator [127]. It makes the electrons to form micro-bunches much earlier and as a re-
sult enhances the production of coherent and monochromatic photons. This approach
requires the use of a strong external source of monochromatic and coherent radiation,
it allows therefore production of photons of energy limited to soft X-rays. To improve
higher energy X-rays production the so called self-seeding is employed [128-130]. In
this approach, the undulator is split into two parts separated by a chicane which is
composed of an X-ray monochromator and a bypass magnet system for the electron
beam. The SASE photon beam leaves the first undulator, is monochromatized and en-
ters the second undulator. The electron beam, once it leaves the first monochromator,
is redirected from the photon propagation direction to bypass the monochromator and
enters the second undulator. Since the interaction of X-rays with the monochromator
delays the pulse by up to 10 ps, the bypass system length has to be well adjusted so the
electron pulse enters the second undulator together with the monochromatized photon
pulse. Further propagation of electron pulses interfering with seeding photons leads to
an amplified production of highly monochromatic and fully coherent X-rays. As shown
in Fig. |V.3(b,c), self-seeding of an XFEL beam considerably narrows down its energy
bandwidth. The self-seeded XFEL beam has an energy bandwidth comparable to that

of a synchrotron but its peak brilliance is up to 10*° times higher.
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Figure V.3: (a) Spectral profiles of three single X-ray pulses measured at X-ray
Pump Probe instrument of LCLS showing variations of the photon energy caused
by the electron energy jitter. (b,c) The effect of the self-seeding on the X-ray beam
energy bandwidth examined at LCLS. Note the larger spectral bandwidth of the
averaged spectra with respect to the single-shot spectra caused mainly by the

electron energy jitter. The plots were reproduced from Refs. [130,[131].

72



Chapter V: HEROS at X-ray free-electron laser facilities

One of the best known factors hindering the photon beam quality at XFELs is
the pulse-to-pulse electron beam energy instability, also known as electron energy jit-
ter |132]. It results from deviations of the phase in radio frequency cavities used to
accelerate electron bunches. The electron energy jitter introduces variations to the
photon energy (see Fig. [V.3|a)) and, since it causes most of the electron bunches to
be off the resonance, decreases the average brilliance of the produced X-ray beam. Re-
ducing the jitter may potentially increase SASE and self-seeded XFEL beam average

brilliance and reduce its energy bandwidth by a factor of two.

The extremely high photon fluxes that are achievable open the way to studies of
x-ray nonlinear processes and those of very low cross sections, such as double-core hole
creation [133,/134], two-photon absorption [135], amplified spontaneous X-ray emis-
sion [136,|137], plasma creation [138] and X-ray-laser wave mixing [139]. The ultra-
short X-ray pulses in combination with X-ray spectroscopy methods allow to perform
time-resolved studies on femtosecond-long molecular processes, e.g., photo-excited spin

transitions [140] or hot electron-mediated photocatalysis [141},142].

V.3 Experimental

V.3.1 CXI instrument at LCLS

The Linac coherent light source (LCLS) is an XFEL located at SLAC National Ac-
celerator Laboratory in Menlo Park, California, USA. It occupies about a 1 km long
fragment of the tunnel formerly used by the SLAC linear accelerator and extends to
two underground experimental stations (Fig. . It starts with an electron photo-
injector which forms electron bunches of charges of up to 250 pC and injects them into
the linac at the energy of up to 135 MeV [143||144]. The linac consists of three straight
sections separated by two magnetic chicane bunch compressors. The electron bunches
are accelerated in the straight sections and undergo compression in the chicanes. They
leave the linac with the energy of up to 15.4 GeV and the bunch length of down to 2
microns (sub-10 fs pulse duration). After the electron beam passes through the diag-
nostics section, where its different parameters are measured and where it is subjected
to focusing, it enters 130 m long undulator where the final X-ray emission occurs. The
produced X-ray beam — similar to the electron one — consists of pulses, each having
up to 4.7 mJ of energy and down to below 5 fs duration. The photon beam energy

available at LCLS ranges from 0.25 to 10.5 keV. The machine can operate at up to 120
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Hz repetition rate.

o e :_,‘.‘-'h
. - p y - ~ —

Far Experimental HA[1Z%

Figure V.4: (a) Aerial view of SLAC showing the proportions of LCLS with
respect to the whole site. (b) View on LCLS with main modules marked. The
meaning of the symbols used is following: A — linac, B — electron beam transport
line (with diagnostics and focusing magnets), C — undulator, D — Front End
Enclosure with X-ray optics (see Fig. for more details), E — X-ray beam
transport line. The illustrations were taken from Refs. .

The XFEL photon beam is characterized by a nominal peak brilliance of 20 x 1032

photon
sxmm? xmrad? x0.1%BW

down over 10 times in the self-seeding mode. The electron pulse charge influences both

the number of photons contained in one X-ray shot and the photon pulse duration [147].

and an energy bandwidth of about 0.2 % which can be narrowed

In the high charge mode (the order of 1 nC) one photon pulse has a duration of down to
80 fs and contains typically 102 photons. In the low charge mode (the order of 10 pC)
the photon pulse duration can reach several femtoseconds and number of photons in a
pulse decreases by a factor of 10. The X-ray pulses are directed to the experimental

stations through the offset mirror system installed in the Front End Enclosure (FEE)

74



Chapter V: HEROS at X-ray free-electron laser facilities

(see Fig. [V.5)).

At LCLS there are six experimental stations with equipment optimized for different
areas of research [148]. The Atomic, Molecular & Optical Science (AMO) instrument
located in the Near Experimental Hall is dedicated to study of extremely intense X-ray
pulses with atoms and molecules. The research done at Soft X-ray Materials Science
(SXR) instrument is focused on the experiments that involve scattering of soft X-rays.
The pump-probe experiments are performed at X-ray Pump Probe (XPP) instrument
which is equipped with a fast optical laser. The X-ray Correlation Spectroscopy (XCS)
instrument installed in the Far Experimental Hall allows study on the condensed matter
systems dynamics. The Coherent X-ray Imaging (CXI) instrument is specialized in
imaging nano-structures with sub-nano resolution. The farthest station, Matter in
Extreme Conditions (MEC) instrument, grants access to X-ray studies on matter at

over 10 thousand Kelvin temperature and 10 milion bar pressure.
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Figure V.5: Front End Enclosure (FEE) with the X-ray optics and diagnostics
equipment. As shown the gas detector monitoring the photon pulse energy is in-
stalled before the offset mirror system which directs the beam to the experimental
stations. The figure was reproduced from Ref. .

V.3.2 Experimental setup

The present experiment was performed at the CXI instrument which allowed the use of

X-rays of the required energy (about 9000 eV) and contained enough room to install the
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von Hamos spectrometer [150]. The X-ray beam delivered to the sample passed through
the LCLS Front End Enclosure mirror and the CXI station’s focusing Kirkpatrick-Baez

mirror system which decreased its original intensity by 65 to 76 %. The target sample
(Cu, Cu0 or CuO) was irradiated at an angle of 45° (see Fig. with X-rays of
energy 8.967 keV, i.e., 12 €V below the Cu K-edge binding energy. Since the application

7

I:\ “ e r
o s

Figure V.6: The illustration of the experimental setup. The blue arrows sym-

bolize the incident X-ray beam and the elastically scattered photons, the orange
arrows show the path of the fluorescent radiation produced in the sample. Note
that the Ge(800) crystal was used to detect both the elastically scattered photons
and the Cu Kf fluorescence. The target was moved along the x- and y-axis to
ensure each shot the same target conditions. Not presented is the shielding that

was used to reduce the background signal.

of the HEROS technique requires a highly monochromatic X-ray beam, the XFEL was
operated in the self-seeding mode which allowed narrowing the beam energy bandwidth
down to about 1.7 eV. The fluorescence emitted from the sample was detected by means
of a wavelength-dispersive von Hamos spectrometer composed of three segmented-type
crystals with 25 cm-radius of curvature and two combined 2-dimensional 140K
CSPAD detectors each consisting of two pads [151]. Two Si(444) crystals were used to
detect the fluorescence in the Cu Kay o lines energy domain (7.980 — 8.060 keV). The
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remaining one, Ge(800), was adjusted to diffract the elastically scattered X-rays which
were used to determine the incident beam energy and the experimental resolution, as
well as the Cu K fluorescence. The whole setup was arranged in a way allowing
detection of the radiation diffracted at a Bragg angle of about 80° on different spots

on the detectors.

To avoid too high fluxes on the sample the target was moved away from the incident
beam’s focal point and the beam’s spot size on the sample was found to be 10 x 10
pm?. The XFEL produced X-ray pulses with 30 fs-pulse duration and approximately
0.7 mJ-pulse energy at the repetition rate of 120 Hz. The X-ray peak flux which was
found to be of the order of 10~} I;Sh:% was still high enough to scorch the sample’s
surface. The target was therefore put in oscillatory motion along the x-axis (see Fig.
at a speed of 0.5 =+ and displaced along the y-axis once one row of burned spots

was completed.

V.3.3 Data acquisition

The apparatus available at LCLS for data acquisition is very diverse [144,/152]. In
this section are mentioned only devices acquiring data relevant to the present work,
which are: the values of the electron bunch charge and length, electron energy, photon
pulse energy, sample holder motors’ position as well as the spectrometer 2D detectors’
readings. The electron bunch charge was measured with a Faraday cup installed in the
injector and the toroidal charge monitors placed in different points along the XFEL
[143]. The information on the electron bunch length and duration was obtained by
means of an X-band RF transverse cavity located downstream of the undulator [153}-
155]. The electron bunch, once it exited the undulator, was transversely deflected by
the RF cavity. The vertical size of the tilted bunch depends on its longitudinal size
and can be measured with a fluorescent screen. However, before the electron bunch
was directed onto a screen, it was bent in a dipole magnet to enable electron energy
measurement. With the final reading from the fluorescent screen the information on
the electron bunch length (and duration) and the transverse electron energy profile
was extracted. The X-ray pulse energy was measured in an nonintrusive way by means
of a Ny gas detector [156]. While passing through the gas, the pulse ionized part of
the Ny atoms which next recombined and produced UV radiation. The UV emission
yield was measured and converted to the photon pulse energy. There was no means
available for a direct photon pulse duration measurement. It was assumed that it was

equal to the electron pulse duration, however, certain studies show that the photon
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pulse can be even two times shorter (see e.g. Ref. [157]). The two-axes sample holder
position was controlled with two stepper motors. The fluorescence signal produced in
the studied samples was detected by a wavelength-dispersive spectrometer equipped
with two combined 2-dimensional 140K CSPAD detectors [151].

The LCLS Timing System is responsible for a synchronous operation of all the
apparatus and software working at LCLS |158,/159]. One of its subsystems, Timing
Event System, generates and sends signals, timing triggers, to the on-line Data Ac-
quisition (DAQ) system which is designed for the experimental data acquisition and
storage [160]. Thanks to the highly precise trigger distribution the data from all the
diagnostics detectors connected to the system are read out for each XFEL pulse sep-
arately and saved in XTC files. As a result, the data in the XTC files is organized
in records, also called events, each containing an XFEL pulse ordering number and
corresponding detectors’ readings. Some of the detectors, including the ones reading
the motors’ positions, are not read out for each event but with a given frequency. To

match their readings to subsequent events’ times, interpolation is done.

The XTC file format is designed for a quick data storage event-by-event but per-
forming analysis on a subset of events takes relatively a lot of time. In one XTC file
is recorded data from one run and once writing to one file is completed, its translation
to HDF5 file is started. The HDF5 is an indexed file format which allows much more
efficient access to the addressed events [161]. It also requires much less disk space but
it still needs almost 600 kilobytes per event or equivalently 40 gigabytes for 10 minutes

of acquisition at the repetition rate of 120 Hz.

V.3.4 Data analysis

Events selection

The experimental data in the HDF5 files were accessed with the Python programming
framework [162]. Appendix [B| presents a Python module that was developed to access
the data relevant to the present work. Additional dedicated programs were written to

search for the events meeting preset conditions and process their data.

Fig. (a,b) present how the electron energy and photon pulse energy were jit-
tering during the exemplary 10-minute run with a Cu sample. Most of the events
contained data from either pure SASE pulses or a mixture of the SASE and self-seeded
ones. Since in the present study a well defined incident X-ray beam energy was neces-

sary only data for the well defined self-seeded pulses were considered in the analysis.
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Figure V.7: The pulse-to-pulse electron energy jitter of about 0.1 % (a), and
the over 90 % variation in the photon pulse energy due to self-seeding (b). (c)
The correlation between the electron energy and the photon pulse energy for the
SASE and self-seeded pulses. (d) The average spectrometer recording for the
SASE pulses, with a visible broad distribution of X-ray energies, and the self-

seeded ones, with a strong peak corresponding to the elastic photon scattering.
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Finding them among all the recorded events can be easily achieved if one understands
how the self-seeding performance is reflected in the beam diagnostics data. As can be
seen in Fig. [V.7(c), there is a correlation between the electron energy and the photon
pulse energy. The well self-seeded electron pulses produce bright photon pulses and are
close in energy, whereas the X-ray pulses coming from the SASE are expected to have
relatively low energies. This statement is supported by the spectrometer recordings
presented in Fig. @(d) showing the average spectra of two groups of X-ray pulses:
those having the energy exceeding 0.6 mJ and the ones with not more than 0.2 mJ-
energy. As can be seen, the high-energy photon pulses have one well defined spectral
component indicating that in their cases the self-seeding was successful. The spectra
contain also a weak signal from the Cu K emission (a small peak around 8.906 keV)

as well as from the off-resonant X-ray scattering on the Cu K-shell electrons.
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Figure V.8: The distribution of the spots on the sample during the run with
the elemental Cu target. From among all the events recorded (a), those with the
self-seeded pulses account for about 10 % (b) and the fraction of those with addi-
tionally well separated spots remains at the level of several % (c). (d) Fragment
of the sample’s surface imaged with a scanning electron microscope. The spot

size was found to be within several micrometers.
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Since the very intense self-seeded pulses burned holes in the samples (i.e., destroyed
the target), another step was taken during the event selection ensuring that every spot
was not hit by two subsequent self-seeded pulses. It was realized by selecting among
the events with the photon pulse energy exceeding 0.6 mJ only those with a spot
separation of at least 50 um from the previously recorded one. As can be seen in Fig.
[V.8 the final number of events meeting the criteria relevant to the present study is a

small fraction of the total amount of the acquired events.

Processing data of the 2D detectors

To obtain the final X-ray spectra, the detectors’ data for the selected events were
summed and processed in the way described in this section. This included corrections
for the pedestal, common mode and the flat field, conversion from the pixel readout
values to the number of the photons detected, definition of the regions of interest
(ROIs) with data projection onto the dispersive axis and subtraction of the Cu Kaj o

fluorescence signal.

The HDF5 data files contain the detectors’ readings with preapplied corrections for
the pedestal and the so called common mode. The pedestal (also referred to as dark
rate or dark current) is an additional input produced by the readout electronics not
related to the measured signal. The pedestal value is constant for each strip (channel)
of the detector and does not depend on the readings from other strips. The common
mode is an enhancement of the readout coming from environmental factors, such as
the pick-up current or variations of the reference ground caused by the power supply.

It affects synchronously a group of neighouring channels.

Based on the readout values among the pixels it has been established that the
value of 26.5 ADU corresponds to a detection of one photon and the pixels returning
values below 13.25 ADU did not register any radiation absorption (see Fig. .
Using these values the detectors’ readings were converted to matrices of the detected
X-rays distribution. Next three ROIs on the detector were defined, ROl recording the
radiation diffracted by the Ge(800) crystal and ROI; and ROI; recording the signal
from the two Si(444) crystals. The data from ROIs projected on the dispersive axis
included a signal distorted by the periodically changing pixel-to-pixel sensitivity, as
can be seen in Fig. [V.10(a). Normalization of the ROIs data to the pixel gain was
done with the flat field curve which is an average response of one strip of uniformly
illuminated pixels. The flat field curve was found by averaging the two lines obtained

by projection on the dispersive axis the values of two bands of pixels adjacent to a given
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Figure V.10: (a) The projected ROI; signal from the detectors’ readings in Fig.
[V.9(a) and the flat field curve. (b) The flat-field-corrected Cu Kay» signal from
(a) (see the inset for the full scale). It was used for the energy calibration of the

HEROS spectra recorded in ROI;.

ROI, one to the left and one to the right. The projected ROI values were divided by the

flat field curve and multiplied by its mean, yielding finally spectroscopic data free of
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the effects of the used method (see Fig. [V.10(b)). The flat-fielded data from all three
ROIs were next binned to decrease the statistical intensity fluctuations. The dispersive
axis scale in ROI; and ROI, was calibrated independently with the Cu Ko 2 emission
lines detected for the incident photon energy set above the Cu K-edge binding energy
(8.979 keV). The calibration of the energy scale in ROI, was done with the elastic
scattering peak (see Section for more details) and the Cu K/ emission line.

Fig. presents the average emission spectra detected in ROI; for the metallic
Cu for three groups of events: two containing the events with the lowest self-seeding
performance, and one with the well self-seeded pulses. As illustrated, part of the
SASE pulses had sufficiently high electron energies to induce in the sample fluorescence
involving Cu K L3 and K L, electron transitions. Surprisingly, the spectra recorded for
pulses with the highest self-seeding performance were found to contain, in addition
to the expected HEROS signal, a normal Cu Ka; o fluorescence. This indicates that
the self-seeding, having a magnifying effect on the monochromaticity of the produced
X-ray pulses, leaves a weak but broad spectral component characteristic for the SASE
radiation. Due to the relatively high cross section of the resonant X-ray scattering on
the Cu K-shell electrons, the weak SASE contamination among the selected events
contributed significantly to the measured in ROI; and ROI, HEROS signal in the
form of the Cu Koy 5 emission lines. These contributions were rescaled and subtracted
from the measured signal, in both ROIs independently. Finally, the HEROS spectra

obtained from ROI; and ROI, were summed.
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Figure V.11: The average emission spectra measured in ROI; for three groups

of events differing in the electron energy and the photon pulse energy.
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V.4 Results and discussion

The HEROS spectrum measured for the elemental Cu sample at the incident beam
energy of 8.967 keV, which is 12 eV below the Cu K-shell binding energy, is shown in
Fig. V.12 The spectrum was recorded for 2000 self-seeded pulses. As demonstrated
in Ref. [3], the fluctuations of the incident photon beam intensity influence only the
total yield of the HEROS spectra (i.e., the area under the measured curve), leaving the
spectral shape unaffected. As a result, the detectors’ readings summed for the selected

self-seeded pulses did not need any normalization for the photon pulse energy jitter.

The presented spectrum is characterized by a significant rise in intensity below
8.040 keV which slowly decreases towards the lower energies. The obtained spectral
structure contains several resonances. To understand their origin, Tulkki and Aberg
[49] formalism-based calculations were performed yielding the off-resonant emission

spectra presented in Fig. The following formula was used:
MQ Efinal%lsEexc
hot (Bege — huw)® +T%,/4

Ffinal/ (27T)
(mjl - ha}2 + Efinal—>ls - E'eanc)2 + F?%‘nal/ll

Ixps (hws) = >

final=2p3,3,2p; /2

X (V.1)

g final1
X fmaHS[XAS(Eezc) dEezc
92p3/2<—>ls

with the incident photon energy fiws, the emission spectrum [ xgg (fiws), the absorption
spectrum as a function of the excitation energy Ixas (Fesze), initial and final states
broadening I'i; and I'fpe, the emission line energy Fyinq—1s and final-to-1s state
transition oscillator strength gfinaics1s. Due to a relatively small separation of the Cu
2p3/2 and 2p; /s, states’ binding energies, two decay channels contribute to the measured
spectra, i.e. 2p3;» — 1s and 2p;/; — 1s. Therefore summation is done over two final
states involved, 2ps/, and 2p; ;. The emission lines’ energies (E2p3 Ja—ls and Fyy, /2_>15)
were taken from Ref. [92] and the initial and final states” broadenings (I'is, I'yp,,, and
Lop, /2) from Ref. [96]. The value of the oscillator strengths’ ratio g, Jperls / 92p, Jperls

used in calculations was 0.51.

The Ixas (Fere) data was obtained from two different sources. The data used as
reference was a high energy resolution Cu K-edge XAS spectrum measured at a syn-

chrotron (published in Ref. |[163]). The off-resonant emission spectrum, obtained by
applying the reference Iy as (Eey.) data to Eq. [V.1] is presented in Fig. [V.12|a) as a

pink line. The experimental data compared to the reference one, apart from the differ-
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Figure V.12: (a) The HEROS spectrum obtained for the Cu foil || compared to
the calculations based on the reference XAS spectra (in pink) and the theoretical
XAS spectra (by FEFF; in green). The lower panels show the density of the
most contributing unoccupied states (by FEFF) as a function of the energy of
the emitted photons. (b) Project of the Cu crystal fragment used in calculations
with FEFF. The spectrum presented in (a) was calculated for the absorbing Cu
atom located in the center of the structure (in pink) and surrounded by the

spectator Cu atoms (in orange).

ences in the obtained structures’ intensities, exhibits the same spectral features. This
demonstrates that the same electronic structure can be successfully studied both with
XAS at a synchrotron and with HEROS at an XFEL. According to the published XAS
data interpretation ,, the detected resonances A and B are due to the excitation
of the 1s electrons to the unoccupied 4p states as well as to multiple photoelectrons’
scattering probed by photons emitted in the 2p3/, — 1s core-core deexcitation. The
same excitation channels are reflected in the resonances A’ and B’. They are, however,
induced by the 2p;/5 — 1s decay channel and thus are shifted towards the low-energy
side by 20 eV, which is the difference between the binding energies of the Cu 2p3/» and
2p1/2 states.

The second Ix a5 (Feze) data used in the calculations was the Cu K-edge absorption

spectrum computed with the FEFF 9.6 program. The used input parameters were: the
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full multiple scattering (FMS) factor of 8.0 and the self-consistent field (SCF) factor
of 6.0. The off-resonant emission spectrum calculated from the FEFF’s absorption
spectrum by means of Eq. is shown in Fig. [V.12(a) as a green line. The blurring
of the incident beam energy hw, was applied to the calculated emission spectrum with
the beam’s spectral profile described by a Gaussian function with a FWHM of 1.7 eV.
The theoretical spectrum is characterized by the same resonances as the ones observed
in the experimental data. Their origin can be determined based on the density of
unoccupied states which is plotted in the lower panels in Fig. (a) as a function of
the energy of the photons emitted in the two decay channels. As shown, the observed
spectral features relate mainly to the excitations from 1s to the unoccupied p-states.
Their shape cannot be, however, fully explained without engaging the unoccupied d-
states. For example, if the structure B’ was originating from only the 1s — p excitation,
it would appear much narrower. In fact, this structure reflects the intensity of both
the 2p, /2 — 1s photons probing 1s — p transition and the 2p3/, — 1s photons probing
the 1s — d transition.

The HEROS spectra measured for the CusO and CuO samples as well as the
calculated data are shown in Fig. [V.I3] The experimental data correspond to 1237
and 1000 self-seeded pulses in case of CuyO and CuO, respectively. The incident beam
energy and the average energy of the photon pulses arriving at the samples were the
same as during the measurements on the Cu sample (i.e., 8.967 keV and 0.17 — 0.25
mJ, respectively). The HEROS signals recorded for the copper oxides are weaker than
in the case of the elemental Cu measurements mainly due to the lower concentration of
the copper atoms. They are characterized by similar broad structures below 8.040 keV
diminishing towards the low-energy side and containing similar set of resonances. The
resonances detected in the CuyO spectrum may not be, however, easily seen because of
the low statistics. Noteworthy are the multiple photoelectrons’ scattering resonances
B, and By’ in the CuO spectrum which appear much stronger than for other samples.
The origin of the By structure in the Cu,O spectrum is not yet fully understood. The
reference and the theoretical off-resonant spectra contain similar structures yet differing
from the experimental data in the intensity. In case of the copper oxides additional
contribution to the density of unoccupied states is given by the p-states of the O atoms.
As shown in the lower panels in Fig. they mix with the copper states forming
the so called hybridized states. This results in an additional excitation path involved

in the detected fluorescence, the excitation of Cu 1s electrons to the O p-states.
As demonstrated above, HEROS is a tool employable at an XFEL to study the
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Figure V.13: The results obtained for the CugO (a) and the CuO |3] (b) cop-
per oxides. Note additional O p-states contributing to the off-resonant emission

spectra.

density of the unoccupied states sensitive to the chemical environment of the scattering
atom. Further, this technique has another advantage strengthening its capability for
the chemical speciation. As explained in Chapter [T} photons detected in a HEROS
measurement are produced in a resonant inelastic X-ray scattering (RIXS) process and
their energy hw, fulfills the relation hw, = hwi — Efing — £, with the incident photon
energy hwi, final state binding energy Enq and the energy of the excited photoelectron
E. As aresult, the HEROS signal is sensitive not only to the density of the unoccupied
states (characterized by the energy E) but to the final state binding energy Efina as

well.

The electronic states are known to be shifted in energy due to solid and chemical
effects. As depicted in Fig. the measured Cu HEROS spectra shift towards lower
energies with increasing oxidation state. The observed chemical shifts of —2.2 eV for
Cu'*t and —5.4 eV for Cu?*, are much more pronounced than the shifts of the Ko

emission line reported by J. Kawai and Y. Nihei |166].

The edge of the measured HEROS spectrum, here denoted as F.u;-of, is determined
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by the energy conservation and has a value of:
Ecut-off = hwl + Efinal—)initial - Einitial' (VQ)

In the present case the HEROS spectra contain two overlapping signals coming from
the 2ps/o — 1s (Kaq) and 2py /o — 1s (Kay) decay channels. The edges marked in Fig.
(a) with dashed lines show the cutoffs of the 2p3/» — 1s signal, and their positions
are thus described by the relation Eeyiof = hwi + Eap, Ja—rls — FEi;. The measured value
Eeu-o Was used to determine the incident beam energy hw, = Eeyp-o — Fop, Ja—ls T Ei.

The shift AFE.uof for the different oxidation states x, expressed by

AFEcutoff = (Ecyo — Four) — (Ecy — Ecur )y, (V.3)

2p3/24)18

depends not only on the change of the emission line energy but also of the absorption
edge energy. The AFE. .o of —5.4(5) eV found for the CuO compound is close to the
value of —4.4(5) eV for the Cu 1s-edge binding energy measured at a synchrotron [167].
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Figure V.14: (a) The measured HEROS spectra for the Cu®, Cuy™ O and Cu?tO
samples. For the sake of comparison the spectra were normalized to 1 at 7.980
keV. The dashed lines intersect the experimental curves at their first inflection

points. (b) The obtained F.u.of values as a function of the Cu oxidation state.

V.5 Conclusion

In this work the high energy resolution off-resonant spectroscopy (HEROS) was used for
the first time at a 4" generation radiation source, an X-ray free-electron laser (LCLS,

Menlo Park, California, USA), to study the unoccupied electronic states of the Cu
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atoms. The obtained results for CuytO were compared to data reported for Cu® and
Cu?T O reported by Szlachetko et al. [3]. Since this technique requires a well defined
energy of the incident photon beam the machine was operated in the self-seeding mode.
Thanks to the single-shot feature of HEROS, the intensity of the incident XFEL pulses
influenced only the overall HEROS signal yield, leaving the shape of the measured

spectra unaffected.

The measured HEROS spectra delivered information on the density of the Cu
atoms’ unoccupied states for the three Cu oxidation states. Based on the comparison of
the experimental data to the reference and the theoretical data, it was established that
the spectral features originate mainly from the 1s — p and 1s — d electronic excitations
probed by two decay channels, namely 2ps/, — 1s (Kaq) and 2p, /o — 1s (Kaz). In the
case of the copper oxides the electronic transitions to the hybridized states consisting
of the Cu p- and d-states as well as the O p-states were probed. Furthermore, energy
shifts of the HEROS spectra with the oxidation state of the probed Cu atoms were
observed. In conclusion, the present study demonstrated that the HEROS technique
at an XFEL provides detailed electronic and structural information, and thus has the
potential for single-shot spectroscopic studies of structure dynamics on femtosecond

time-scales.
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A Reconstruction algorithms with Mathematica

The presented codes were used to reconstruct off-resonant XES spectra from XANES data or vice versa. They were
made with Wolfram Mathematica computing software in version 8.0.4 installed on a 64-bit Windows 7 operating system.
The presented algorithms are implementations of the Kramers-Heisenerg formula modified by Tulkki and Aberg
(see Eq. assuming proportionality between the fluorescence yield and the scattering cross section as well as between

the photoabsorption coefficient and the initial state-to-continuum transition oscillator strength.

Different numerical approaches were developed to optimize the calculations and to allow for cross checking of the
obtained results. Only selected functions are presented below to outline the methods used. The versions of the written
codes differ in e.g., treating the final state lifetime broadening, which in some cases is negligibly small. In such cases,
neglecting the final state width dramatically shortens the computation time and causes typically insignificant blurring

of the calculated absorption spectral curves and sharpening of the calculated emission spectral curves.

The main input data required to run the computation are XASSpectrum or XESSpectrum for calculation of an
emission spectrum or an absorption spectrum, respectively. They need to be lists consisting of two-coordinate data
points — first coordinate for the energy and another for the absorption or the intensity. The symbols E1, Ei, T'i, Ef
and T'f refer to Aw1, |F;|, [,

E f| and I'y, respectively.

Reconstruction of off-resonant XES spectra based on XANES data

In the function presented below the final state lifetime broadening is neglected which allows replacing the Lorentzian
in Eq. centered at Awi — hiwg — ’Ef} — E with Dirac delta § (lel — hwo — ‘Ef| — E) It reduces the integral to an

easily operable algebraic expression and makes calculation of the emission spectrum immediate.

( )

XASToXESNoFi nal [XASSpectrum, E1 , Ei , i _, Ef 1:=

Repl ace [XASSpect rum XASSpectrum- Sort [XASSpectrum]];
XESSpect rum= Tabl e[{
Ei -Ef +EL -Part [XASDat aPoi nt, 117,
Part [XASDat aPoi nt, 2] =
Ei -Ef +E1l - Part [XASDat aPoi nt, 1] (Ei -Ef) %= Part [XASDat aPoi nt, 1]

*

El (Part [XASDat aPoi nt, 1] -E1)2+Ti? /4

}, {XASDat aPoi nt, XASSpectr um}];
Return[Sel ect [XESSpectrum Part [#, 1] < E1 -Ef +Ti &]]

In the following code the final state lifetime broadening I'y is taken into account. It involves computation of an integral

which increases the computation time typically up to few minutes.

( )

XASTOXES[XASSpectrum, E1 , B , i, Ef , of 1:=

Repl ace [XASSpect r um, XASSpectrum- Sort [XASSpectrum]];
XASSpect runfuncti on[EExc_] : =

I nterpol ati on[XASSpect rum, EExc, InterpolationOder » 17;
i nt egrat eFronEExc = M n[Part [XASSpectrum All, 111;
i nt egrat eTOEExc = Max [Part [XASSpectrum, All, 117;

109



E2 (Ei -Ef) % EExc rf
integrand[E2 , EExc ] := — * * :
El  (EExc-E1)2+rmi?/4 (E1-E2+EH -Ef -EExc)?2+r1f?/4

XESSpectrum= Tabl e[{
E2,
NI nt egrat e[i nt egrand [E2, EExc] % XASSpect runfuncti on[EExc],
{EExc, integrateFronEexc, integrateToEexc}, PrecisionGoal - 2]
}, {E2, Ei -Ef +EL-Part [XASSpectrum, Al, 11}1;
Cl ear Al | [XASSpect runfunction, integrateFronEExc, integrateToEExc, integrand];
Ret urn[Sel ect [XESSpectrum Part [#, 1] < EL1 -Ef +Ti &]]

Reconstruction of XANES based on off-resonant XES data

The function below does not account for the final state lifetime broadening. Similarly as in the case of XASToXESNoFinal,
the computation is very short. The XANES obtained with the XESToXASNoFinal function is what Hayashi et al. refer
to as lifetime-broadening-suppressed XANES (LBS-XANES) [54}[55].

( R
XESToXASNoFi nal [XESSpectrum, E1 , Ei , i _, Ef 1:=
Repl ace [XESSpect rum XESSpectrum- Sort [XESSpectrum]];
XASSpect rum= Tabl e[{
Ei -Ef +ELl -Part [XESDat aPoi nt, 17,
Part [XESDat aPoi nt, 2] =
Part [XESDat aPoi nt, 1] (Ei -Ef ) % (Ei - Ef +EL - Part [XESDat aPoi nt, 17) )™
[ El * (Ei -Ef -Part [XESDataPoint, 1])2+ri? /4
}, {XESDat aPoi nt, XESSpectr um}];
Ret ur n [XASSpect rum]
. ] J

Calculation of an absorption spectrum using the off-resonant XES data including the final state lifetime broadening
involves solving a Fredholm equation of the first kind. The spectrum calculated with the function below is a numerical
approximation of the solution and its exactness is higher for bigger number of the input XES data points and for better
statistics of the recorded emission spectral data. In the calculation done with XESToXAS system of many equations is
solved (the computation time grows quadratically with the number of input data points) which makes the computation
quite long (typically up to tens of minutes). The algorithm fails to compute correct absorption spectrum, if the provided
XES data is of low statistics. The spectrum calculated with the following code is called by Hayashi et al. lifetime-
broadening-free XANES (LBF-XANES) [54].

s

XESToXAS[XESSpectrum, E1_, Ei , ©i , Ef , of ]:=

Repl ace [XESSpect rum, XESSpectrum- Sort [XESSpectrum]];
nunber O Dat aPoi nt s = Lengt h[XESSpect rumj;

i nt egrat eFronEExc = Ei - Ef +EL - Max[Part [XESSpectrum, All, 117;
i ntegrateToEExc = El -Ef +EL -M n[Part [XESSpectrum All, 1]1;
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i nt egr at eToEEXc - i nt egr at eFr onEEXc
EExcStep = ;
nunber O Dat aPoi nts - 1

EExcs = Tabl e[EExc, {EExc, integrateFronEExc, i ntegrateToEExc, EExcStep}];

E2 (Ei - Ef) % EExc rf
integrand[E2_, EExc_]:= — * * ;
El (EExc-E1)2+r1i2/4 (E1-E2+E -Ef -EExc)?2+1f?2/4
val uesMatri x = Part [XESSpectrum All, 27;
coefficientsMatrix = Tabl e[
Tabl e[NI ntegrate[integrand[E2, x], {x, EExc -0.5 % EExcSt ep, EExc + 0.5 = EExcSt ep},
Preci si onGoal - 2], {EExc, EExcs}], {E2, Part [XESSpectrum All, 17}1;
sol utions = Li near Sol ve [Spar seArray [coef ficientsMatrix],
Spar seArray [val ueshvatri x]1;
XASSpect rum= Transpose [{EExcs, sol uti ons}];
Cl ear Al | [nunber O Dat aPoi nt s, integrat eFr onEExc, integrat eToEEXc,
EExcSt ep, EExcs, integrand, val uesMatrix, coefficientsMatrix, solutionsi;
Ret ur n [ XASSpect rum]

. J

Another approach developed to obtain XANES spectra taking into account the final state lifetime broadening is based
on an iterative procedure. In this approach every iteration of calculation of XANES is followed by calculation of an
off-resonant XES spectrum based on the last XANES curve obtained. The calculated emission spectrum is compared
to the input XESSpectrum data and corrections are found from the ratio of the two emission spectral curves. These
corrections are applied to the last iterated XANES and the next iteration is started with the corrected XANES. This
procedure continues until satisfactory convergence between the input XESSpectrum data and subsequent calculated
emission spectra is reached. The convergence is specified by the minPrecision parameter which is the demanded
minimal average ratio between the calculated and the original data points. Usually already the value of 0.01 put on
the minPrecision parameter provides satisfactory result and is reached typically after up to ten iterations. The
maxNumberOfIterations parameter was also introduced to terminate the calculation after specified number of iter-

ations performed (which is useful in cases of slowly converging iterations).

The following example of an iterative approach used for XANES calculation is dedicated to cases where two decay
channels contribute to the measured off-resonant emission spectrum. Mo Lai,2 HEROS spectrum presented in Fig.
a) can serve as an example. Here the recorded spectrum contains overlapping contributions from both My — L3 and
My — L3 deexcitations, which is a consequence of proximity of the two final states’ energies |Eyy, | and | Ejpy, | (for molyb-
denum |Eypy, | —|Enm5| = 3.2 V). In such cases two final states’ energies E£1 and E£2 need to be specified as well as their
lifetime broadenings I'£1 and T'£2. The ratio of oscillator strengths for the two decay channels also needs to be provided
in the variable oscillatorsStrengthsRatio (for the mentioned case with Mo, oscillatorsStrengthsRatio
is equal to 0.11). Note that the iterative algorithm presented below can be easily adapted to cases with one fi-
nal state by removing from the code the variables Ef2, I'f2 and oscillatorsStrengthsRatio as well as the

integrand2[EZ2 , EExc ] function.

( )
XESToXASTwoLi neslterative[XESSpectrum, E1_, Ei _, ©i _, Efl1_, ofl_, Ef2_, f2_,

oscillatorsStrengthsRatio_, m nPrecision_, maxNunmberOflterations_] : =

Repl ace [XESSpect rum XESSpectrum- Sort [XESSpectrum]];
integrandl[E2 , EExc_] : =
E2 (El -Ef1) » EExc rfl

i

* ;
El  (EExc-E1)2+Ti?/4 (El-E2+E -Ef1-EExc)?2+rf1%2/4
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E2
integrand2[E2 , EExc_] :=oscillatorsStrengthsRatiox — *
E1l

(Ei - Ef2) % EExc rf 2

* ;
(EExc -E1)2+Ti? /4 (E1-E2+E -Ef2-EExc)2+1f2% /4

XESSpect runRescal ed = Transpose[{Part [XESSpectrum, All, 117,
Part [XESSpectrum, All, 2] 7/ Max[Part [Sel ect [XESSpect rum,
(E1 -Ef1) #0.999 < Part [#, 1] < (EL-Ef1) #1.0015 &], All, 2]11}1;

XASSpectrum teration = Tabl e [{
Ei -Ef1+EL-Part [XESDat aPoi nt, 17,
Part [XESDat aPoi nt, 2] =
Part [XESDat aPoi nt, 1] (Ei -Ef1) % (Ei - Ef 1 +EL - Part [XESDat aPoi nt, 17) )™

*

El (Ei -Ef1-Part [XESDataPoint, 1]1)2+Ti? /4

}, {XESDat aPoi nt, XESSpect r unRescal ed}];

i nt egrat eFronEExc = M n[Part [XASSpectrum teration, All, 117;
i nt egrat eTOEExc = Max [Part [XASSpectrum teration, All, 1]1;
correcti onsOnXESSpectrum= Tabl e[1., {XESSpectrunRescal ed}];
iterationsSoFar = 0;

Dol {
iterationsSoFar ++;
XASSpectrum teration = Transpose[{Part [XASSpectrunmteration, Al, 17,
Part [XASSpectrum teration, All, 2] /correcti onsOnXESSpectrum}];
XASSpectrum terationFunction[En_]:=Interpolation]
XASSpectrum teration, En, I nterpolationOder -» 17;
XESSpectrum teration = Tabl e[{
E2,
NI ntegratel[ (i ntegrandl[E2, EExc] +integrand2[E2, EExc]) *
XASSpect rum terati onFuncti on[EExc],
{EExc, integrateFronEExc, i ntegrateToEExc}, PrecisionCGoal - 2]
}, {E2, Part [XESSpectrunRescal ed, All, 11}1;
XESSpectrum terationRescal ed = Transpose[{Part [XESSpectrum teration, All, 17,
Part [XESSpectrum teration, All, 2] / Max[Part [Sel ect [XESSpectruniterati on,
(E1-Ef1) #0.999 < Part [#, 1] < (E1 -Ef1) »1.0015 &], All, 211}1;
Part [XESSpectruml terati onRescal ed, All, 2]

Part [XESSpect runRescal ed, Al l, 2]
| f [Abs[Mean[correcti onsOnXESSpectrum] - 1] < mi nPreci sion, Break[]]
}, {i, 1, maxNunberOf I terations, 1}];

Cl earAll [i ntegrand, XESSpectrunRescal ed, i ntegrateFronEExc,
i nt egrat eTOEExc, correcti onsOnXESSpect rum XASSpectrunml terationFunction,
XESSpectrunm teration, XESSpectrum terati onRescal ed];
Return[{Transpose[{Part [XASSpectrum teration, Al, 17,
Part [XASSpectrum teration, All, 2] / Max[Part [Sel ect [XASSpectrunl terati on,
-Ei %#1.001 <Part [#, 1] <E %1.0015&], All, 21131,
iterationsSoFar, Mean[correcti onsOnXESSpectrum]}]

correcti onsOnXESSpect rums=
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B The Icls.py module

The presented lcls.py module was developped to access the data in HDF5 data files recorded at LCLS. It was run on
a 32-bit Windows 7 operating system with installed Python 2.7.3, NumPy 1.6.2, H5py 2.1.2 and Matplotlib 1.1.0 and
no compatibility issues were encountered. The data files were stored in folders with paths specified by the variable
dataFilesDirectories. The presented code contains comments preceded by the # sign (in red) bringing an additional

information that maybe useful for the reader.

Each data file corresponds to one run, i.e., series of events recorded for given LCLS parameters. Among all the runs
performed only four were dedicated to the present work. The normal Cu Kay 2 fluorescence (meant for the spectrometer
energy calibration) was detected during Run 54 and the HEROS measurements with Cu®, Cu'* and Cu?* were carried

out during Runs 58, 59 and 60, respectively.

To access the data in the Run 58 from a Python console one has to first import the lcls.py module (having
previously made sure that the module’s location is among Python’s searchable paths) and then create an object of the
loadRun class defined in it. Through the created object one can retrieve different data contained in the data file as

presented in the following example:

( )

Python 2.7.3 (default, Apr 10 2012, 23:31:26) [MSC v.1500 32 bit (Intel)] on
win32

Type "copyright", "credits" or "license()" for more information.

>>> import 1lcls

Directories with the original data files: [’E:\\data_hdf5_files’,
’F:\\data_hdf5_files’]

>>> runWithCuZero=1lcls.loadRun (58)

File E:\data_hdf5_files\cxi61812-r0058.h5 opened.

71376 events (in 1 calibration cycle(s)) detected in the run.
Repetition rate: 120.0 Hz.

>>> runWithCuZero.getDetectorsReadings (10000) # for the 10000th event

array ([[ 2., -11., 0., ..., 13., =-1., =-5.1,
[ 1., -2., 1., ..., 1., 9., 8.1,
[ 13., -1., 4., ..., 2., 1., 12.7,
[ 9., 1., -1., ..., 0., 0., -1.1,
[ 3., -4., -5., ..., -6., -1., 2.1,
[ 2., 1., 1., ..., 0., -8., 3.11)

>>> runWithCuZero.getPhotonPulseEnergy (30000) # for the 30000th event
0.11647751800978057

>>> runWithCuZero.getEPulseCharge (50000) # for the 50000th event
0.15006539427839999

>>>

Due to the long code contained in the lcls.py module, it was split into six parts to improve its clarity. In the main
part presented below, the loadRun class definition is included together with the declaration of the main variables. The
remaining five parts are inserted in the loadRun class definition in the places indicated in the code. All the relevant
data is located in the /Configure:0000/Run:0000 entry in the HDF5 data files, in different CalibCycle subentries
(CalibCycle:0000, CalibCycle:0001, CalibCycle:0002 ...) corresponding to different z-axis sample positions (along
the beam direction). In this study, however, the sample was not moved along the z-axis, therefore only one CalibCycle

subentry (i.e. CalibCycle:0000) is present in the data files of interest.
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import numpy as np

import hbpy

import sys

import matplotlib.pyplot as plt

import datetime, time

S O s W N =

import os

7
8 dataFilesDirectories = [’E:\\data_hdf5 files’,’F:\\data_hdf5_files’]
9 print ’Directories with the original data files: ’+\

10 str(dataFilesDirectories)+’ .’

11

12 mainGroupDataset=’/Configure :0000/Run:0000"’

13 NAValue=-666.23185451874321987421 # value meaning ’not available’ (N/A)
14 class loadRun(object):

15 def __init__(self,runNumber):

16 self . runNumber=runNumber

17 for 1 in dataFilesDirectories:

18 if os.path.exists(’’.join((i,’\\cxi61812-r’,\

19 self.getRunNumberString(),’.h5’))):

20 dataFilesDirectory=i

21 dataFilePath="’.join((i,’\\cxi61812-r’,\

22 self.getRunNumberString(),’.h5’))

23 break

24 else:

25 continue

26 try:

27 self.dataFile = hbpy.File(dataFilePath,’r’)

28 print ’File ’+self.dataFile.filename+’ opened.’

29 except:

30 print °’Cannot read data from a file (run’+\

31 self.getRunNumberString ()+’ called).’

32 # initializing a list that will be used to assign given

33 # event number to the relevant CalibCycle

34 self.eventVsCalibCycleList=[]

35 number0fEventsInCalibCycles=[]

36 for i1 in self.dataFile[mainGroupDataset].keys ():

37 numberOfEventsInCalibCycles.append(self.dataFile[’’\

38 .join((mainGroupDataset,’/’,i,’/CsPad2x2::ElementV1/’+\
39 ’CxiSc2.0:Cspad2x2.0/data’))].shape [0])

40 self.eventVsCalibCycleList.append ([np.sum(\

41 numberOfEventsInCalibCycles) ,i,self.dataFile[’’\

42 .join((mainGroupDataset ,’/’,i,’/CsPad2x2::ElementV1/’+\
43 ’CxiSc2.0:Cspad2x2.0/data’))].shape[0]])

44 print str(self.getNumberOfEvents ())+’ events (in ’+\

45 str(len(self.eventVsCalibCycleList))+’ calibration cycle(s))’+\
46 > detected in the run.’

47 print ’Repetition rate: ’+str(self.getRepetitionRate())+’ Hz.’
48

49 def __del__(self):

50 try:
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51 print ’Closing file ’+self.dataFile.filename+’...°
52 self.dataFile.close ()
53 print ’Done.’
54 except:
55 print ’Failed to close file ’+self.dataFile.filename+’ .’
56
57 # 1) general information getters and general tools
58 # 2) electron beam parameters getters
59 # 3) photon beam parameters getters
60 # 4) motors’ positions getters
61 # 5) detectors’ readings getter
G J

In the following part are defined getter functions granting access to the general information about the run loaded.

This includes the total number of events recorded during the run, the LCLS repetition rate, the moment of acquisition

of the given event (note the time shift between Switzerland and California US) which is taken as the moment of the

detectors’ readout.

s )
62 # 1) general information getters and general tools
63 def getRunNumberString(self):
64 if len(str(self.runNumber))==
65 return ’000’+str (self.runNumber)
66 if len(str(self.runNumber))==2:
67 return ’00’+str (self.runNumber)
68 if len(str(self.runNumber))==3:
69 return ’0’+str (self.runNumber)
70 if len(str(self.runNumber))==4:
71 return str(self.runNumber)
72
73 def assignEventNumberToCalibCycle(self,givenEventNumber):
74 if O<givenEventNumber <=self.eventVsCalibCycleList [0][0]:
75 return (self.eventVsCalibCycleList [0][1],givenEventNumber)
76 else:
77 for i in np.arange(l,len(self.eventVsCalibCycleList) ,1):
78 if self.eventVsCalibCycleList [1i-1][0]<\
79 givenEventNumber <=self.eventVsCalibCycleList [i][0]:
80 return (self.eventVsCalibCycleList[i][1],\
81 givenEventNumber -self.eventVsCalibCycleList [i-1][0])
82 break
83
84 # in California timezone
85 def getEventTimestamp (self,eventNumber):
86 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
87 detectorlReading = self.dataFile[’’.join((mainGroupDataset,\
88 >/’ ,eventVsCalibCycle [0],’/CsPad2x2::ElementV1/’+\
89 ’Cx1iSc2.0:Cspad2x2.0/time’))]
90 return detectorlReading[’seconds’][eventVsCalibCycle [1]-1]-32400+\
91 l.e-9xdetectorlReading[’nanoseconds’] [eventVsCalibCycle [1]-1]
92
93 # in California timezone
94 def getEventTimeString(self,eventNumber):
95 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
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96 detectorlDataset=self.dataFile[’’.join((mainGroupDataset ,\
97 >/’ ,eventVsCalibCycle [0],’/CsPad2x2::ElementV1/’+\
98 ’Cx1iSc2.0:Cspad2x2.0/time’))]
99 return str(datetime.datetime.fromtimestamp(detectoriDataset\
100 [’seconds’][eventVsCalibCycle [1] -1] -32400))+’ . +\
101 str(int(round(detectoriDataset [’nanoseconds’]\
102 [eventVsCalibCycle [1]1-1],-5)))[:3]
103
104 def getNumberOfEvents (self):
105 return self.eventVsCalibCycleList [-1][0]
106
107 def getRepetitionRate(self):
108 try:
109 repetitionRateDataset=self.dataFile[’’.\
110 join((mainGroupDataset ,’/CalibCycle:0000°,\
111 >/Epics::EpicsPv/EpicsArch.0:NoDevice.0/Rate’))]
112 return float(repetitionRateDataset[’data’]l[’value’][0])
113 except:
114 raise
115 return NAValue
116
117 # used to eliminate 2-pixel-wide spikes appearing
118 # in the gaps between quads
119 def interpolateRowsLinearly(self,a,x,y):
120 for i in np.arange(x,y,1):
121 for j in np.arange(2,a.shape[1],1):
122 ali,jl=np.interp(i,[x-1,y],[np.mean(alx-2:x-1,31),\
123 np.mean(aly-1:y,31)1)
124
125 # to check if the argument was read successfully from its data source
126 def isNAValue (self,floatValue):
127 if floatValue==NAValue:
128 return True
129 else:
130 return False
G J

The getter functions for the electron beam parameters are defined in the part listed below. The physical units of

the values returned are written in the comments. The electron pulse duration measurements were carried out not for

each single pulse but in about one-second periods. In result their values needed to be interpolated.

s )
131 # 2) electron beam parameters getters

132 def getEPulseCharge (self,eventNumber): # in nC

133 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
134 try:

135 eBeamDataDataset=self.dataFile[’’.join((mainGroupDataset,’/’,\
136 eventVsCalibCycle [0],’/Bld::BldDataEBeamV3/EBeam’))]

137 return eBeamDataDataset[’data’][’fEbeamCharge’]\

138 [eventVsCalibCycle [1]-1]

139 except:

140 return NAValue
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141 getEEnergyAtL3 (self ,eventNumber): # in MeV

142 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
143

144 eBeamDataDataset=self.dataFile[’’.join((mainGroupDataset,’/’,\
145 eventVsCalibCycle [0],’/Bld::BldDataEBeamV3/EBeam’))]

146 eBeamDataDataset[’data’] [’ fEbeamL3Energy’]\

147 [eventVsCalibCycle [1]-1]

148

149 NAValue

150 getEPulselength(self ,eventNumber): # in femtoseconds

151 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
152

153 detectoriDataset=self.dataFile[’’. join((mainGroupDataset,’/’,\
154 eventVsCalibCycle [0],’/CsPad2x2::ElementV1/’+\

155 ’CxiS8c2.0:Cspad2x2.0/time’))]

156 ePulselLengthDataset=self.dataFile[’’.join((mainGroupDataset ,\
157 ’/?,eventVsCalibCycle [0],’/Epics::EpicsPv/’+\

158 ’EpicsArch.0:NoDevice.0/’+’Pulse length’))]

159 np.interp(detectoriDataset [’seconds’]\

160 [eventVsCalibCycle [1]-1]+1.e-9*detectoriDataset\

161 [’nanoseconds’][eventVsCalibCycle [1]-1],ePulselengthDataset\
162 [’time’][’seconds’]+1.e-9*ePulselengthDataset[’time’]\

163 [’nanoseconds’], ePulselLengthDataset[’data’][’value’])

164

165 NAValue

G J

The photon pulse energy measured in the FEE gas detector is a mean of four values obtained from two different

phototubes. The pulse energy measured in the upstream part of the detector is returned in the records £_11_ENRC and

f_12_ENRC and the one measured in the downstream part is in the records £f_21_ENRC and f_22_ENRC.

s )
166 # 3) photon beam parameters getters

167 getPhotonPulseEnergy (self ,eventNumber): # in mJ

168 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
169

170 fEEGasDetectorDataset=self.dataFile[’’\

171 .join((mainGroupDataset ,’/’,eventVsCalibCycle [0] ,\

172 ’/Bld::BldDataFEEGasDetEnergy/FEEGasDetEnergy’))]

173 np.mean ((fEEGasDetectorDataset [’data’][’f_11_ENRC’]\
174 [eventVsCalibCycle [1]-1] ,fEEGasDetectorDataset [’data’]\

175 [’f_12_ENRC’][eventVsCalibCycle [1]1-1],\

176 fEEGasDetectorDataset [’data’] [’f_21_ENRC’]\

177 [eventVsCalibCycle [1]-1], fEEGasDetectorDataset [’data’]\

178 [’f_22_ENRC’][eventVsCalibCycle[1]-1]))

179

180 NAValue

G J

The x- and y-axis stepper motor positions were probed every one second. The interpolation was done to match

the moment of the event acquisition.
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s )
181 # 4) motors’ positions getters

182 def getXMotorPosition(self,eventNumber):

183 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
184 try:

185 detectorlDataset=self.dataFile[’’. join((mainGroupDataset,’/’,\
186 eventVsCalibCycle [0],’/CsPad2x2::ElementV1/’+\

187 ’Cx1iS8c2.0:Cspad2x2.0/time’))]

188 xMotorDataset=self.dataFile[’’.join((mainGroupDataset,’/’,\
189 eventVsCalibCycle [0],’/Epics::EpicsPv/’+\

190 ’>EpicsArch.0:NoDevice.0/’+’CXI:USR:MMS:19.RBV’))]

191 return round(np.interp(detectoriDataset[’seconds’]\

192 [eventVsCalibCycle [1]-1]+1.e-9*detectoriDataset\

193 [’nanoseconds’] [eventVsCalibCycle [1]-1], xMotorDataset [’ time’]\
194 [’seconds’]+1.e-9*xMotorDataset [’time’] [’nanoseconds’],\

195 xMotorDataset[’data’][’value’]),2)

196 except:

197 return NAValue

198 def getYMotorPosition(self,eventNumber):

199 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
200 try:

201 detectorlDataset=self.dataFile[’’.join((mainGroupDataset,’/’,\
202 eventVsCalibCycle [0],’/CsPad2x2::ElementV1/’+\

203 ’CxiSc2.0:Cspad2x2.0/time’))]

204 yMotorDataset=self.dataFile[’’.join((mainGroupDataset,’/’,\
205 eventVsCalibCycle [0],’/Epics::EpicsPv/’+\

206 ’>EpicsArch.0:NoDevice.0/’+’CXI:USR:MMS:21.RBV’))]

207 return round(np.interp(detectoriDataset[’seconds’]\

208 [eventVsCalibCycle [1]-1]+1.e-9*detectoriDataset\

209 [’nanoseconds’] [eventVsCalibCycle [1]-1], yMotorDataset [’ time’]\
210 [’seconds’]+1.e-9%yMotorDataset[’time’] [’ nanoseconds’],\

211 yMotorDataset [’data’][’value’]) ,2)

212 except:

213 return NAValue

\ J

The readings from the two detectors were saved in separate datasets. The getDetectorsReadings function pre-

sented below reads and processes them and returns the result as a 2D array. The vertical 3-mm gap between detectors

is replaced by pixels with zero values, as well as is the horizontal 5-mm gap between the pads in each detector (see

and a) for the detectors’ orientation). The badPixels list contains the coordinates of the pixels that were found

to be always insensitive to the measured signal. The pixels indicated in the suspectedPixels list occasionally returned

wrong values.

s )
214 # 5) detectors’ readings getter

215 def getDetectorsReadings (self,eventNumber ,roi=None,\

216 dataToReturnIfRoi=’spectrum’):

217 pixelWidth=110 # in microns

218 verticalGapInMm = 3. # the gap between detectors, in mm

219 horizontalGapInMm = 5. # the gap between pads, in mm

220

221 eventVsCalibCycle=self.assignEventNumberToCalibCycle (eventNumber)
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222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

# detectors’ readings

detectorilReading = self.dataFile[’’.join((mainGroupDataset,’/’,\
eventVsCalibCycle [0],’/CsPad2x2::ElementV1/’+\
’CxiSc2.0:Cspad2x2.0/data’))] [eventVsCalibCycle [1]-1]
detector2Reading = self.dataFile[’’.join((mainGroupDataset,’/’,\
eventVsCalibCycle [0],’/CsPad2x2::ElementV1/’+\
’CxiSc2.0:Cspad2x2.1/data’))] [eventVsCalibCycle [1]-1]

verticalGapInPixelsArray = np.zeros((detectorlReading.shape[1],\

( (verticalGapInMm*1.e+3/pixelWidth))))
rawDetectorReading=np.concatenate ((np.transpose(detectoriReading)\
[0] ,verticalGapInPixelsArray ,np.transpose(detectoriReading) [1]),\
axis=1)
detectorReadingTop = np.concatenate((np.transpose (\
detector2Reading) [0] ,verticalGapInPixelsArray ,np.transpose (\
detector2Reading) [1]) ,axis=1)
horizontalGapInPixelsArray = np.zeros (( ( A\
horizontalGapInMmx*1.e+3/pixelWidth)) ,rawDetectorReading.shape[1]))
rawDetectorsReading = np.concatenate ((rawDetectorReading,\

horizontalGapInPixelsArray ,detectorReadingTop),axis=0)

detectorReadingTop

correctedDetectorsReading=rawDetectorsReading.copy ()

# removing the lines splitting the quads
self.interpolateRowsLinearly(correctedDetectorsReading,193,195)
self.interpolateRowsLinearly (correctedDetectorsReading ,608,610)

# correcting troublesome pixels
suspectedPixels=np.array ([[132,225],[220,26],[386,421],[316,124],\
[182,616] ,[183,438],[183,182],[384,793],[306,26]1,[388,204],\
[70,196],[305,261,[255,77],[183,186]1,[131,225],[315,123],\
[317,123]1,[317,125],[315,1256],[178,315],[163,200],[162,2],\
[162,1],[317,124]1,[315,124],[316,123],[316,125],[374,378]1)
thresholdValue=1.6 # times the mean of local pixels
i (suspectedPixels.shape [0]):
correctedDetectorsReading [suspectedPixels [i,1],\
suspectedPixels[i,0]]>thresholdValuex*\
correctedDetectorsReading [suspectedPixels [i,1]-1:\
suspectedPixels[i,1]1+2, suspectedPixels[i,0]-1:\
suspectedPixels [i,0]+2] .mean():
correctedDetectorsReading [suspectedPixels [i,1],\
suspectedPixels [i,0]]=0.
badPixels=np.array ([[131,226],[132,224],[130,225],[317,124],\
[315,124],[316,123],[316,125],[315,125],[317,125],[317,123],\
[315,123],[131,226],[131,224],[130,225] ,[130,224],[130,226],\
[132,226],[272,78],[371,183],[301,111],[176,441],[76,482],\
[26,547],[390,10],[390,640],[385,74411)
i badPixels:
correctedDetectorsReading [1i[1] ,i[0]]=np.mean (\
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272 [correctedDetectorsReading [i[1]-1,i[0]],\

273 correctedDetectorsReading [i[1]+1,i[0]]11)

274

275 # returning detector reading (array) if no ROI was specified;
276 # otherwise, returning projection from roi

277 roi==None:

278 correctedDetectorsReading

279

280 np.asarray(roi).shape==(2,):

281 eventRoiData=correctedDetectorsReading[:,\

282 (roi): (roi)+1]

283 roiSpectrum=np.empty ((eventRoiData.shape [0],2))
284 i (eventRoiData.shape [0]):

285 roiSpectrum[i,0]=1i+1

286 roiSpectrum[i,1]=eventRoiDatal[i,:]. O

287 np.asarray (roi).shape==(2,2):

288 roi=np.asarray(roi)

289 eventRoiData=correctedDetectorsReading[roi[:,1]. O\
290 roil[:,1]. O+1,r0i[:,0]. ():roil:,0]. ) +1]
291 roiSpectrum=np.empty ((eventRoiData.shape [0],2))
292 i (eventRoiData.shape [0]):

293 roiSpectrum([i,0]=i+roil[:,1]. (O)+1

294 roiSpectrum[i,1]=eventRoiDatal[i,:]. @)

295 dataToReturnIfRoi==’spectrum’:

296 eventRoiData

297 roiSpectrum

298 dataToReturnIfRoi==’array’:

299 eventRoiData

\
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