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Résumé de la these

Cette these s’intéresse a 1’étude des dommages radio-induits par les rayonnements
ionisants. Elle s’intégre dans le cadre du projet ANR HighEneCh (ANR-17-CE30-0017)
qui regroupe un consortium de spécialistes couvrant la spectroscopie électronique et
l'instrumentation des grandes installations (SOLEIL, UPMC-LCPMR), la chimie des
rayonnements (CEA-NIMBE), les systémes microfluidiques (CEA-NIMBE) et les
dispositifs d'irradiation par les rayons X-mous et les simulations de dynamique moléculaire
ab initio (UPMC - IMPMC), dans le but d’apporter des connaissances fondamentales sur
les différents mécanismes impliqués dans la chimie déclenchée, en milieu aqueux, par des
photons de haute énergie dans les domaines des rayons X mous et durs. Bien que tres
largement étudiée, la description de 'interaction rayonnement matiere reste en effet encore
incomplete, car il s’agit d’un probleme complexe tant sur le plan spatial que temporel. Si
'interaction rayonnement matiére a lieu dans un intervalle de temps tres court (de 'ordre
de 10 s), elle induit des modifications chimiques et biologiques qui impactent le systéme
sur plusieurs heures. Par ailleurs, dans un environnement biologique, les molécules d’eau
étant majoritairement présentes, elles demeurent la cible privilégiée des ionisations[1], [2].
La radiolyse de l'eau et les effets indirects induits aux biomolécules par les radicaux de
'eau sont donc d’un intérét particulier[3].

Cette étude se concentre sur le cas particulier des rayons X de basse énergie (200 eV-
2 keV), dits X mous, dans les liquides. Ces rayonnements, bien que tres peu utilisés en
radiothérapie, constituent en effet un systeme modele pour la compréhension des
évenements fortement ionisants que sont les ionisations en couche internes. Plus
spécifiquement, lorsque des photons interagissent avec un systéme chimique, ils transferent
une partie de leur énergie créant ainsi des excitations et ionisations dans la matiere. Du
fait de leur basse énergie, les rayons X-mous interagissent préférentiellement avec les
électrons de la couche interne des atomes qui constituent la matiere biologique, comme le
carbone, 'azote ou l'oxygene, des lors que I'énergie du photon incidente est supérieure a
I'énergie de liaison de I'électron de coeur. Ce dernier est alors éjecté (Figure 1.(a)). Il s’agit
d’une maniere plus générale de l'effet photo-électrique, expliqué par Einstein (Prix Nobel

1921). Dans le cas d’atomes légers, tels que le carbone, I'azote ou I'oxygene, la lacune en
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couche interne est ensuite préférentiellement comblée par un électron de la couche externe,

conduisant & 1’émission d’un électron Auger[4], comme lillustre la Figure 1.(b).
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Figure 1: Schéma du processus de photo-ionisation en couche interne (a) effet photo-électrique puis
désexcitation par effet Auger (émission d’électron Auger) ou fluorescence (émission de photon). (b)
Probabilité des deux processus de désexcitations, et mise en lumiére de la désexcitation préférentielle par
voie non radiative (effet Auger) dans le cas d’échantillons biologiques (matiére organique).

L’ionisation en couche interne conduit donc a I’émission d’électrons de basse énergie
(<1 keV), tres ionisants. Ces électrons sont en effet des particules a haut transfert d’énergie
linédique (TEL), qui déposent toute leur énergie dans des volumes nanométriques,
conduisant & la formation de « clusters » d’ionisation[5]. Ainsi, méme si les ionisations en
couche internes restent des événements rares pour les rayonnements de haute énergie (tels
que les rayonnements en radiothérapie), ils n’en restent pas moins d’une importance
capitale en raison de leur grande efficacité radio-biologique|[6], [7]. Des études pionnieres
conduites par I’équipe de D.T. Goodhead a la fin du 207 siécle ont par exemple démontré
que les rayons X-mous étaient plus efficaces que les rayons X de plus haute énergie, a dose
équivalente, pour conduire & l'inactivation de cellules biologiques[8]. Ce phénomene a
rapidement été mis en lien avec la structure de trace, c’est-a-dire la répartition des
ionisations dans la matiere[9]. Plus précisément, ces études ont mis en évidence
I'importance des électrons de basse énergie dans les effets létaux des particules de bas
TEL[10], [11]. Pour autant, '’étude des rayons X-mous dans un milieu condensé, tel que
I'eau liquide, est rendue difficile en raison de la faible pénétration de ces rayonnements

(quelques microns pour des photons de 1 keV).
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L'un des principaux objectifs de cette these est d’étudier la production d'especes
radiolytiques dans les échantillons aqueux, afin de comprendre les mécanismes physico-
chimiques impliqués lors de lirradiation d’un soluté par des photons X-mous. En
particulier, elle s’est attaché a la compréhension des conséquences radiochimiques d’une
ionisation en couche interne autour des seuils K d’atomes spécifiques (C, N, O ou sels
métalliques), généralement présents en grande abondance dans les échantillons biologiques.
Enfin, cette these apporte également une description de ces évenements d’ionisation en
couche interne a des temps ultra-courts (femto seconde) par le biais d’études de
spectroscopie d’électrons. En outre, cette approche permet de sonder les évenements
initiateurs de la chaine complexe des phénomenes physico-chimique pouvant mener a des

dommages sur des biomolécules, tels que ’émission d’électrons Auger.

I. Chimie initiée dans les liquides par l'exposition aux rayons X-mous

Afin d‘étudier les processus de radiolyse de I'eau dans les liquides, nous avons décidé
de quantifier la production des radicaux de l'eau, tel que le radical hydroxyle (HO’). La
forte réactivité de ce radical empéche sa quantification directe. Une stratégie est donc de
mettre en place un systeme de sonde chimique basée sur la quantification de produits
stables, formés par réaction de la sonde avec les radicaux produits dans la solution[12].
Dans la littérature, les expériences de radiolyse de ’eau sont bien souvent réalisées pour
des énergies de photon supérieures a 1.5 keV en utilisant le dosimetre de Fricke (oxydation
du sulfate de fer)[13]. Certaines études ont néanmoins été conduites plus récemment[14],
[15] pour les rayons X de plus basse énergie. Elles ont montré que le rendement des
radicaux HO', mesuré quelques microsecondes apres le dépot d’énergie, présentaient un
minimum de production autour de 1.5 keV. Une telle diminution est généralement
attribuée a de fortes densités d’ionisation, qui s’accompagnent de réactions précoces des
radicaux au sein des traces[9]. Plusieurs études théoriques modélisant le parcours des
électrons[16], [17] ou des photons[18], [19] dans 'eau liquide, ont par ailleurs reproduit ce
minimum. Pour autant, les données expérimentales de la littérature ne permettent pas de
rendre compte de la structure spatiale du dépot d’énergie dans la trace, caractéristique du

TEL de la particule. Le but de cette partie est donc d’optimiser a la fois les techniques
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d’irradiation et les techniques de détection des dommages/radicaux produits, afin de
permette I’étude des effets de ces rayons X-mous peu pénétrants.

Dans le cadre de cette these, nous avons choisi d'utiliser un systéme de détection par
fluorescence, basé sur le piégeage chimique des radicaux HO' par des ions benzoate
(principe détaillé dans la Figure 2). Cette molécule aromatique réagit spécifiquement avec
les radicaux hydroxyles, conduisant a la production d’une molécule fluorescente: le 2-
hydroxybenzoate (2-HOBz)[20]. Grace a lextréme sensibilité de la technique de
fluorescence (seuil de détection ~10°mol/L) et la stabilité chimique du systeme[21], il est
possible de suivre la production des radicaux plusieurs heures apres l'irradiation. Grace a
I’évolution linéaire du signal de fluorescence en fonction de la dose, il est possible de

remonter directement au rendement de production des radicaux G(HO").
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Figure 2: Principe de la méthode de piégeage des radicaux hydroxyles: (a) Réaction
d’hydroxylation du benzoate et vitesse de réaction, (b) Détection du signal de fluorescence des
échantillon irradiés, (c) Evolution de la concentration des radicauz hydroxyles en fonction de la

dose et détermination du rendement de production (G(HO')).

Des irradiations ont été initialement conduites dans une cuve statique contenant 1 mL
d’échantillon (profondeur 1 cm), sur la ligne METROLOGIE du synchrotron SOLEIL.
Cela a été rendu possible grace a l'utilisation d'un systéeme d’extraction du faisceau
synchrotron a l'air (dispositif IRAD[22], [23]). Nous avons ainsi mesuré ’évolution du
rendement de production du radical hydroxyle en fonction de I’énergie des photons, qui

présente un minimum vers 1.28 keV (Figure 3.(a)). Ce minimum, en bon accord avec les

données de la littérature, semble caractéristique des « clusters » d’ionisations.
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Figure 3: Production de radicauz hydroxyles dans des solutions de benzoate irradiées par des rayons
X-mous : (a) Rendement G(HO') en fonction de l'énergie de photon, (b) Evolution temporelle du
rendement. Les mesures en cuve statique (symboles pleins) et en cellule microfluidique (symboles vides)

sont comparées aux mesures de Fulford et al [14], et a des simulations

Par ailleurs, en augmentant la concentration de la sonde dans le milieu, il est également
possible d’avoir des informations sur la répartition spatiale des especes produites a des
temps plus courts . En irradiant des solutions de benzoate de sodium de concentration
croissantes (1 mM a 1 M), il a ainsi été possible de mesurer les rendements de production
dans une gamme de temps allant de 170 ns a 170 ps. Ces mesures, couplées a des
simulations de Monte-Carlo conduites par Benoit Gervais (GANIL, Caen), ont permis de
démontrer que les rayons X se comportaient comme des particules de haut TEL. Ces

données ont fait 'objet d’un premier papier[24].

En raison de la faible pénétration des rayons X-mous, la dose déposée est beaucoup
plus importante en surface et conduit a un dépot tres inhomogene de 1'énergie. Afin
d’optimiser lirradiation, une cellule microfluidique, initialement développée pour des
mesure de microscopie X (STXM [25]), a été adaptée pour les expériences d’irradiations
sous rayons X-mous. Cette cellule microfluidique (présentée en Figure 4.(a)), constituée
de deux membranes de silicium, placées en sandwich et maintenue par un un systeme de
serrage, permet la circulation du fluide dans un canal de 5 pm d’épaisseur. La cellule
microfluidique comprend une fenétre ultrafine de nitrure de silicium (0.3 mm x 1mm, 150
nm d’épaisseur), choisie pour sa trés bonne transmission du faisceau X-mous. Afin

d’optimiser la robustesse du systéme, les premiéres irradiations ont été conduites sur un
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systéme comportant une seule fenétre a l'avant de la cellule (fenétre d’irradiation). I a

donc fallu penser a un systeme d’alignement sur ligne synchrotron.
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Figure 4: Cellule microfluidique pour irradiation sur ligne synchrotron: (a) Schéma du
dispositif, (b) Photographie de l'installation sur la ligne METROLOGIE : (D Scintillateur +
Caméra, (2) Cellule microfluidique, (3) Photodiode avec un masque en laiton, (c) Schéma du

circuit microfluidique permettant Uinjection et la collection des échantillons.

Le premier systéme (1) permet d’ajuster la géométrie du faisceau synchrotron a celle
de la cellule, grace a une cible aux dimensions de la cellule gravée sur le YAG:Ce. La
photodiode (2), quant & elle, permet de déterminer la dose déposée dans les échantillons.
Un masque en laiton couvre la surface de détection, afin de ne laisser qu’une ouverture
aux dimensions de la fenétre d’irradiation. Cela permet a la fois d’aligner la cellule, en
utilisant les positions relatives connues de chacun des éléments, mais également de mesurer
précisément la dose déposée.

La cellule est intégrée dans un circuit microfluidique alimenté par un controleur en
pression (Figure 4.(c)). Des vannes permettent de sélectionner les chemins de circulation
du fluide et des débitmetres, placés en amont et en aval de la cellule permettent de mesurer

précisément le débit. Ce dernier point est trés important puisqu’il permet de déterminer
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le temps d’exposition du fluide qui circule dans la cellule. Une fois irradié, I’échantillon est
collecté et analysé par la suite par fluorimétrie.

Le développement de cette cellule, couplé a I'utilisation du benzoate comme dosimetre
chimique, a démontré une grande sensibilité et une grande stabilité. Les résultats obtenus
sont en bon accord avec les données obtenues en cellule statique, comme l'illustre la Figure
3. Ce développement technique a par ailleurs fait I'objet de la publication d’un deuxieme
article[26].

Par la suite, afin d’optimiser les irradiations et d’accéder a des énergies de photons
plus basses (seuil K du carbone par exemple), de nombreux développements ont été
effectués. Une premiere étape a été 'intégration de la cellule dans une chambre sous vide.
Ce dispositif a été testé sur la ligne PLEIADES du synchrotron SOLEIL. Afin de permettre
I’alignement dans cette espace réduit et inaccessible une fois monté, une seconde fenétre a
été ajoutée a larriere de la cellule microfluidique pour permettre de travailler en
transmission. Un dispositif, utilisant des cellules de silicium photomultiplicatrices, a été
installé a l'arriere de la cellule microfluidique afin de détecter le faisceau transmis. Ce
systeme a grandement facilité I'alignement de la cellule sur les lignes synchrotron. Enfin,
des optimisations ont été faites visant a limiter le temps d’expérience. Cela a été possible
grace a l'automatisation des irradiations via la programmation du systéme microfluidique
(débits, collecte). D’un point de vue analytique, des développements sont en cours pour
permettre une analyse du fluide directement a la sortie de la cellule microfluidique (UV-
visible, spectrométrie de masse). Ces dispositifs d’analyse «en ligne» permettent d’éviter
la collecte des échantillons et constituent ainsi un gain de temps évident. D’ors et déja,
grace au développement de ce systéme microfluidique, I'irradiation des échantillons aqueux
est trois a quatre fois moins coiiteuse en temps. Cela a notamment permis d’étudier
différents seuils d’ionisation. En particulier, nous nous sommes intéressés aux seuils K des
ions métalliques. Des études théoriques suggerent en effet que I'ionisation en couche interne
d’éléments comme le magnésium conduit a des transferts d’énergie localisés dans la
premiere sphere de solvation de 'ion. Pour autant, nous n’avons pu détecter aucun effet
de l'ionisation en couche interne de ces ions sur les rendements de production des radicaux

hydroxyles. Pour autant, nous avons noté des différences de rendement en présence ou
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absence de sels lors de l'irradiation par des rayons X de basse énergie. Ces phénomenes
semblent pourtant ne pas intervenir pour des particules de plus bas LET (rayons gamma).

Afin d’apporter une description globale des processus d’excitation ou ionisation en
couche interne et tenter de comprendre les transfert d'énergie solvant/solutés intervenant
aux temps ultra-courts, une deuxieme partie du projet s’est attachée a 1'étude

spectroscopique de solutions aqueuses.

II. Etudes des événements précurseurs : I’ionisation en couche interne

Les processus de photo-ionisation (effet photo-électrique et effet Auger) interviennent
dans des temps ultra-courts (femto-seconde). Pour autant, ces processus constituent
I’élément déclencheur d’une cascade d’évenements conduisant bien souvent a l'inactivation
complete des cellules irradiées[23], [27], [28]. Il est donc nécessaire de comprendre les
changements électroniques initiés au sein des molécules afin d’apporter une description
compléete du processus de dépot d’énergie. Dans ce domaine, la spectroscopie de
photoélectrons (PES ou XPS en anglais) est tres largement développée. Cette technique,
basée sur leffet photo-électrique, consiste a analyser 'énergie cinétique des électrons
arrachés a la matiere sous l'irradiation d’un faisceau X. L’énergie cinétique des électrons
(Ex) est directement reliée a 1'énergie des photons (E = hv): E, = E — Eg’. 1l est donc
possible d’identifier les éléments constituant I’échantillon en remontant a leur énergie de
liaison (E). En analyse XPS, le signal mesuré dépend non seulement de la concentration
atomique mais également de l'environnement chimique de ces atomes. I s’agit donc
d’obtenir des informations sur la structure méme de I’échantillon. Afin de limiter les
collisions des électrons éjectés avec les molécules de gaz (freinage), les mesures XPS sont
classiquement effectuées sous ultra-vide (<10 mbar) et donc particulierement utilisées
pour l'analyse des surfaces d’échantillons solides[29]. Néanmoins, de nouveaux systémes de
jet liquide sous vide ont vu le jour afin de permettre I'analyse de liquides hautement
volatils, tels que les solutions aqueuses[30]. Ces dispositifs, illustrés en Figure 5, consistent
a injecter a forte pression (plusieurs bars) une solution & travers un capillaire en verre, le

« nozzle ». Il en résulte un jet (040 pm a 60 pm) stable sur quelques centimétres.

'h est la constante de Planck, et v est la fréquence du rayonnement incident.
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L’injection d’un fluide hautement volatile dans un environnement ultravide conduit a son
évaporation et donc une augmentation locale de pression. Un systeme de pompage
différentiel est donc nécessaire pour assurer la stabilité de 'expérience. D’autre part, il est
important d’optimiser 'alignement du jet avec le faisceau synchrotron afin de pouvoir
détecter les électrons de la phase liquide. Les électrons arrachés sont ensuite collectés par
I’analyseur pour permettre leur détection. Afin de déterminer leur énergie cinétique, des

analyseurs de type hémisphériques sont classiquement utilisés.

(a)

Nozzle
Liquid jet

Vapor phase

Figure 5: Dispositif d'analyse XPS sur micro-jet liquide sous vide: (a) schéma de
principe, (b) photographie du montage.

Le dispositif de jet liquide sous vide développé a PLEIADES, présenté en Figure 5,
utilise un systéme de «catcher» chauffé, qui permet de collecter le fluide étudié par XPS,
afin de lanalyser par d’autre méthodes. Une premiere étape a été de démontrer les
performances d’un tel dispositif pour 1’étude de molécules solvatées, allant de la petite
molécule chimique jusqu’aux grandes biomolécules, telles que des protéines. En outre, une
étude complete a été réalisée sur le benzoate pour connaitre en détail sa structure
électronique, la maniere dont il se répartit dans le jet liquide et les effets de concentration
de la solution sur cette répartition.

Il était également important de vérifier que le passage de biomolécules fragiles dans le
dispositif de jet liquide sous vide, et particulierement leur récupération via le catcher
chauffé, ne modifiait pas les propriétés de ces molécules (fragmentation, dénaturation, etc).
Ces tests ont été conduits sur 'albumine de sérum bovin (BSA), une protéine bien connue

et pouvant étre utilisée a haute concentration (~0.5 mM — 40 g/L) [31]. Grace a ce systeme,

9




French Abstract

des spectres de la BSA en phase liquide ont été enregistrés pour la premiere fois avec des
mesures XPS haute résolution. Grace a différentes techniques de caractérisation (UV-vis,
électrophorese sur gel, dichroisme circulaire), il a été démontré que la protéine avait
conservé sa conformation naturelle apres son passage dans le jet liquide. Par comparaison
des résultats en phase liquide et solide (analyse XPS en laboratoire), il a été possible de
mettre en évidence les effets du solvant sur les propriétés électroniques du soluté. Plus
précisément, les diagrammes des différentes bandes électroniques de la BSA (solvatée ou
non) ont pu étre déterminées.

Dans le cadre du projet HighEneCh, le micro-jet liquide a également été couplé a un
spectrometre en temps de vol de type bouteille magnétique, pour permettre des mesures
uniques de coincidence électron-électron. Ce systeme consiste a former des lignes de champ
magnétique, a l'aide d'un aimant, pour renvoyer vers le détecteur tous les électrons
produits au niveau de l'interaction échantillon/faisceau X. L’énergie cinétique des électrons
est ensuite déterminée en mesurant leur temps de vol (temps pour atteindre le détecteur).
Grace a la structure temporelle pulsée du synchrotron, et le fait que ce systéme collecte
quasiment tous les électrons, il est possible de corréler chaque photoélectron avec les
électrons Auger associés a son émission. Les mesures XPS (photoélectrons) apportent des
informations sur I’énergie des électrons émis et sur la dissipation d'énergie due a la présence
du solvant. Les processus de désexcitation coulombienne (ICD) et de transfert d'électrons
(ETMD)? qui surviennent en phase condensée, ont été décrits pour la premiere fois par
Cederbaum et al.[32]-[34]. Lorsque ces derniéres sont mises en corrélation avec 1'émission
d’électrons Auger, elles permettent de fournir des informations sur les différentes voies de
relaxation des biomolécules en milieu aqueux. Plus précisément, les mesures en
coincidences permettent de filtrer tous les évenements, pour lesquels un, ou deux électrons,
ont été détectés (photoélectron et Auger électrons), en fonction de ’énergie cinétique des
photoélectrons. Nous avons ainsi pu obtenir les spectres Auger issus de l’ionisation
spécifique d’une fonction chimiques dans différentes molécules solvatées comportant un
cycle aromatique. Les différences observées dans les spectres Auger corrélés aux

photoélectrons issus de différents types de carbone montrent que différent états finaux

2Interatomic/Intermolecular Coulombic Decay (ICD et Electron-Transfer-Mediated Decay (ETMD) respectivement.
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sont peuplés. Ils nous informent donc sur la structure électronique des dications formés et
Iénergie des différents électrons émis dans le milieu. Ces informations sont essentielles
pour les calculs théoriques, qui pourront ainsi permettre de simuler les processus initiaux

conduisant a la dégradation ou fragmentation de la molécule.

Conclusion

Cette these, a l'interface chimie-physique, présente deux approches complémentaires
pour l'étude des irradiations par des rayons X-mous. Prenant pour point de départ la
description de la radiolyse de I'eau dans le cas particulier de ces rayonnements, elle cherche
ensuite a remonter aux processus initiaux, a savoir la photo-ionisation. Toutes ces études
ne pourraient étre rendue possibles sans les développements techniques associés a 1’étude
de ces radiations peu pénétrantes. En particulier, ce projet décrit la mise en place et le
développement d’une cellule microfluidique utilisée avec succes sur des lignes synchrotron.
Ce dispositif, par ses caractéristiques (dimensions, résistance chimique, couplage
analytique), offre une grande adaptabilité. En outre, si ce projet s’est focalisé sur I'analyse des
radicaux de l'eau, les échantillons utilisés ont toutefois été tres divers, allant de la petite
molécule chimique (benzoate de sodium) a des systémes beaucoup plus complexes comme
des protéines (Cytc).

Les résultats présentés dans cette thése sont un premier pas vers la compréhension des
dommages induits par les électrons de basse énergie. Les différentes expériences
d’irradiations ont toutefois mis en évidence la difficulté d’observer les processus
d’ionisation en couche interne. En particulier, les effets de seuils prédit théoriquement sont
complexes a observer expérimentalement. Les études spectroscopiques en phase liquide
semblent cependant trés prometteuses pour étayer la description des effets des électrons
de basse énergie produits lors de la photoionisation. L’analyse des résultats en coincidence
est par ailleurs toujours en cours. Enfin, il faut soulever I’étroite collaboration avec des
théoriciens venant soutenir les résultats de ce manuscrit. Il faut a ce sens noter que, de
maniere analogue, de nombreux résultats expérimentaux viennent eux aussi compléter les

données d’entrée des simulations, en particulier pour les calculs de type Monte-Carlo.
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Introduction

Life on Earth is a life full of radiation. We are indeed constantly exposed to natural
radiation, either electromagnetic (solar radiation, terrestrial external radiation) or
corpuscular (cosmic radiation and natural radioactivity). The study of radiation-matter
interactions is therefore fundamental to the interpretation of the evolution of our
surrounding world. Motivated by the understanding of the damage mechanisms of ionizing
radiation, the vast field of light-matter interaction is constantly enriched by developing
new experimental techniques and theoretical methods.

When radiation penetrates matter, it interacts with it and transfers energy to it. The
radiation is characterized as ionizing if the energy deposited is high enough to detach an
electron from matter, i.e., energy superior to the electron's binding energy (BE). The
amount of transferred energy is then characterized by the dose absorbed by the material,
commonly expressed in gray (Gy) (equivalent to one joule absorbed per kilogram)[1]. Since
the beginning of the twentieth century, scientists have attempted to understand the
deleterious effects of ionizing radiations, such as X-rays and Gamma-rays (y-rays), whose
properties are widely used in the scientific field and the industry. Biological effects could
result from a long series of multi-scales processes initiated by the deposition of energy by
the incident ionizing radiation in the medium. If the interactions start at the atomic level
(atto- to femtosecond time scales) and impact the molecular level (femto- to pico-second
time scales), they can ultimately affect the behavior of a cell for hours or days and
eventually lead to the death of a living organism after months to years. In order to improve
therapeutic applications and radioprotection, the effects of primary radiations and
secondary particles generated in matter (photons, electrons, ions) and their consequences
at different levels must be described. Today, radiotherapy represents on average 50% of
cancer treatments, complementing and sometimes even replacing surgical and chemical
treatments[2]. The proper functioning of cells and their regeneration depends on the
structural integrity of each deoxyribonucleic acid molecule (DNA) present in the nucleus
of cells. It contains and regulates all the genetic information of the organism. The efficiency
of radiotherapy treatments relies on the ability of high-energy ionizing radiation to induce

critical lesions on such biomolecules (DNA strand breaks, genetic mutations, chromosomal
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aberrations...)[3]. In living cells, biomolecules are often surrounded by water molecules that
also interact with radiation. The decomposition of water through exposure, namely water
radiolysis, leads to the production of highly reactive oxygen species (ROS)[4], [5]. The
alterations of biomolecules induced by ROS are commonly referred to as indirect damage
(indirect effect), as opposed to damage caused by the direct ionization of biomolecules
(direct effect).

In the context of radiobiology, the effects of ionizing radiation have been investigated
for many years to identify energy transfer mechanisms, degradation processes, and repair
mechanisms of living cells[6], [7]. Experiments conducted on cellular inactivation
demonstrated that low energy X-rays, namely soft X-rays (0.1-2 keV energy range), were
more efficient at inducing lethal effects than higher energy photons for the same amount
of absorbed dose[8]-[11]. They evidenced that biological effects can no longer be described
by macroscopic concepts such as the dose, as they depend on many other factors (type
and energy of radiation, type of biological system)[8], [10]. In the light of these studies,
Goodhead and his co-workers highlighted the importance of bringing a detailed description
of the energy deposition at the molecular scale[12], [13]. They thus investigated the
repartition of ionizations and excitations generated along the path of the primary particle
and secondary electrons, commonly defined as the “track”[14]. Thanks to combined
experimental and theoretical studies, Goodhead and his colleagues established a correlation
between intense and localized energy deposits at the nanometric scale (typically in the
order of DNA lateral dimensions) and the lethal effects generated in cells. This model of
ionization clusters established thanks to the use of soft X-rays, ascribes the lethal effect of
high energy photons to ionization clusters produced at the end of low-energy electrons
tracks[15], [16].

Subsequently, a second model presented by Chetioui et al.[17] suggested that initial events
of cell killing could occur at the atomic scale itself. The authors first showed that cellular
inactivation cross-sections were correlated to the ones of inner-shell ionizations (K-
ionization) of DNA atoms, in the case of heavy ions. A later study, conducted on y-rays
and 100 keV electrons, evaluated that DNA core-ionization events could be responsible for
75% of cells' inactivation[18]. With the advent of synchrotron radiation and its large
tunability in photon energies, X-rays were used to probe core-ionization events on
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biological samples. Early experiments were conducted on biological samples at atmospheric
pressure by comparing the effect of equal doses of radiation below and above the
Phosphorus-K edge (2153 eV). Even for a minor elemental constituent of DNA such as
phosphorus, results evidenced the lethal and mutagenic effectiveness of core
ionizations[19]-[21]. Later, a dedicated set-up was developed to investigate the biological
effect of carbon and oxygen atoms’ core ionizations[22]-[25]. Unfortunately, given the high
attenuation of soft X-rays in condensed matter (only a few microns in liquid water), the
irradiation studies on liquid samples remain scarce in this range of energy. Many studies
have thus been carried out on dry films of DNA components, such as 2-deoxy-D-ribose or
plasmid DNA[26], [27]. However, the absence of an aqueous environment highly modifies
irradiation processes, both in terms of direct and indirect effects. Water molecules are
indeed known to play a significant role in the intrinsic properties of biomolecules
(electronic and three-dimensional structure, interactions with molecular environment,
charge transfer).
Spectroscopic techniques, in particular in the soft X-ray energy range, are particularly well
adapted to determine such properties. Similarly, essential contributions in biology are
brought by X-ray and electron-based techniques such as TEM (Transmission Electron
Microscopy), STXM (Scanning Transmission X-ray Microscopy), STM (Scanning
Tunneling Microscopy), for instance. The development of such techniques for the study of
biomolecules raises the question of beam-induced radiation damages. Sample evolution
under beam irradiation indeed remains one of the significant problems when using an
ionizing radiation beam. It is all the more accurate with the arrival of the new fourth-
generation synchrotrons, which produce a more intense and focalized photons beam.
The objective of this thesis is to propose a way to study core-ionization effects on solvated
biomolecules. The driving issues are:

- What are the critical events that cause the biological effects of ionizing radiation?

- What is the role of core-ionization?

Two approaches are combined to bring a precise idea of the different physico-chemical
processes that may occur during soft X-rays irradiation. The first one consists of a physico-

chemical study of the radiobiological effects induced by soft X-rays irradiation. The second
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one proposes a spectroscopic approach to investigate initial processes of dose deposition at
the atomic scale: the photoionization.

This thesis is part of the ANR-17-CE30-0017 HighEneCh project, which brings , ther
a consortium of specialists in electronic spectroscopy and instrumentation of large facilities
(SOLEIL, Sorbonne University-LCPMR), radiation chemistry, and microfluidic systems
(CEA-NIMBE) and ab initio simulations of molecular dynamics, soft X-ray irradiation
setups and associated dosimetry (Sorbonne University-IMPMC), with the aim of providing
fundamental knowledge on the different mechanisms involved in the chemistry triggered,

in aqueous media, by high energy photons in the soft X-ray domains.
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This manuscript is divided into five chapters.

Chapter I introduces the literature of interest for the thesis. It thus brings a general
description of the interactions between soft X-rays and condensed matter. It presents
a "state of the art” of studies on the effects of ionizing radiation on biomolecules. Then
it presents the interest of soft X-rays for spectroscopic measurements and how they
can bring crucial information on solvated biomolecules. It ends with the description of
the new electron spectrometer specially developed in the framework of the HighEneCh
project and this thesis.

Chapter II presents the physical and chemical methods required to answer the two
driving issues and the experimental devices used.

Chapter III describes the technical development of a microfluidic cell dedicated to
soft X-rays irradiation on a synchrotron beamline. It highlights the main difficulties
and strategies achieved to work with such a low penetration beam. It also presents
ongoing developments and possible improvements for the use of this device.

Chapter 1V focuses on the radiochemistry initiated in aqueous solutions exposed to
soft X-rays. The first part is dedicated to investigating water radiolysis and, more
precisely, the hydroxyl radicals formed along the secondary electrons track. After
implementing the microfluidic cell, dosimetric experiments highlight the advantages of
this cell, which allows the irradiation of a flowing sample. This chapter also describes
the early K-edge irradiation experiments conducted on liquid samples, looking for K-
edge threshold effects and following the production of water radicals. Finally, it reviews
the limit of the set-up in the case of high dose-rate irradiations.

Chapter V presents the investigation of initial physical features of core-ionization in
liquid samples. The first part is dedicated to a complete spectroscopic study of small
solvated molecules (benzoate salts), presenting an under-vacuum liquid-jet setup's
proof of concept and performance. To bring further the comprehension and the limits
of the setup, experiments were conducted on a complex and fragile biomolecule: a
protein. Finally, this chapter presents the latest improvement in terms of Auger
electrons analysis, with the recent coincidence measurement conducted for the first

time, at the PLEIADES beamline, on molecules solvated in liquid water.
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Chapter I. Context

I.1. Light-matter interactions in the condensed phase

I.1.1. General Principle

The field of radiobiology studies the effect of ionizing radiations on biological systems[1].
Regarding the electromagnetic spectrum, ionizing radiations begin with the Vacuum
Ultraviolet-light (VUV) until the Extrem UV radiation (6-100 eV). Then we find X-rays,
divided into soft X-rays (100 eV-2 keV) and hard X-rays (energies above 2 keV). High
energies are also achieved by vy-rays®. This chapter will focus mainly on the processes
induced in biological samples by photons with energies lower than 50 keV. The nature of
photons' interaction with matter depends on the incident photon's energy and the atomic
number (Z) of the target atom. For organic matter, mainly constituted with light atoms
(Z < 20), photons of energy below 50 keV interact mainly by the photo-electric effect. In
this case, the energy of the incident photon (E) is entirely transferred to the medium,
leading to the emission of an electron, called photo-electron (PE). This photoionization
process, first observed by Heinrich Hertz in 1887, was later described by Einstein (Nobel
Prize in 1921). It constitutes the triggering event of a cascade of processes taking place on
very different time scales. The sequential chronology of the events is generally described
through three temporal stages[2] (see Figure I-1).

- The creation of biological damage begins with the physical stage
corresponding to energy deposition in the medium. The primary ionization and excitation
processes are extremely fast and typically occur in 10" to 10 s. Energy can be deposited
directly into the solutes, creating excited and ionized states of solvated molecules. The
corresponding processes are called direct effects. However, water, which is often the most
abundant molecule in the medium, absorbs much of the deposited energy, initiating
indirect effects.

- The physico-chemical stage then takes place (10%s < t < 10"? s). During

this stage, molecules dissociate and recombine with close species. It leads to the formation

7 Gamma-rays are identical to X-rays in their physical properties. The classification only depend on the origin of the

electromagnetic radiation (nucleus for y-rays and charged particles emission for X-rays).
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of reactive species such as free radicals or solvated electrons. At the end of this stage, the
various products of the irradiated matter are thermalized, but their spatial distribution in
the medium is heterogeneous.

- The chemical stage occurs in the 10?s < t < 10%s timescale. During this
timescale, the created species diffuse, recombine and react with each other leading to the
formation of molecular products. At about 10 s, the species' distribution can be considered
homogeneous, and they start to react more efficiently with the species present initially in
the medium than with other radiolytic species.

- To these stages, biochemical and biological stages can be added. The
biochemical stage begins when the radical species produced in water react chemically with
the biomolecules present in the surrounding environment. The resulting damages are
referred to as “indirect effect”. In living systems, the biological stage also includes the
activity of the organism repair systems. This stage can last several hours and results in

long-term effects (complex cellular lesions).

Time (s) lonizing radiation
0 -4
lonizations
Excitations
fs, 10151 Water radiolysis
Fragmentation . .
& , Direct effects Indirect effects
Radicals production
Thermalization
ps, 1012+ Free radicals
Reactive species diffusion
Recombination
Molecular products
us, 106 1+ Molecular lesions
Cell death * H * Repair
minutes Mutations
1
to years v
v Carcinogenesis

Figure I-1: Formal description of the radiolytic events occurring during a biomolecule

trradiation and biological consequences.
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I.1.2. Case of soft X-rays

I.1.2.1. Core ionization
The photoelectric effect is a threshold process that initiates the physical stage. It only
occurs if the photon's energy is greater than the binding energy of the ejected electron.
The closer the photon's energy is to the binding energy, the higher the probability of
interaction. For soft X-rays, the energy of the photons (100 eV — 2 keV) is close to the
binding energy of the K-shell electrons of organic matter (C, O, N, see Figure I-2). If the
photon energy is above the one of the K-shell electrons of the targeted atoms, the

photoionization thus occurs predominantly in the core layer.

Core-ionization

PE
Tonization

threshold

K-shell ionization

Valence (L) threshold (V) 284.2 | 409.9 | 543.1 | 1070.8 | 1303.0

hv

%,

Core (K) —o—e—
M
Figure I-2: Core-ionization process and emission of a photoelectron. Values of K-shell
ionization threshold for atoms found in organic matter are also presented (data from [1]).

Following the absorption of the incident photon of energy E, a PE is emitted. The
following relation gives the energy of the PE:

Ex =E—Eg = hv— Ejp (I-1)

With Ex the PE kinetic energy, h Planck's constant, and v the frequency of the incident

radiation. The ejection of a K-shell electron results in the formation of a singly charged

ion (M*) in a highly electronic excited state. Therefore, the electronic configuration

undergoes successive rearrangements from the valence to the core layer to fill the core

hole.
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1.1.2.ii. Auger desexcitation processes

The energetic relaxation following core-ionization results in a release of energy that can
be either radiative (fluorescence) or non-radiative (Auger decay). The fluorescence
radiation and Auger electron (AE) energy characteristics and their emission probabilities
are specific to each atom. In the case of biological samples, the Auger relaxation largely
predominates, as illustrated in Figure I-3.(a)[3]. During the Auger decay (illustrated in
Figure 1-3.(b)), the core-hole filling is followed by the emission of a second electron®. The
energy of this so-called AE is characteristic of the electronic transition. It is given by the

energy difference between the initial and final states of the transition.

~~
[
~

Auger decay  Fluorescence

@ AE
® nal
ﬁ 08 Ionization '\
3 threshold
o
S 06
I Organic —e—0— —0—eo—
S ——o—
§ 04 Matter Valence (L) { —e—e—
® 041
©
5 hv
w
5 Y
[0} -
s 0.2 (
Core(K) —0—¢— —0—0—
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20 40 60 80 100 M M

Atomic number (Z)

Figure I-3: Auger decay and fluorescence desexcitation processes following K ionization: (a)
Competition of the two processes as a function of atomic number (data from [3]), (b) Scheme of

the electronic rearrangements occurring during these two processes.

Core-ionization (or K-shell ionization) and its following Auger decay result in the
emission of several electrons with energies that can reach a few hundred eV (depending
on the binding energy of the core electron)[4]. Non-radiative mechanisms of deexcitation
processes following K-shell ionization typically occur on the femtosecond timescale
(physical stage)[5], [6]. More importantly, Auger decay leaves the atom at least in a double
ionization state. The deexcitation pathways involve reorganization of the molecular
structure, which almost always leads to fragmentations and radical production in the gas

phase. Auger decay is thus also part of the physicochemical stage (Figure I-1). However,

4 Multiple AE can be emitted if the rearrangement of the electron cloud remains more energetically favourable.
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it can initiate a new cascade of events at the physical stage through the emission of sub-
keV electrons. In addition to this local deexcitation, new types of non-local deexcitation

pathways have been recently evidenced, as detailed in the following sub-section.

1.1.2.iii. Non-local deexcitation processes

A decade ago, the theoretical work of Cederbaum and co-workers predicted that new
decay mechanisms could occur in the weakly bonded matter (van der Waals forces or
hydrogen bonds)[7]. Such multiple interatomic electronic processes, involving species other
than the initially ionized monomer, could turn out to be important for solvated molecules
in the liquid phase[8], [9].

Calculations first evidenced energy transfer between neighboring species through
Interatomic/Intermolecular Coulombic Decay (ICD)[10], [11]. In the case of ICD, the core-
hole of the ionized atom is filled by a valence electron of the ionized species. The energy
released is transferred to a neighboring molecule, which uses this excess energy to eject a
valence electron (see Figure I-4). Cederbaum et al. conducted further theoretical studies
and evidenced that deexcitation processes could involve electron transfer instead of energy

transfer[12].
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Figure I-4: Desexcitation processes sketches: Left: Inter-Coulombic Decay (ICD), Center and
Right: Electron-Transfer-Mediated Decay (ETMD). The number in parenthesis refers to the
number of species involved in the process.

In these electron-transfer-mediated decay (ETMD), the core-hole is this time filled by
an electron from a neighboring atomic or molecular species. The energy released is used

to ionize either the same electron-donating species (a process referred to as ETMD(2)), or
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it is used to ionize a third neighboring molecule (namely ETMD(3) process)[7] (see Figure
[-4). As for Auger decay, ICD and ETMD lead to energy and charge redistribution on the
ionized molecules, leading to highly localized and highly concentrated production of
oxidizing radicals if the neighboring molecules are water molecules. Moreover, it leads to
the emission of low-kinetic energy electrons (<20 eV), which can induce irreparable

damage in a biological sample[13] through dissociative attachments.

1.1.3. Energy transfer and track structure

Soft X-ray photons are directly ionizing through the photoelectric effect. However, they
can also be considered an indirect ionizing radiation source since the PE and AE are
sufficiently energetic to interact with the medium and thus produce further ionization
events along their path[14]. The spatial distribution of the energy absorbed along the path
is expressed by the notion of Linear Energy Transfer (LET):

LET ~ 4B/ (1-2)

The LET value represents the average energy locally deposited in matter (dE) per unit
of path length (dx). It is usually expressed in keV/pm or J/m. It depends on the radiation
(type and energy) and on the properties of the material irradiated[15], [16]. For
electromagnetic radiations, the average LET is calculated from the LET of all the
secondary electrons. In the case of soft X-rays, secondary electrons are electrons ejected
during the photoionization events and the following deexcitation processes previously
described. In radiobiology, the LET-value and the dose are usually used to evaluate the
effectiveness of a particular radiation to induce radio-biological damages. Nevertheless, the
LET value alone does not allow to explain the differences in biological effectiveness
between different radiations[17]. For that purpose, it is necessary to bring an accurate
description of the tracks’ structure.

The transfer of energy by ionizing particles is discrete. The track consists of a stochastic
discontinuous sequence of affected and unaffected domains[18]. A suitable parameter to
characterize tracks is the average distance between two successive energy deposits along
the primary particle’s path. It depends on the LET of the particle. A particle, such as a

PE or an AE, follows a deterministic trajectory for a short period of time. Then, it
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undergoes a collision that makes its velocity v, decrease (with possible creation of other
particles). The trajectory of the particle has a stochastic character. Monte-Carlo
simulation methods are perfectly adapted to reproduce such events as multiple collisions
and the generation of secondary particles[19]. Following the calculations of Mozumder and
co-workers, energy deposition events occurring in the track were categorized into four
types of events: (1) spurs (spherical entities and an energy deposit up to 100 eV), generally
corresponding to one isolated ionization event; (2) blobs (spherical or ellipsoidal entities
and an energy deposit between 100-500 eV); (3) short tracks (cylindrical column and an
energy deposit between 500-5000 eV) and (4) branch tracks (energy deposit higher than
5 keV)[20]. Figure I-5 schematizes the distribution of the energy deposit (represented by

red points®) observed on track structures of low and high LET radiations.
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Figure I-5: Schematic representation of ionization along the particle track (inspired by [20]).

For v-rays of ®Co (LET = 0.23 keV/um), the average distance between energy
deposits is of the order of 200 nm. It is only 1 nm for o particles of **Am (LET = 43
keV/um). Figure I-5 shows that the o-particles have a continuous, highly ionizing track.
On the contrary, high-energy photons are sparsely ionizing (scattered energy deposits).
The track can be mainly described with small energy deposits (spurs) because y-rays

mainly produce high kinetic energy electrons.

7 It must be noted that the interaction sites are not infinitely small points but have a certain extension, defined by the

penetration length of emitted clectrons in matter (~1 nm in condensed matter).
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Electrons have a LET inversely proportional to the square of their speed®. As electrons
lose energy by interactions with the atoms of the medium, their LET increases (see Figure
[-6)[21]. Tonization clusters are therefore observed at the end of the electrons tracks[22],
[23]. The appearance of such high LET can be compared to the Bragg peak of ions™. In
the case of the electrons produced by soft X rays (blue area in Figure 1-6), their calculated
LET is in the range of tens of keV/pm, with a maximum at approximately 100 eV,

corresponding to very compact tracks[24].
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Figure I-6: LET of electrons as function of their energy. Distance traversed by the
electrons along the track are shown by arrow. (figure from [21])

The main point is to investigate the link between the track structure and the critical
events generated in the irradiated medium. In particular, the notion of spurs was
historically defined following the distribution of the radical species formed by the

ionization of water molecules[25]-[27].

I.1.4. Water radiolysis

Studying aqueous samples requires investigating the different pathways of water

molecules' decomposition under irradiation during the physico-chemical and chemical

¥ The Bethe formula for the stopping power of non-relativistic clectrons cstablishes an inverse proportion with the square
of their velocity at large velocities. This formula is based on the assumption that the velocity of the incident electron is
large compared to the velocitics of the atomic electrons/181].

" For ions, a high energy transfer occurs at the end of the track because the effective interaction cross-section increascs
as the energy of the charged particle decreases. It is called the Bragg Peak in honor of its first observer Henry Bragg.
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stages (see Figure I-1). Indeed, as mentioned above, water molecules can not be neglected
as they absorb most of the energy. Excitation and ionization of water molecules lead to
the production of molecular and radical species :
H,0 - HO,H', ez, H;0%,05,H,0,,H, (1-3)
This radiation chemistry, or radiolysis, first described by Giesel[28] at the beginning of
the twentieth century, is still widely studied to date as it underlies a large variety of fields

from medicine to the nuclear industry. The general scheme of water radiolysis is presented

in Figure I-7[26].
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Figure I-7: Summary of transient species reactions occurring in water radiolysis over the
various temporal stages. On the left, schematic evolution of spatial distribution of ionizations
along the track. (image adopted from [26])

The radiolytic chemical yield defines the radiolytic species production, noted G(x)[29].

It corresponds to the ratio between the number of chemical species (x) consumed or
produced by radiolysis and the amount of energy absorbed. It is commonly expressed in
mol/J or molecules per 100 eV. Radiolytic radicals generally react very quickly and do not
accumulate. Therefore, G-values for these species are good indicators of the track's time-
and spatial- structure [30]. The evolution of the repartition of the species in the track as
a function of time is presented schematically in Figure I-7. The determination of G-values

constituted a first way to describe the evolution of species following heterogeneous energy
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deposits[29]. Primary yields are defined as the yield of radicals and molecules formed after
approximately 1 ps. Table I-1 shows, as an example, the values obtained for the irradiation

of aerated aqueous media by y-rays or o-particles.

Table I-1: Reactive oxygen species production from water obtained after 100 ns to 1us [31], [32]

Radicals Molecular products

G values (nmol/J) _ _ _ — _

eaq HO H 02 /H02 HZ5O+ HZ 02 HZ
y-rays (0.1-10 MeV)

0.28 0.28 0.062 0.003 0.28 0.074  0.047
LET of 0.2-0.3 keV/pm
5.3 MeV a-particles

0.044  0.052 0.028 0.056 0.044 0.15 0.163

LET of 108 keV /pm

In the case of water radiolysis, we observe an increase in the primary yield of molecular
products, which is correlated to a decrease of radicals primary yields, as the LET
increases[33]. Such observation highlights that sub-microsecond intra-track reactions can
occur for high ionization density events (which are more abundant in high LET tracks)
[19]. Indeed, when spurs overlap, it promotes reactions between radicals generated inside
the track (eqq, HO', H'). As radicals recombine, their G-value decreases promoting the one
of molecular products[34]. These variations in primary yields are well described by the
diffusion models developed by Magee et al., which take into account (1) the variation of
the LET along the track, (2) intra-track reactions, and (3) competition between radicals
scavenging reaction and recombination[18], [35][36]. This model has been adopted and
further developed by many authors in order to describe by computational methods the
experimental observations[25], [36]-[38]. Similarly, other studies have successfully used
Monte-Carlo calculations[39], [40]. In particular, simulations evidenced a minimum G(HO")
for low energy electrons (<1 keV) as illustrated in Figure I-8. Such simulations support
the fact that low-energy electrons behave like high LET particles, as they deposit their
energy in nanometric volume. However, given the low penetration of soft X-rays (only a
few pm in liquid water[41]), experimental studies remain very scarce[42], [43]. We must
also notice that cross-sections used in the simulations is quite uncertain, and the exact

density of sub-keV electrons tracks remains unknown.
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Figure I-8: Simulations found on the literature [23], [38]-[40], reporting the variation of the
primary yields of HO radicals produced upon radiolysis of pure liquid water at 25 °C as a
function of incident electron energy.

Another observation from Table I-1 is the yield of hydroperoxyl/superoxide couple
(05" /HO,). Contrary to other radicals, its primary G-value increases with the LET.
Studies in the literature report in particular significant amounts of HO; produced in heavy
ion tracks (high LET)[44]-[47]. Experiments conducted in anoxic conditions (deaerated
medium) also showed that the production yield of (0, /HO5). increases over time for high
LET particles. However, it is not the case for low LET radiations (y-rays or X-rays) where
measured yields are extremely low in similar conditions[48]. If, to some extent, the
evolution of G(0; /HO,) is still well described by the theoretical methods mentioned above
for low LET radiations, these models fail to explain the G value for high LET (>100-150
keV/pm)[30], [44]. It was thus suggested that the formation of superoxide anions could
originate from water multi-ionization deexcitation pathways[49], [50]. This hypothesis was
then validated by theoretical approaches[51]. Indeed, it was shown that when the multiple
ionization of water molecules was taken into account in the Monte Carlo simulations, the
increase in the production of 05 /HO, radicals for high LET particle was well
described[52]. Mechanisms involved were further studied using ab initio molecular dynamic
theoretical approaches[53], [54]. Unfortunately, to date, experimental studies on multiple
photoionization processes are mostly limited to gas phase studies due to the critical

technical constraints present in the liquid phase[55]-[57].
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I.2. Investigation of biological consequences

The main difficulty in understanding the radiation damage to biomolecules lies in the
fact that they are initiated at very different timescales. On the one hand, direct effects,
induced by the direct photoionization of the target, occur at the femtosecond timescale.
On the other hand, indirect effects, coming from the reaction with radicals, start at the
microsecond time scale. These processes can lead to very different biological effects and
are therefore difficult to decipher. In the context of radiotherapy, numerous studies have
tried to investigate the mechanisms involved in cell inactivation. A first approach is to
irradiate a complete biological system, such as a living cell, to study the general
consequences and relate them to the specific damage of the biomolecules in situ (“Top-
down” approach). A second approach is to focus the analysis on isolated molecules of

biological interest to oversee the origin of the damage (“Bottom-up” approach).

I1.2.1. “Top-down” approaches

Pioneering "top-down" approaches have shown that soft X-rays were much more
effective at inducing cellular inactivation and chromosomal aberrations than “Co v -
rays[58]-[60] in plant or animal cells. In such cases, radio-induced damage can no longer
be predicted with macroscopic concepts such as the dose deposited in matter or the LET
of the incident radiation. Following the analysis of the track structure, it became evident
that against all expectations, the critical events were not initiated by energy deposition at
the micron scale (chromosome-scale) but at the nanometer scale. From then on, it was
crucial to investigate the deterioration of DNA constituting the chromosomes.

DNA is formed by a two-stranded helix. The strands are formed by a sequence of
nucleotides linked together by phosphodiester bonds. Each nucleotide comprises a
nucleobase, a pentose (deoxyribose for DNA), and a phosphate group. Therefore, the radio-
induced lesions on such complex macromolecules can be very diverse (altered or lost DNA
bases, strand breaks, DNA intra- and inter-strand crosslinks, DNA-protein crosslinks).
The cell tries to repair DNA damages through enzymatic processes. A lack of repair or an
error in the repair constitutes the triggering event of the death or transformation of cells

(mutation or chromosomic aberration)[61], [62].
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Biological effects were initially evaluated mainly through single- or double-strand
breaks (SSB or DSB)[63]. SSB is caused by the rupture of the phosphate-sugar bonds that
link together sequences of nucleotides, which form the DNA strands. It is commonly
admitted that SSB have only a minor impact on cell inactivation as they are quickly
repaired[64]. DSB occur when the two chains are broken at sites distant by less than 10
base pairs [17]. It constitutes a more critical damage because it is more complex and
therefore more challenging to repair by the cell[65]. For most cells exposed to X and v-
rays, SSB was found to be more frequent than DSB damage (ratio of 25:1)%[26]. For high-
LET particles, not only the proportion of DSB increased, but the cell inactivation was
correlated to the un-repaired damages [66], [67]. From then, the notion of “clustered
damage”, first suggested by Goodhead and co-workers using soft X-rays[68], was adopted.
These "locally multiply damaged sites" are not only resulting from DSB but also from a
combination of many lesions, such as nucleobases oxidation or bonds alteration. In light
of these studies, it was admitted that the lethality of radiations was correlated to the
increase of the complexity of clustered damages[69].

Studies were conducted on DNA aqueous solutions to investigate indirect effects.
Irradiations, carried out in the presence of ROS scavengers, demonstrated the high
involvement of hydroxyl radicals (HO") in strand breaks formation[70], [71]. Especially, it
is interesting to note that Fulford and co-workers used plasmids DNA as a scavenging
method for indirect measurement of HO" radicals produced under soft X-rays irradiation
[42]. For radiations of high LET, quantifications of base lesions allowed to decipher the
contribution of direct or indirect effect[72], [73]. Comparison of irradiation performed in
cells and aqueous solutions evidenced the same contribution of indirect effect [74]. It
validates the fact that aqueous systems provide suitable conditions to study indirect
effects. However, working on liquid samples can be challenging for low penetration
radiation (low-energy electrons, soft X-rays). It explains the scarcity of experimental
studies conducted at ambient pressure using soft X-rays[75], [76]. These few studies have
highlighted the complexity of the damage mechanisms caused by secondary electrons

generated in the matter, notably following K-ionization events[77], [78]. Finally, even if

¢ Modified bascs were produced in the same amount as SSB damage.
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the irradiation of biomolecules in a liquid aqueous medium allows to quantify indirect
effects, they do not allow to establish a hierarchy between direct and indirect effects. In
this optic, researchers have developed studies in parallel on isolated biomolecules either in

a gas phase or dry films.

1.2.2. «Bottom-up» approaches

“Bottom-up” approaches aim to access the physical mechanisms of radiation damage
at the molecular level. It is achieved by studying simple systems, such as isolated
biomolecules in vacuum, to remove the solvent's contribution. A primary advantage of
this approach is that experimental results are more quickly compared to theoretical and
computational studies, as the system is simplified. Such experiments emerged decades ago
to study photo-excitation/photoionization and fragmentation processes induced by various
radiations. VUV and soft X-ray photo-absorption experiments were widely developed for
larger and larger systems. It all began with small molecules[79]-[82]. However, it quickly
got applied to complex macromolecules such as proteins, thanks to the development of
soft ionization methods, as electrospray ionization (ESI), which allow putting into the gas-
phase these fragile molecular edifices[83], [84]. It was, for instance, applied to soft X-rays
irradiations to focus on K-ionization effects[85]-[87].

Similarly, pioneer experiments, conducted with low-energy electrons (3-20 eV) by
Boudaiffa et al[88], brought new information on the mechanisms involved in direct
damages[89]. Studies have been carried out in gas-phase or dry DNA films to investigate
the mechanisms involved in the damage[90], [91]. It demonstrated the considerable ability
of low-energy electrons to generate DNA damage (SSB and DSB), even for electron energy
in the range below the ionization threshold (<10 eV)[13], [92], [93]. It also explains the
particular interest in the non-local deexcitation phenomena after an X-ray ionization (ICD,
ETMD), which also lead to the emission of low kinetic energy electrons. In a biological
environment, DNA molecules are generally surrounded by water molecules. Therefore,
some experiments tried to take into account the hydration processes on DNA films[94]-
[97]. These studies highlighted the crucial role of the DNA strand solvation sphere. Finally,

the main question is to know if data are transposable to biological effects in the cell.
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From top-down and bottom-up observations, it became evident that the success of
repair attempts is highly dependent on the nature of the initial physical and chemical
injuries. However, experimental and theoretical results evidenced that the dissociation
dynamics strongly depend on molecules' intrinsic properties (bonding nature, electronic
and three-dimensional structure, interactions with their molecular environment). Hence,
the importance of developing both liquid phase irradiation techniques and spectroscopic

analysis methods in order to access the different steps of radiation mechanisms.
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I.3. Soft X-ray spectroscopic studies on biomolecules

1.3.1. State of the art

The last century was marked by the success of various soft X-rays-based techniques, either
in absorption (XAS) or in emission (Auger and X-ray photoelectron spectroscopy,
respectively AES and XPS). They are now well-established techniques to explore the
electronic and structural properties of biological systems. New techniques were developed
from the growing interest in electron microscopy, such as transmission X-ray microscopy
(TXM or Scanning TXM) for biomolecules[98]. Indeed, soft X-rays bring (1) spectral
resolution, (2) depth sensitivity, and (3) chemical sensitivity. These three properties are
linked to the energy range of soft X-rays (100 eV- 2 keV). By definition, the spectral
resolution is directly related to the wavelength of the incident beam (IUPACY definition
of the resolving power [99]). The other two are due to the low penetration of soft X-rays
and their ability to interact mainly with the core electrons of the atoms constituting the
biological matter through the photoelectric effect.
For photons, the absorption of the beam in a homogeneous sample of a thickness (x) can
be expressed by:

T = I/IO = e H(E)x (I-4)
Where [ is the transmitted intensity, Iy is the incident intensity and p is the linear

attenuation coefficient that depends on the photon energy (E). The mass attenuation

() =aio=2) 9

l

coefficient is expressed by:

Where N, is the Avogadro number, M is the molecular weight, and ¢ is the
photoabsorption cross-section. If the sample is composed of different atom types (i), the
mass attenuation coefficient of the compound (%) can be calculated using the mass

attenuation coefficient (%) and the fraction by weight (wi) of the atomic constituent i.

l

Using the previous Equations (I-4) and (I-5), it is possible to calculate the penetration

distance, or attenuation length (1/11), in the case of soft X-rays. For electrons, the effective
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attenuation length commonly refers to the average distance that an electron, with a given
energy, can travel in the material without undergoing inelastic loss. This distance is

commonly defined as the inelastic mean free path (IMFP, noted ) [100].
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Figure I-9: Penetration distances in water and protein for high enerqgy electrons and X-rays
(image from [101]).

Figure 1-9, from [101], presents the penetration distances in the case of soft X-rays and
high-energy electrons as a function of the energy of the particles. Data are presented for
liquid water and a biological sample (protein).

The first observation from penetration curves is that, even if soft X-rays are more
penetrating than electrons (penetration <1 pm for an electron of hundred keV energy),
their penetration length is only of few microns (~2-10 pm) in water. However, in the “water
window”, which is the spectral region delimited by the carbon K-edge (at 284 eV) and the
oxygen K-edge (at 540 eV), soft X-rays may be more absorbed in organic matter than in
water (depending on the solute composition and concentration). Such absorption
differences (nearly one order of magnitude) provide great contrast when studying biological
samples as the water appears "transparent’ compared to the strong absorption of carbon-
based molecules[102], [103]. Figure I-9 also highlights that the interaction of soft X-rays
with matter results in absorption edges. K-edge structures and near-edge resonances are

indeed observed when the X-ray energy becomes larger than the threshold energy needed
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to remove a K-shell electron or to excite it in the neutral molecular system, respectively.
To further investigate the electronic structure, X-ray absorption spectroscopy was
developed (XAS)[104], [105]. An absorption spectrum is generally divided into two parts:
the region called NEXAFS (Near Edge X-Ray Absorption Fine Structure) and the region
called EXAFS (Extended X-Ray Absorption Fine Structure)[106]. Such spectroscopic
methods are perfectly adapted to study the radiation-induced processes on biological
samples during microscopy analysis[107], [108].

Historically, XAS was limited to studying condensed-phase samples in an ultra-high
vacuum given the low penetration of soft X-rays. Experiments conducted on hydrated
films, for instance, allowed to investigate the role of water in radio-induced damages[109]—
[112]. Following this interest in solvent effects, several technological setups were developed
to study liquids. The first strategy was to form a liquid cell suitable for a vacuum
environment[113], [114]. It was achieved using two highly transparent SisNs windows. With
the advent of microfluidics, new systems were developed to renew the fluid. Such systems
not only prevent beam damage but also allow testing new experimental conditions (gas
pressure, liquid mixture, temperature)[115]-[117]. In parallel, Faubel and co-workers were
developing under-vacuum liquid microjets[118], which paved the way for liquid XAS[119],
[120]. Finally, XAS studies are also performed in the gas phase. Following a "bottom-up”
approach, the new set-up was coupled to spectroscopy techniques, such as mass
spectrometrum, in order to understand better biomolecules fragmentation and the effect
of Auger decay at the atomic scale[121], [122]. To date, mass spectrometry spectra can
even be used to reconstruct the near-edge structure with the advent of Near-edge X-ray
absorption mass spectrometry (NEXAMS)[85].

XPS or AES spectroscopy can also bring essential information on electronic states[123].
In the low energy range (50 eV — 2 keV), photons can probe the electronic structure of
matter, such as the properties of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO)[124]. Such information is crucial to obtain
a complete description of the processes involved in photoionization and retrieved
information on the chemical structure and chemical bonds. Contrary to the NEXAFS

spectroscopy, which requires changing the photon energy to probe the absorption

53




[.3. Soft X-ray spectroscopic studies on biomolecules

thresholds, XPS can be performed with monoenergetic photons, making it very popular in

surface laboratories.

I.3.2. X-ray photoelectron spectroscopy (XPS)

1.3.2.i. Principle of XPS

Soft X-rays are widely used for XPS. As stated in the name, it analyzes the kinetic
energy of the PE emitted by a sample irradiated under an X-ray beam wvia the photo-
electric effect (previously described in section 1.1). XPS was initiated by Siegbahn and his
co-workers in 1957 with the development of the Electron Spectroscopy for Chemical
Analysis (ESCA, Nobel prize of physics in 1981). They highlighted that the binding energy
of core levels in molecules is specific to one type of atom (C, O, N, ...) and provides direct
information on the chemical environment[125]. Therefore, this technique is a method of
choice for the identification, characterization, and atomic quantification in samples [126].
Since the first set-up, XPS has known several improvements in terms of sample
environment and can now be performed on samples in the gas, solid, and liquid states.
However, the principle of analysis remains almost unchanged.

XPS can be roughly described by a three-step-process in the case of condensed
matter[127]:

1) Absorption and ionization of the sample under X-ray irradiation (initial state),
2) Response of atom and creation of PE (final state),
3) The electron’s transport to the surface and its escape.

In photoemission, the system containing N electrons (initial state) evolves in a
configuration with N-1 electron and one hole (final state). The energy released through
the photoelectric effect (i.e., the kinetic energy of the PE E;) can be calculated using
Equation (I-6):

Ey =hv —Ep — Psample (1-6)
where Ep is the binding energy of the considered core level and ¢ sample 15 the work function
of the sample, which corresponds to the energy difference between the reference vacuum
level at the surface and the Fermi level[128]. The kinetic energy distribution of the emitted
PE can be measured using an electrostatic analyzer (see description of the instrumentation

in Chapter II). The XPS spectrum thus recorded will present the atomic contributions of
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the species present in the chemical compound. It is thus possible to identify core levels'
peaks with respect to the binding energy scale. By convention, XPS spectra are presented

by decreasing binding energy. Figure I-10 illustrates the principle of XPS

measurements|129].
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Figure I-10: Scheme of XPS measurement principle: Energy diagram of photoexcitation of
electrons in a solid and photoelectron spectrum. Image adapted from [129].

In order to retrieve information of the occupied electronic states of the system, it is
necessary to calibrate the spectra, i.e., to define the vacuum level of reference properly.
Usually, for solid-state physics, the reference vacuum level is not taken for an electron at
rest at an infinite distance E,4.(00) but in a free space at the surface of the sample (Eva(s))
[130], [131]. The electron can therefore still feel the electric field of the surface, creating
an energy shift with respect to E,q.(00)[132], [133]. Figure I-10 describes the case of a good
electrical contact between the sample and the analyzer (thermodynamic equilibrium).
Their Fermi levels are therefore aligned. At the spectrometer level, the kinetic energy
measured (E7*®%), which is referenced to the vacuum level of the analyzer E.c(a), can thus

be expressed with respect to the Fermi level:
Elines- = hv — Ep — Panalyzer (1-7)
with @gnaiyzer the work function of the spectrometer. In most cases, the work function of

the spectrometer and the incident photon energy are known parameters of the
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experimental setup. By measuring the PE kinetic energy Ejy mes, it is then possible to

access the binding energy Ep of the electronic level from which the PE originates.

1.3.2.ii. XPS spectrum features

As illustrated in Figure I-10, an XPS spectrum is composed of several peaks
corresponding to PE emission. By identifying the energies associated with each peak, it is
not only possible to determine the nature of the atoms present in this material but also
their chemical environment. Each peak generally presents a Voigt profile where the
position, intensity, and width (or Full-Width Half-Maximum (FWHM)) are characteristic

of the electronic levels of the elements present in the material.

e Position

The first information obtained by peak fitting analysis is the position of the peak with
respect to the binding energy scale. Nevertheless, one must note that the binding energy
is not associated with a single electron level but is the difference between the energy of
the N electrons of the non-ionized atom in the ground state (initial state) and the energy
of the N-1 electrons of the ionized atom (final state). Therefore, the final state of the atom
also affects the value of the binding energy [134]. All factors that could influence the initial
or final states will modify the electrostatic potential felt by the core-electron and will thus
modify its binding energy. The binding energy difference between two different chemical
forms of the same atom is called a "chemical shift” (noted AE)[135], [136]. It is a short-
range effect and is due to the localization of atoms of the core levels.

The initial state energy variation comes mainly from the Coulombic interaction
between core and valence electrons. This electrostatic interaction is determined by the
charge distribution on the emitting atom and therefore depends on its vicinity. In the case
of a bond between two atoms of different electron densities, the valence electron density
is displaced towards the withdrawing atom (most electronegative atom). The
electropositive atom, therefore, reaches a higher oxidation state. As the extraction of an
electron from an electron-depleted environment will require more energy, this results in an
increase of the binding energy. On the contrary, the binding energy of the withdrawing
atom will decrease.
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Chemical shifts are usually discussed qualitatively even if some computational
approaches have now been developed (based on density functional theory (DFT)
methods)[137], [138]. In condensed matter, the vicinity of the atom (local chemical and
physical environment) could also affect its charge distribution[134]. Similarly, for ionic
species, the charge network around the emitter atom could have a significant influence
(Madelung contribution)[139].

Concerning the final state, its energy is directly related to the relaxation process. Intra-
atomic relaxations are generally considered to have a negligible contribution. On the other
hand, extra-atomic relaxations can have significant influences depending on the nature of

the bonds formed between the emitter atom and its neighbors[140], [141].

o Intensity

The study of XPS peak intensities allows quantitative analyses. However, this
operation requires to take into account many factors as illustrated by the expression of
the measured XPS peak intensity (Iipeak)[142], [143]:

7% = g, 4;N;,C (1-8)
where o; is the photoionization cross-section for a core-level K of an element i, 4; the
inelastic mean free path (IMFP) of the electrons emitted from the K shell of the i element,

@s”
1

N; the average atomic concentration of element in the surface under analysis, and C
refers to all other factors related to quantitative signal detection (assumed to remain
constant during the time of the experiment).

The photoelectric cross-section varies with photon energy approximately as (hv)3[144].
Therefore, it is maximum when the energy of the incident radiation is close to the binding
energy of the target atom (as soon as it is higher). In the condensed phase, an electron
undergoes several collisions with neighboring atoms. It is well illustrated by the low value
of their inelastic mean free path in liquid water presented in Figure I-11[145], [146]. In
fact, the XPS depth sensitivity directly depends on the attenuation length of the PE
ejected from matter[147] and, in turn, on their LET. The attenuation length or mean
escape depth (MED) is commonly defined by the thickness of the sample layer from which
the electrons can escape. If the effects of elastic-electron scattering in the material are

ignored, the MED of the detected electrons is given by[148]:
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MED,¢ctrons = Acos6 ( [-9 )

where 0 is the electron emission angle with respect to the surface normal.

The MED is, therefore, maximal when the emission is normal to the surface (8 =0).
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Figure I-11: Electrons inelastic mean free path (IMFP) in liquid water. Data are presented as

a function of electron energy. (Theoretical values calculated by [145])

From Equation (I-9), the intensity of electrons emitted (I) from a depth x, for a given
material is given by the Beer-Lambert relationship[149] 1°:

_X
I = Ioe /?\cose (1-10)
According to Equation (I-10), we observe that the IMFP strongly influences the XPS

sensitivity. As A increases when the PE energy increases (for PE energies >100 eV), it is
possible to probe deeper into a sample by increasing the incident photon energy as it will
increase PE kinetic energies. Usually, it is evaluated that more than 95% of the electrons
contributing to the XPS spectrum come from a depth of ~ 3+ Acosf (corresponding to 2-
10 nm in liquid water). This result highlights the fact that XPS remains a surface

characterization technique.

e Peak broadening

The full resolution (i.e., the FWHM) of a peak is a convolution of the X-ray energy

resolution, the analyzer properties (broadening), and the studied element's intrinsic line-

10 Equation (1-10) is true if elastic scatiering is neglected.
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width. The broadening relative to the instrumentation (extrinsic) is usually assumed to
be Gaussian[135]. It depends either on the energy resolution of the source or the analyzer.
In the first case, it directly depends on the energy distribution of the incident photons.
The resolving power of the monochromator will, therefore, directly impact the width of
the peak. The extrinsic resolution will be further described in Chapter II (section I1.2.1).
The broadening effect resulting from the photo-emission process is related to the lifetime
of the ionized core-hole state (namely 7)[150]. It is usually assumed to be Lorentzian in
nature and follows the relation[151]

FWHMorentzian = h/T (1'11)

The less stable the vacancy, the shorter T will be. Therefore, photoionization of the
deeper electronic layers of an atom (higher binding energy) leads to ionized states whose
lifetime becomes shorter and shorter. It thus results in a gradual broadening of the lines:

srwEv> prwav>> dewav>> frwa.

e Secondary structure

In an XPS spectrum, performed on condensed matter, the prominent peaks (PE or AE)
are often accompanied by several secondary structures[152], [153].

Satellite peaks can appear due to multi-electronic effects occurring during the
photoionization. The outgoing PE can indeed have a strong interaction with one of the
valence electrons. If it leads to the ejection of the electron, from the outer shell in the
continuum (double ionization of the atom), the satellite peak is called “shake off”. On the
other hand, if it brings the valence electron to a higher-energy level, the PE undergoes
intrinsic energy losses. It can lead to a “shake-up” satellite peak located a few electron
volts above its core level central peak position[149]. Satellite peaks can be significant in
the studies of transition materials (elements with non-filled valence layers). They can also
appear in aromatic organic compounds due to the o orbital (transition m — *)[154].

As illustrated by the "grey structure” in Figure I-10, PE and AE signals come out of
an inelastic background due to secondary emission. Before leaving the surface, PE can
indeed interact with other electrons and lose energy as they try to escape the sample

(extrinsic losses). It leads to the production of other electrons of lower kinetic energy. The
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signal of these electrons is thus superimposed with the electrons of low kinetic energy

emitted through the photoionization process.

1.3.3. Recent developments for XPS studies

XPS has proven to be an excellent tool for studying biological samples in the solid
phase as it directly brings information about the sample's chemical composition and
environment[155], [156]. Nevertheless, numerous biological systems are surrounded by
water molecules. It is therefore mandatory to be able to apply all the spectroscopy
techniques to the liquid phase. Conventional XPS systems work under high vacuum
conditions. It is because the IMFP of electrons directly depends on inelastic scattering by
surrounding molecules. From this constraint, liquid samples are usually not considered
“vacuum friendly” according to their proportion to volatilize. Therefore first liquid
experiments, performed by Siegbahn's team, were limited to liquid with low vapor
pressures[157], [158]. Thanks to the development of an under vacuum liquid micro-jet,
volatile liquid samples, such as water, have become studyable[157], [159]. The successful
implementation of this system for XPS measurements relies on three conditions. At first,
the molecular flow of the gas phase must not be limiting for the detection of electrons.
This is ensured by the Knudsen condition, which relates the diameter of the liquid jet
(Djer) and the inelastic mean free path of electrons through the vapor pressure surrounding
the jet (Ap,0)[160]:

Djet/An,0 < 0.5 (I-12)

Secondly, the vapor flow must be limited to avoid saturation of the pumping system.
This condition is usually ensured by performing differential pumping or using skimmers
at the entrance to the spectrometer lens system. Finally, the velocity of the liquid must
be high enough to prevent the jet from freezing. Following these conditions, studies of
highly volatile solvents, such as water (vapor pressure equal to 6 mbar at 0°C [161]), were
accessible using liquid jets of micrometer diameter. To date, liquid micro-jets have become
a relatively common experimental set-up on synchrotron facilities[153], [162]. Growing
interest arises from the fact that such an environment allows studying ultrafast dynamical
processes that could occur in aqueous samples following K-ionization (protonation, Auger
decay, ICD, ETMD)[163].

60




Chapter I. Context

Another strategy is to develop an XPS spectrometer dedicated to near ambient pressure
analysis (NAP-XPS)[164], [165]. Such conditions are particularly adapted to the study of
samples in "real environment' conditions and focus on understanding interfacial reactions
between a solid or a liquid and its surrounding gas phase. NAP-XPS analyzers typically
operate at pressures ranging from almost 1 mbar to 100 mbar[166]. It is achieved by
reducing the distance between the analyzer and the ionization zone to match the low
IMFP of the PE in such an environment. Finally, as for XAS experimental set-ups, fluidic
cells also emerge to study liquid in ultra-high vacuum conditions[167]-[169]. It is also
important to note that XPS is mandatory to fully interpret XAS measurements and thus
to understand the chemical bonding properties of samples [170].

As explained before, in the case of a K-shell ionization, multiple electrons (PE and AE)
can be ejected from the molecular system. They share part of the energy deposited by the
photon into the molecule. Thus, having a technique to measure in coincidence (for one
photon energy) the PE energy and its correlated AE can help to simplify the
comprehension of complex Auger spectra and give valuable input for the models concerning
doubly charged species. Dedicated spectrometers were developed to study multiple
ionization processes, such as a "magnetic bottle” time of flight electron spectrometer,
which will be further described in the following chapters. Usually used for gas-phase
studies[171], [172],[173], this electron-electron coincidence spectroscopy technique
(APECS) has been recently adapted to liquids [174]. As a "magnetic bootle” can detect
efficiently low kinetic energy electrons (<20 eV), it also is a good tool to study ICD or
ETMD phenomena, and thus the energy transfer between the solute and the solvent after
a K-shell ionization. Other types of coincidence techniques were developed as electron-ion
coincidence (PEPICO)[81], ion-ion coincidence (PIPICO)[56]. However, they are used only

for small biomolecules isolated in the gas phase.
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I.4. Objectives of the PhD

Understanding the processes of light-matter interaction is the basis of many scientific
interrogations. In photochemistry, simple excitation events in the UV, corresponding to
an energy deposition of a few eV per molecule, are relatively well described. To a certain
extent, the effects of valence ionization by high energy particles are also known (deposition
of a few tens of eV leading, in particular, to the breaking of OH and CH bonds) by
radiolysis studies. In contrast, the effects of inner shell ionizations, bringing energy
deposition of several hundreds of eV at the scale of an atom, are still poorly understood
in the condensed phase. While they remain rare events, when an environment is exposed
to high energy particles, their damaging effects on biomolecules, proteins, and DNA could
be very significant[175] and be the limiting factor for structural studies, in particular, with
X-ray microscopes or high energy free electron (XFEL) lasers[108], [176]. It is now clear
that soft X-rays (100 eV-2 keV) are the ideal candidate to study such phenomenon since
they interact with the core-electrons of biological matter and produce very dense ionization
tracks[177].

A central difficulty in studying irradiation mechanisms in liquid samples lies in the fact
that the events take place at different time scales, beginning with the energy deposition
(<10%s), passing through the physico-chemical and inhomogeneous chemistry stages (10-
Ps <t < 10°s) and leading to biological damage at longer time scales. In order to have a
complete description of the processes following an inner-shell ionization, it is, therefore,
necessary to adopt different strategies. Therefore, this project will be split into two
different axes. One will be interested in the energy deposition processes and involved
mechanisms of the photoionization in the liquid phase (~fs timescale). The other one will
focus on the understanding of the subsequent radiochemistry initiated in liquid aqueous
samples.

Soft X-rays remain very difficult to handle at atmospheric pressure because of their
low penetration in liquid water (~10 pm). Therefore, the primary objective of this thesis
is to develop the use of new experimental set-ups dedicated to liquid experiments on soft
X-ray synchrotron beamlines. We will first present the implementation of a

dedicated microfluidic cell for liquid irradiation under a low penetration beam.
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Using very sensitive methods, we will try to bring more information on the radiolysis of
water in these dense ionization environments. Once solvated, molecules see their
structural and dynamic molecular properties modified. The strong interaction with
surrounding water molecules can lead to ultrafast energy transfer[178]. Even if chemical
probes can help study different ranges of time and energy, they do not allow studying
early processes under the femtosecond timescale. To that aim, it is crucial to perform
spectroscopic measurements in the liquid phase. Thanks to the recent development of an
under vacuum liquid microjet[163], it would be possible to evaluate the solvent effect on
the solvated molecules' electronic structure. We also aim to perform these
measurements using conventional and coincidence electron spectroscopy to
decipher the photoionization mechanisms. Finally, we will try to investigate the
inevitable radiation damage occurring during the spectroscopic measurement[179],
[180]. Even if these processes are known, they are still poorly described for liquid samples

and require further study for the liquid microjet.
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Working with low-penetration radiations, such as soft X-rays, requires particular
technological developments, especially for the study of liquid samples. As presented in
Chapter I, XPS techniques were successfully developed for the study of liquid water.
Among these, an under-vacuum liquid micro-jet has been set up on the PLEIADES
beamline of the SOLEIL synchrotron. In addition to the obvious information that this jet
can bring thanks to XPS measurements, it was envisaged to study the damage induced to
the samples. Indeed, the PLEIADES setup allows recovering the irradiated sample.
Unfortunately, it was soon established that this setup was unsuitable for irradiation
studies, as the damage caused by irradiation was undetectable!’. However, this under-
vacuum liquid jet provides a perfect sample environment to get more information about
the electronic structure of solvated molecules and, more specifically, about core-ionization
effect. Indeed, it is necessary to have more information about the ionization threshold of
solvated biomolecules in order to investigate solvent-molecules interactions. From a
radiobiological point of view, it is also necessary to characterize the energy of emitted
electrons during the photoionization process (PE and AE). If the liquid micro-jet is
classically coupled with a conventional hemispheric analyzer, it can also be coupled with
a magnetic bottle type time-of-flight analyzer. This setup allows performing
photoelectron/Auger electron coincidence measurements.

In the following chapter, we will describe the different technological parts involved in this
thesis. The first part will describe the operation of the SOLEIL synchrotron and the
characteristics of the main beamlines used during this thesis. The second part will present
the different spectroscopic setups developed on the PLEIADES beamline for liquid
analysis. Finally, we will present the different techniques to characterize the physico-

chemical changes induced in the irradiated samples.

"The irradiation inside the liguid jet may be cnvisioned for beamlines with higher brilliance after synchrotron upgrades
for instance.
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II.1. SOLEIL Synchrotron

II.1.1. Synchrotron sources

Synchrotron facilities are specific circular particle storage rings that generate very
intense radiation. The principle of synchrotron radiation (SR) emission is based on the
fact that any charged particle subjected to acceleration will emit electromagnetic radiation.
This manuscript focused on electron synchrotron. As the electron mass-energy can be very
low in front of its kinetic energy, the frequency of the radiation can be shifted towards
very short wavelengths. It confers to synchrotrons exceptional spectral continuity from
the far-infrared to X-ray that cannot be achieved by any other source [1]. Historically, SR
was considered stray radiation generated during high-energy physics experiments on
particle accelerators [2]. Considering the exponential growth in the use of SR, dedicated
facilities were designed. Second-generation synchrotrons, built in the seventies, were
composed of bending magnets [3]. The north and south poles create a homogeneous
magnetic field that deflects electrons to maintain them on a closed trajectory.

In third-generation synchrotrons, such as SOLEIL synchrotron (illustrated in Figure 1I-1),
assemblies of magnets with alternating polarities (wigglers or undulators) are inserted to
improve the beam characteristics (brilliance and polarization control). The brilliance, or
spectral brightness[4], allows to qualify both the photon flux (number of photons per
second per unit optical bandwidth'?, nppoens, At + 0.1% BW) and the spatial repartition of

the beam (size and angular distribution.):

nphotons
At &, €, 0.1% BW

(1I-1)

brilliance =

Where €, and ¢, are the emittance in the horizontal and vertical direction, respectively,
and can be defined as the product of the electron beam transverse size and angular
divergence. Following Equation (II-1), the brilliance is defined per unit optical bandwidth
(0.1% BW), i.e., the width of the optical spectrum of the output (in frequency or
wavelength). It is therefore expressed in ph/(s'mrad>mm*0.1%BW)[5].

Synchrotron insertion devices impart a sinusoidal motion to the particle and thus

reduce electron beam emittance. It, therefore, significantly increases the brilliance (10*

2As a simplification, we will refer to the fluz as the number of photons per sccond.
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higher than with a bending magnet)[6], [7]. The higher the brilliance, the higher the
spectral resolution can be reached. It explains why the brilliance is one of the essential

parameters in developing fourth-generation sources.

Figure II-1: Scheme of SOLEIL synchrotron: @ LINAC, @ booster, (3 storage ring, @

bending and focusing magnets, B undulators and wigglers, & beamlines. On synchrotron

referential, the s-axis is commonly defined following the beam-emission towards beamlines.

As illustrated in Figure 1I-1, particles are produced by an electron gun and first accelerated
in a linear accelerator (LINAC) (1). It brings the electrons to high speed and an initial
energy of 100 MeV and groups them in bunches. After this initial acceleration, the electron
beam is directed towards a second circular accelerator called the Booster (2), whose
purpose is to bring the particles to standard operating energy (2.75 GeV) before being
injected into the storage ring. The energy lost by the electrons during the emission of SR
is compensated by radiofrequency cavities, which allows extending the lifetime of electrons
inside the storage ring®. In order to ensure the perfect stability of the delivered photon
flux, synchronized injections of new electrons into the packets are performed (Top-up
mode).

Electrons circulate several hours in the storage ring thanks to magnetic devices that

control the trajectory of the electron beam. Each time their trajectory is modified, the

YAt SOLEIL synchrotron, cach radiofrequency cavity is tuncd to oscillate at 352 MHz.
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electrons lose energy and emit light: the SR. More precisely, when the beam has reached
the required energy, an ideally timed particle with precisely the right energy will not be
accelerated. On the contrary, particles with slightly different energies arriving earlier or
later will be decelerated or accelerated to stay close to the desired energy. It guarantees
the compactness of the package, called "bunch"', and maintains the pulsed temporal
structure of the SR. The frequency of the light pulses depends on the number of packets
present in the storage ring and its circumference. At SOLEIL, different filling modes are
available. The number of electron bunches in the storage ring (maximum 416) and how
they are distributed will define the time structure of the light. For example, single and
eight-bunches modes correspond to a delay time between two pulses of 1.2 ps and 148 ns,
respectively.

Experimental laboratories, called beamlines, are installed tangentially to the
storage ring to collect and shape the SR emitted using bending magnet and insertion
devices (wrigglers or undulators). There are 29 beamlines at SOLEIL; each is specifically
designed for dedicated applications (X-ray absorption spectroscopy and X-ray emission

spectroscopy, for instance).

I1.1.2. PLEIADES beamline

PLEIADES is an ultra-high resolution soft X-rays beamline initially dedicated to
atomic and molecular spectroscopic studies of diluted samples (gases, clusters, and
nanoparticles) and, more recently, of liquids. The beamline, illustrated in Figure 11-2,
comprises two undulators (HU80 and HU256) that provide a wide range of energies (from
10 to 1000 eV). A grating monochromator achieves wavelength selection. The use of four
different gratings ensures a high resolution: 400 lines/mm, 600 lines/mm, 1600 lines/mm,
and 2400 lines/mm. The beamline is shaped by a succession of mirrors and divided into
three different branches:

- the A branch, dedicated to the study of the photoionization of ions (MAIA end
station) [not used in this project],

- the B branch (central branch), where the users' experiment could be located,

- the C branch hosts two permanent end-stations dedicated to electron spectroscopies

and one free port available for users' experiments.
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Figure I11-2: Scheme of the PLEIADES beamline at SOLEIL synchrotron.

The beam fluence (energy /surface unit) is not the same for all three branches. The B
Branch (central branch) provides an intense beam spot of dimensions 50x30 pm?.
However, the beam on the C branch can be focused on three focal points depending on
the experimental station used (EPICEA, SCIENTA, or user chamber). The beam is more
diffuse and is ~200 pm large along the horizontal direction at the focal point of the
SCIENTA. Exit slits, placed after the monochromator, help to adapt the size of the beam
spot along the vertical direction and define the photons' energy resolution. It also changes
the photon flux, but not the beam fluence. In order to change the beam fluence, it is
necessary to change the beam's brilliance by modifying the undulators operating
parameters, for example.

Undulators are insertion devices specifically developed to enhance the brilliance of SR.
It consists in a periodic arrangement of short magnets of alternating polarity that force
the electrons onto a tight slalom course (see Figure 1I-4). Summing up many oscillations
enables to enhance the radiation brightness by several orders of magnitude. The radiation
produced in an undulator is very intense and concentrated in narrow energy bands in the
spectrum!. The emitted photons' energy (or wavelength) can be finely tuned by varying

the undulator's magnetic field (gap magnet or current in coils).

“This amplification process is the one used for XFEL which used much larger undulators so clectrons interact with

emitted X-ray radiation
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Figure II-4: Scheme of the radiation emission of an undulator and photon energies selection

varying the coupling between the monochromator and the undulator. The gray rectangle
respresents the bandwidth of the monochromator. In red, undulator is tuned to maximize the

photon flux. In blue, the undulator is decoupled to decrease the beam fluence (detuned).

The undulator magnetic field is tuned for conventional use to get the maximum of its
emission peaks to be close to the photon energy selected by the monochromator (illustrated
by the grey area in Figure II-4). However, it is possible to de-couple the two devices to
decrease the number of photons per area unit transmitted by the beamline. Indeed, the
undulator emission is much broader in energy (several eV) than the energy selection range
of the monochromator. Detuning the undulator constitutes a simple way to reduce the
photon fluence. Experimentally, we observe that the photon fluence can be divided by a
factor of two by detuning the undulator on PLETADES. More generally, the photon flux
on PLEIADES varies with the photon energy. At 400 eV, for instance, it is ~10* ph/s for

a resolution of 40.4 meV when tuned.

11.1.3. METROLOGIE beamline

The METROLOGIE beamline was initially designed to allow the characterization of
optical components at their wavelength of use. It was therefore built to provide a wide
spectral range from 30 eV to 40 keV. The beam originates from a bending magnet and is
separated on two independent optical branches dedicated to hard X-rays and X-UV. All
experiments were conducted on the X-UV branch (0.03-1.9 keV), illustrated in Figure I1-5.
According to the general high absorption of soft X-rays in matter, minimizing the number

of reflecting surfaces is necessary. The selection of energy is performed by a
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monochromator using varied line space (VLS) gratings (75, 300, and 1200 lines/mm) to

cover the energy range between 30 and 1800 eV|[8].
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Figure II-5: Scheme of the X-UV branch of the Metrologie beamline. (Image from [56]).

Spectral purity is ensured by the use of a Low-Pass-Filter composed of a filter

(different filters available) and three flat mirrors with different coatings (referred to as

'order sorter' in Figure 1I-5.). The appropriate adjustment of this {filter/order sorter}

system allows efficient rejection of the monochromator higher-orders, leading to a typical

spectral purity better than 99%. The following table summarizes the different filter

parameters applied according to the spectral range (see Table II-1).

Table II-1: Gratings and filters parameters on the METROLOGIE X-UV branch according

to the spectral range.

Range 100- 165- 267- 300- 450- 760- 910-
30-50 50-90
(eV) 160 265 299 440 760 900 1900
Grating R75 R300 R1200
] Al Si B C Ti Ti Co Cu B
Filter
05pum [05pum [04pum |0.7pm | 0.5 um | 0.5 um | 0.5 um | 0.9 pm | 0.4pm

The photon flux inside the beamline varies from 10°

- 10" ph/s depending on the

photon energy (~10'? ph/s at 1 keV). The resulting beam spot is approximately 250 pm

wide at the focus point (see Figure II-5). Its height varies according to the monochromator

exit slits.
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11.1.4. Choice of the beamline

In addition to the accessible energy range, each beamline has its own specificity in
terms of beam geometry, photon flux, or even space limitations in terms of experimental
setup. XPS experiments were conducted on the PLEITADES beamline, which is mainly
dedicated to such measurement. In particular, one permanent endstation of the C-branch
is a high-resolution electron spectrometer (SCIENTA) that can be coupled with an under-
vacuum liquid-jet setup.

For liquid irradiation, the first experiments were performed at air using a dedicated setup
(the TRAD setup, which will be presented in Chapter III section III.1) on the
METROLOGIE beamline. In addition, we assembled a vacuum chamber hosting a
microfluidic irradiation cell. The entire experiment can therefore be moved between
different beamlines. The second setup is more dedicated to irradiation around the carbon
K-edge, where the air absorption of soft x-rays may represent a limitation, depending on
the sample investigated. It is, therefore, appropriate to review the characteristics of the

two environments provided by the two beamlines.

Table II-2: Summary table of the parameters of two beamlines used for liquid irradiation.

METROLOGIE PLEIADES
Vacuum Vacuum
Set-up IRAD set-up (Air)
Chamber Chamber
Source Bending Magnet Undulator
Energy range 200 — 1600 eV?®
. 30 — 1600 eV 10-1000 eV
Photon flux ~10°-10" ph/s at 1-1.4 keV ,
~10°-10" ph/s 10" ph/s
reaching the sample ~10%at 200 eV
Variable
Polarization Linear horizontal (elliptical, linear,
circular)
Set of attenuators to reduce the photon flux and
Others /
high-orders rejection optical system

B The lower energies are not accessible because the absorption in the air and the installation of the extraction will become
too important. The distance between IRADs cxit window and the entrance surface of the Si3SNJ membrane enclosing
the liquid sample is here 2.2 mm (see Chapter I for more details).
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I11.2. XPS instrumentation

XPS is ideally suited to study the early processes initiated by the ionization of matter
(photoionization, excitation, and following non-radiative deexcitation pathway involved —
see Chapter I for more details). In order to study these events in liquid samples, we used
a liquid micro-jet installed on the PLEIADES beamline. Auger electron spectroscopy
(AES) is also of particular interest to study the production of secondary electrons. Two
different analyzers were therefore used. In the first part, samples were analyzed with a
commercial hemispherical deflection analyzer. In the other part, the liquid jet was coupled
with a magnetic bottle, developed by the LCPMR (Sorbonne University), to measure
Auger electrons in coincidence with photoelectrons. Liquid samples analyses were
compared to solid-state laboratory XPS analysis.

The principle of XPS spectroscopy was presented in Chapter I (section 1.3.2). It has
been shown that the analysis of XPS spectra provides unique information on the chemical
environment at the atomic scale, such as oxidation states or electron transfers. The
intensity or area of the peak also gives access to quantitative information, such as
elemental composition. In addition to the position, the shape of the peaks is also essential
as it contains information about the lifetime of the ionized core-hole state. As mentioned
in Chapter I, the shape of the peaks is well described by a Voigt function, contribution of
a Lorentzian and a Gaussian, corresponding respectively to the intrinsic and extrinsic
broadening effect!S. Depending on the sample studied (intrinsic) or the instrumentation
used (extrinsic), the width of the peaks, or FWHM, could suffer from several broadening
factors. The resolution (AFE) can be calculated using the formula:

AE? = DEfoqr + AEfistrum. = AEpear + AESurce + AEGnaryzer (1I-2)

Where AEpeqk, the natural linewidth of the XPS peak is generally described by a
Lorentzian, and AE,¢trum. 1S the instrumental resolution, described by a Gaussian. The
latter is affected by the finite energy resolution of the analyzer (AEgnqiyzer) and the line
width of the incident X-rays (AEgpyurce). The instrumentation is therefore crucial for the

resolution of the measurement.

67t must be stressed out that in the liquid phase, the Laurentzian contribution can not be directly related to the core-
hole lifetime because of the complexity of the environment
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I1.2.1. High-resolution analysis

I1.2.1.i.  Hemispherical Deflection Analyzer (HDA)

Modern spectrometers are electrostatic analyzers. The kinetic energy of the emitted
electrons is analyzed according to the experimental parameters (polarization or energy of
the photons, angle of emission). In order to guarantee a sufficiently high mean free path
for the photoelectrons without dissipative collisions with gas-phase molecules,
spectrometers conventionally operate under an ultra-high vacuum (at least 10 mbar'7).
The most commonly used spectrometers are equipped with a Hemispherical Deflection

Analyzer (HDA), also known as concentric hemispherical analyzer (see illustration in

Figure 1I-6.(a)).

(a) Hemispherical energy analyser (HSA) (b) 80.0 825
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Figure I1-6: Description of the hemispherical deflection analyzer principle: (a) Operating
diagram of a hemispheric analyzer, (b) Reccorded image on the CCD camera, (c) Total
projected XPS spectrum.

The analyzer is constituted by an electrostatic lens system that collects the electrons
emitted by the irradiated sample and then focuses them on the entrance slit of the
analyzer. The lens can also retard or accelerate incoming electrons to make their kinetic
energies fall in the analysis window of the analyzer. The so-called pass energy defines this

window (E,). This user-selected parameter will define the trajectory of the electrons inside

"For surface analysis, vacuum conditions are morc restrictive because carbon contamination can be disruptive during
measurements.
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the spectrometer. Indeed, once they reach the entrance slit of the analyzer, electrons are
deflected by a potential difference (AV) that forces them to follow a curved trajectory
between the two hemispheres. The relation between the pass energy and the applied

potential on the hemispherical lenses is given by the following Equation:

R, Ry
eAV=Ep-<R—1—R—2> (11-3)

Where R; and Rs are the radii of the two analyzer's hemispheres to which a voltage
(Vi and V3) is applied, with AV = Vi - V,. This potential will disperse the electrons
according to their kinetic energy along the axis perpendicular to the entrance slit opening.
Electrons are then detected and counted by a detector.

During this thesis, we mainly used a VG-Scienta R4000 wide-angle lens, which used a
position-sensitive detector. This detector comprises a micro-channel plate (MCP) and a
phosphor screen equipped with a CCD camera. The MCP is an electronic device that
multiplies each incoming electron around a million times. This electron pulse is accelerated
to the phosphor screen producing a visible light flash detectable by the CCD camera. Data
were recorded using Igor software from Wavemetrics ©. A typical image registered by the
detector area is presented in Figure II-6.(b). The second axis of the CCD sensor array of
the camera is perpendicular to the energy axis. Therefore one side of the image is the
energy dispersion (kinetic energy), and the other is the spatial distribution'®. The recorded
image allows us to identify the signal originating from the gas surrounding the micro-jet,
which appears as long narrow line segments along the non-dispersive axis (vertical lines
on Figure 1I-6.(b)). Indeed, gas-phase molecules are flowing everywhere around the jet.
Respectively emitted electrons would therefore fill the whole solid angle collection of the
analyzer entrance. However, they are also discriminated by the maximum collection angle
imposed by the liquid jet setup's electron skimmer before the spectrometer lens entrance
(experimental details are given in section I1.2.1.iii). The image reflects such effect by the
lack of signal at both ends of the non-dispersive axis!. The liquid jet has a limited

ionization volume that is inferior to what the electron skimmer can collect, and thus it is

8The detector image can also be presented in angular distribution in case of angular mode detection.
YThe spatial distribution is limited by the skimmer, so the vertical lines do not cross the whole image.
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fully observed on the image. The XPS spectrum is directly obtained by the image's
projection on the energy axis (see Figure II-6.(c)).

While recording a spectrum, Ep is fixed in order to maintain a constant energy
resolution. The energy filter resolution (AE) is a crucial factor in XPS analysis. Indeed,
suppose the difference in energy between two XPS peaks, each corresponding to a different
chemical environment, is less than AE. In that case, the peaks become un-differentiable,
and the information about the atom's environment is lost. AE.uy.. directly refers to the
FWHM of the transmitted line of the analyzer. It is determined by choice of pass energy

and the width of the analyzer entrance slit (w) as pointed out in the following Equation[9]:

2
AEgnaiyzer _woa

- & 11-4
E, 2R 4 (1-4)

Where R is the mean radius of electrons trajectory and « is the acceptance angle. The
lens system defines the acceptance angle. It is limited by physical apertures in the lens
and therefore remains nearly constant throughout the entire energy range.

Following Equation (II-4), decreasing the pass energy will increase the resolution.
However, the range of kinetic energies detected around E, will also decrease (see Figure
I1-6.(a)). Typically the kinetic energy window detected is around 10% of E,. One must
keep in mind that decreasing the pass energy also affects the number of electrons
transmitted by the hemispheric analyzer and thus the signal-to-noise ratio. Thus according
to the wanted resolution and the time allocated for the measurement, it is essential to

determine the best values for the pass energy and the entrance slit width.

1I.2.1.ii.  Solid XPS analysis

« Experimental laboratory setup

The solid samples were studied using an industrial XPS analyzer Kratos Axis Ultra
(measurements performed by Jocelyn Leroy on the characterization platform of the
LICSEN laboratory (CEA)). Industrial XPS allow the measurement of photoelectrons
emitted normally to the sample. The X-ray beam is generated by an Al K, anode (1.486
keV) and results in a fixed X-ray spot size. All spectra were recorded using an entrance
aperture of 300x700 pm?2. The detection is ensured by an HDA equipped with a position-

sensitive detector. Samples are deposited on gold-coated glass plates (solution dried at the
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surface) or on copper tapes (crystals directly deposited). They are then installed on a 300
mm sample holder, inserted in the sample treatment chamber (pressure <107 mbar).
Charge effects are compensated using a charge neutralization system: an electron gun (also
called Flood Gun) that produces low-energy electrons during analysis. This low-energy
electrons source (typically 1.85 eV) provides consistent charge compensation and allows
the analysis of semiconductor or non-conductor materials. All the neutralizer parameters
remained constant during analysis. This spectrometer was used to study organic molecules
(sugar, proteins, and small molecules) in the solid phase. Data are extracted in VAMAS

format and analyzed with CasaXPS software.

o (Calibration and data treatment

At the beginning of the analysis, a large energy window is probed with high pass energy
(Ep=160 eV). This survey scan (Figure II-7.(a)) gives an overview of the elements present
in the sample. Then, high-resolution spectra allow identifying the atomic contributions

more precisely (Figure II-7.(b)).
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Figure II-7: (a) Survey spectra of an organic sample deposited on gold coated glass plates
(Ep=160 V), (b) High resolution region of the Aujf (Ep=40 eV pass energy). Results of the
fitting procedure are represented by the red and blue curves.

For the analysis, the spectrometer is previously calibrated using a reference gold sample
(Audf;, BE at 83.9 eV, with respect to the Fermi level). The signal from hydrocarbon

contamination (Cls photoemission) detected on the gold reference sample was found at
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284.8 €V binding energy. This value, similar to the one measured in the literature for the
C-C/C-H signal[10], was chosen to calibrate spectra recorded on copper tapes. The FWHM
of the gold peak defines the resolution under the recording conditions. It has been measured
to be equal to 0.86 eV, 0.5 eV and 0.35 eV for pass energies of 160 eV, 40 eV and 20 eV,
respectively.

In order to optimize AEgpqiyzer, high-resolution regions were acquired at constant pass
energy of 40 eV or 20 eV. Short acquisition time spectra were recorded before and after
each measurement to check that the samples did not suffer from any degradation. The
decomposition of photoemission peaks is carried out after subtracting the continuous
background related to secondary electrons, simulated with a non-linear baseline from a
Tougaard model[11]. An example of gold Audf peaks is presented in Figure II-7.(b)). The
XPS signals were fitted by Voigt functions represented by a sum of Gaussian and
Lorentzian distributions available in the CasaXPS® software (SGL(m) sum formula)[12].
The mixing value (m) was defined to have 70% of Gaussian distribution and 30% of
Lorentzian distribution (SGL(30)). Fitting parameters were properly constrained to have
3:4 peak area ratios (corresponding to the statistical population of the spin-orbit coupling)

and equal FWHM][13].

1I.2.1.iii. Liquid sample XPS analysis

o Liquid micro-jet setup

The technique of liquid jet under vacuum, developed by Faubel and coworkers[14], [15],
was successfully implemented on the PLEIADES beamline in the last few years. This
device allows performing electron spectroscopy measurements on various liquid systems,
including highly volatile liquids. Under vacuum, a liquid jet requires specific technical
strategies, not only in terms of vacuum but also regarding the scattering of electrons by
the vapor phase[16]. The entire setup installation is presented in Figure II-8. The liquid
sample is pumped using an HPLC pumping system (WATREX P102) and pushed through
a narrow fused-silica nozzle (Microliquids® design) at high backing pressure. It results in
a jet of 40 or 60 microns diameter under vacuum, depending on the diameter of the nozzle
used. A degassing system is integrated inside this liquid injection system to remove bubbles

and dissolved gasses which could disrupt the jet. In addition, an in-line 2-pm filter can be
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installed to prevent disruptive micrometric particles. The liquid jet is installed in an
aluminum holder. This latter is drilled with two holes (1-mm diameter and 5 mm long) in
order to allow the irradiation by the synchrotron light and its exit towards a photodiode
(see the liquid jet assembly (D in Figure I1-8). Above the jet, a conical titanium piece
provides a 300 pm hole that acts as a skimmer for out-going electrons. The liquid jet
assembly can be translated in the direction parallel to the SR beam (s) and in the vertical
direction (z), using piezo electric translation stages. Generally, the jet is placed at the
working distance from the electron analyzer (4 cm diameter entrance aperture). It

corresponds to a distance of 2.5 mm between the entrance of the skimmer and the jet.
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Figure II-8: Vacuum liquid jet installation on the PLEIADES beamline. (a)-(b) Illustrative
sketches of the experiment, respectively top-view and profile-view: (1) Liquid-jet assembly, (2)
Liquid box (3) Analyzer chamber, (2)