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An investigation of photoelectron angular distributions and circular dichroism of chiral molecules

INHALTSANGABE

Die vorliegende Arbeit demonstriert das Potenzial aus verschiedene Arten von 

Photoelektronenemissionswinkelverteilungen  im  molekularen  Bezugssystem 

(engl. Molecular frame photoelectron angular distrbibution – MFPAD) und dem mit 

ihnen  verknüpften  chiral-optischen  Phänomen  des  Photoelektronen-

Zirkulardichroismus (engl. photoelectron circular dichroism – PECD) Informationen 

über die molekulare Geometrie polyatomarer, chiraler Moleküle zu erhalten, und 

die  hierbei  auftretende  Abhängigkeit  von  der  Photoelektronenenergie  zu 

untersuchen.  Um  den  Einfluss  des  molekularen  Potentials  auf  die 

Winkelverteilungen zu aufzuzeigen, wurden zwei chirale Moleküle untersucht: 2-

(Methyl)oxiran  (C3H6O,  MOx,  m  =  58,08  uma)  und  2-(Trifluoromethyl)oxiran 

(C3H3F3O, TFMOx, m = 112,03 uma). Die beiden Moleküle unterscheiden sich in 

einer  Substituentengruppe während sie  in  ihrer  Oxirane-Gruppe identisch sind. 

Das O(1s) Elektron wurde durch Absorption eines Synchrotron-Photons ionisiert. 

Diese direkte Photoionisation eines K-Schalen-Elektrons geschieht im Molekül an 

einer klar lokalisierten Stelle und das (nach der Ionisation hochangeregte Molekül) 

zerfällt  hierauf  elektronisch  unter   Emission  von  weiteren  Elektronen  und 

fragmentiert  in  verschiedene  geladene  (und  neutrale)  Bruchstücke  in  einer 

sogenannten  Coulomb-Explosion.  Die  entstehenden  Elektronen  und  ionischen 

Fragmente werden mittels der COLd Target Recoil Ion Momentum Spectroscopy 

(COLTRIMS) Methode detektiert und die Impulsvektoren aller Fragmente werden 

für  jedes  einzelne  Ionisationsereignis  aus  der  Messung  bestimmt.  Mithilfe  der 

COLTRIMS-Methode  kann  die  räumliche  Orientierung  des  in  der  Gasphase 

vorliegenden  Moleküls  im  Laborsystem  über  die  Emissionsrichtungen  seiner 

Bruchstücke  im  Nachhinein  festgestellt  werden.  Dadurch  (und  durch  eine 

koinzidente Messung des Photoelektronenimpulses) ergibt  sich die Möglichkeit 

die  Emissionsrichtung  des  Photoelektrons  im  molekularen  Bezugssystem  zu 

bestimmen und  man erhält  Zugang zu den o.g.  MFPADs (und dem mit  ihnen 

verknüpften PECD) für  unterschiedliche  Orientierungen  zwischen  Molekül  und 

Lichtausbreitungsrichtung.
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Unter „Stereochemie“ (vom griechischem  ,  stereoστερεο :  fest) versteht man 

die  Chemie  dreidimensionaler  Systeme.  Da  die  meisten  Moleküle  eine 

dreidimensionale Struktur aufweisen, deckt die Stereochemie große Bereiche der 

Chemie im Allgemeinen ab und ist offensichtlicher Weise auch für die Biologie von 

Relevanz.  Sie  ist  von  fundamentaler  Bedeutung  für  das  Verständnis  von 

chemischen Strukturen, molekularer Dynamik und molekularen Reaktionen. Z.B. 

sind grundlegende Phänomene belebter Materie mit wesentlichen Entdeckungen 

der  Stereochemie  unmittelbar  verknüpft.  Die  Stereochemie  ist  seit  ihrer 

Einführung  im  späten 18.  Jahrhundert  ein  reges  Forschungsgebiet,  so  dass  ihr 

tiefergehendes Verständnis in der Vergangenheit großen technischen Fortschritt 

ausgelöst hat. Chiralität ist ein Unteraspekt der Stereochemie. Hierbei liegt der 

Fokus  auf  Objekten  mit  der  besonderen  Eigenschaft,  dass  sie  nicht  mit  ihrem 

Spiegelbild  durch Translation und/oder  Rotation in  Übereinstimmung gebracht 

werden können. Das Wort „chiral“ leitet sich aus dem griechischen Wort  fürχειρ  

„Hand“ ab. Die erste Verwendung dieses Begriffs wird typischerweise Lord Kelvin 

zugesprochen,  der  während  einer  Vorlesung  des  Oxford  Universität  Junior 

Scientific Clubs in 1893 feststellte:  „…any geometrical figure, or group of points, 

‘chiral’, and say that it has chirality if its image in a plane mirror, ideally realized,  

cannot  be  brought  to  coincide  with  itself.“. Obwohl  dies  typischerweise  als 

Geburtsstunde des Wortes „Chiralität“ angesehen wird, war das zugrundeliegende 

Konzept  bereits  in  vielerlei  Forschungsgebieten  vertreten  (vor  allem  in  der 

Mathematik), welches die weitreichende Relevanz des Konzepts der Chiralität in 

vielen  Feldern  der  Wissenschaft  hervorhebt.  In  der  Natur  existieren  über  viele 

Größenordnungen hinweg zahlreiche Beispiele für chirale Symmetrien. Chiralität 

ist von makroskopischen (bspw. die Verteilung der Rotationen von Galaxien) bis 

mikroskopischen  Maßstäben  (bspw.  die  Struktur  mancher  Planktonarten) 

beobachtbar. Im molekularen Bereich ist die Anzahl auftretender chiraler Systeme 

sehr  beachtlich:  tatsächlich  sind  die  meisten  pharmazeutischen  Verbindungen, 

Lebensmitteldüfte, Pheromone, Enzyme, Aminosäuren und DNA-Moleküle chiral. 

Das Konzept der Chiralität geht weit über die reine geometrische Symmetrie von 

Objekten  hinaus,  es  ist  ein  zentraler  Bestandteil  der  fundamentalsten 
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Eigenschaften der physikalischen Kräfte in der Natur. Es wird vermutet, dass die 

Symmetriebrechung,  die  durch unterschiedliches  physikalisches  Verhalten eines 

chiralen Systems unter denselben Stimuli auftritt, eine mögliche Erklärungen der 

„Homochiralität des biologischen Lebens“ ist. Unser Organismus weist eine große 

enantiomerer  Selektivität  verschiedener  organischer  Verbindungen  auf  (z.B. 

bezüglich der Wirkung von Medikamenten bis hin zu o.g. Duftstoffen). Über 800 

der  in  der  Lebensmittel-  und  Duftmittelindustrie  häufig  verwendeten  Stoffe 

wurden  als  chiral  identifiziert,  wobei  ihre  Enantiomere  mit  deutlich 

unterschiedlichen Gerüchen wahrgenommen werden. Als weit bekanntes Beispiel 

sei hier der unterschiedliche Geruch von D- und L-Limonen genannt. Ebenso kann 

die Reaktion auf pharmazeutische Substanzen enantiomer-spezifisch ausfallen. In 

der Tat bestehen etwa 60 % aller aktuell verkäuflichen Medikamente aus chiralen 

Verbindungen, wobei allerdings etwa 90 % dieser als Razemat verkauft werden. 

Einen ähnlichen Grad an Enantiomer-Selektion wird in Kommunikationssystemen 

von  Pflanzen  und  Insekten  beobachtet.  Pflanzen  produzieren  lipophile 

Flüssigkeiten  mit  hohem  Dampfdruck,  flüchtige  Blattduftstoffe,  welche  aus 

verschiedenen,  typischerweise  chiralen  Enzymen  synthetisiert  werden.  Chirale 

Moleküle  und  chirale  Effekte  haben  einen  großen  Einfluss  auf  viele 

Forschungsgebiete von, nur um einige zu nennen, stereo-sensitiver Synthese auf 

Grundlage heterogener enantioselektiver Katalyse, über Optoelektronik bis hin zu 

photochemischer asymmetrischer Synthese und chiraler Oberflächenforschung.

Ein chirales Molekül  kommt in Form von zwei Enantiomeren vor.  Ihre nahezu 

identischen chemischen und physischen Eigenschaften sorgen auch heutzutage 

noch  für  technische  Herausforderungen  in  der  Trrennung  von  razemischen 

Mischungen,  der  Bestimmung des  Enantiomerenüberschusses  und der  direkten 

Bestimmung  der  absoluten  Konfiguration  eines  Moleküls.  In  den  letzten 

Jahrzehnten  wurden  allerdings  große  Fortschritte  erzielt.  Aufgrund  der 

pharmazeutischen Relevanz und/oder der technologischen und wirtschaftlichen 

Bedeutung vieler  chiraler  Verbindungen, erlebten Detektionssysteme für  chiral-

spezifische Phänomenen ein stets ansteigendes Interesse. Probleme, wie etwa die 
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geringe Separationsausbeute und die hohen Kosten existierender Prozesse, sowie 

das limitierte Zusammenwirken mit bekannten chiralen Referenzreagenzen sind 

allerdings  immernoch  allgegenwärtig.  Die  in  dieser  Arbeit  vorgestellten 

Untersuchungen und die hier  angewandte Messmethode können hier eventuell 

neue Impulse geben.

Ein  durch  Photoionisation  emittiertes  Elektron  besitzt  eine  charakteristische 

Emissionswinkelverteilung.  Im  Falle  der  Ionisation  eines  Moleküls,  ist  diese 

Winkelverteilung das Resultat  von konstruktiver  und destruktiver  Interferenzen 

von  direkt  emittierten  und  am  molekularen  Potential  gestreuten 

Photoelektronpartialwellen  verschiedener  Drehimpulsbeiträge  und  Symmetrie. 

Das volle Streumuster der Elektronenwelle wird dann im oben bereits erwähnten 

molekularen Bezugsystem als „MFPAD“ sichtbar.

Ein Dichroismus beschreibt den Unterschied in der Absorption (oder Emission) 

von  monochromatischem  Licht  durch  ein  optisch  aktives  Medium,  wenn  die 

Polarisationeigenschaften des Lichts verändert werden. Ein solcher Effekt wurde 

zunächst  von  Haidinger  (1847)  und  später  von  Cotton  (1895)  beobachtet, 

woraufhin  ursprünglich  der  Term  „Cotton  Effekt“  verwendet  wurde.  Er  wurde 

theoretisch erst von Rosenfeld im Jahr 1928 diskutiert. Der oben bereits erwähnte 

Zirkulardichroismus  (CD,  aus  dem  englischen  circular  dichroism)  kann  z.B.  in 

flüssigen oder gasförmigen chiralen Substanzen beobachtet werden, wenn diese 

mit  zirkular  polarisiertem Licht  interagieren und  man die  Helizität  des  Lichtes 

ändert. Mit der Entwicklung von Synchrotronanlagen, die fast monochromatische, 

teilweise  kohärente  Photonenstrahlen  mit  hoher  Brillanz  und  hohem  Fluss 

bereitstellen,  sind  detaillierte  Untersuchungen  zutem  Zirkulardichroismus  an 

chiralen Molekülen in der Gasphase möglich geworden. In Kombination mit der 

COLTRIMS-Technik,  also  der  koinzidenten  Vermessung  der  ionischen  und 

elektronischen  Photoionisationsfragmente,  ab-initio  Modellierunen  des 

Ionisations- und Fragmentationsprozesses, lassen sich mit solchen CD-Messungen 

Rückschlüsse auf die (absolute) Konfiguration von Molekülen und ihre molekulare 

Ionisationsdynamik  gewinnen.  So  weist  z.B.  der 
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Photoelektronenzirkulardichroismus  (PECD,  aus  dem  englischen photoelectron 

circular  dichroism),  der  bei  der  Photoionisation  von  chiralen  Molekülen  mit 

unterschiedlicher  Licht-Helizität  auftreten  kann,  einige  Charakteristika  auf, 

welche ihn zu einer geeigneten Observablen machen, um die absolute Struktur 

von einzelnen, chiralen Molekülen zu bestimmen. PECD ein universeller optischer 

Prozess.  Er  zeigt eine komplexe Abhängigkeit  vom elektronischen Zustand des 

Moleküls,  seinem  Vibrationszustand,  und  der  Energie  der  eingestrahlten 

Photonen. Diese Sensitivität wurde bereits zur Untersuchung von ultra-schneller 

Molekulardynamik verwendet,  z.B.  in  Arbeiten zur  zeitaufgelösten molekularen 

Relaxation. PECD wird verwendet, um den Enantiomerenüberschuss in Razematen 

in Echtzeit zu bestimmen. Als differentielle Observable sind PECD-Effekte oftmals 

mehrere  Größenordnungen  stärker  als  der  natürlichen  Absorptions-CD, 

beispielsweise  tritt  ein  PECD von bis  zu  10 % für  zufällig  im Raum orientierte 

Moleküle  auf  und bis  zu  20–30 % Signalstärke  sind beobachtbar  für  Moleküle, 

welche  in  der  Polarisationsebene  des  einlaufenden  Photons  ausgerichtet  sind. 

Diesem  Anstieg  liegt  zugrunde,  dass  PECD  im  Rahmen  der  elektrischen 

Dipolwechselwirkung auftritt, während CD durch Interferenz von elektrischen und 

magnetischen Dipol-Beiträgen entsteht.

Die in dieser Arbeit vorgestellten Experimente wurden mittels der COLTRIMS-

Messtechik  durchgeführt.  Eine  COLTRIMS-Apparatur  ist  in  der  Lage  ionische 

Fragmente und Photoelektronen mit einem vollständigen Raumwinkel von 4π in 

Koinzidenz zu detektieren. Sie wurde ursprünglich entwickelt um Kollisionen von 

Atomen mit schnellen, hochgeladenen Ionen zu untersuchen. In den letzten 25 

Jahren  wurde  die  Messtechnik  weiter  verfeinert  und  ihr  Geltungsbereich 

ausgeweitet. Heutzutage sind Messungen an einzelnen Atomen und Molekülen, 

Dimeren und Clustern, bis hin zu verdampften Flüssigkeiten möglich und üblich. 

Die Technik wurde außerdem für den Einsatz mit verschiedenen Photonenquellen 

angepasst, beispielsweise mit Synchrotronstrahlung, mit Starkfeld-Lasern oder mit 

freien  Elektronenlasern.  Einige  grundlegende  Arbeiten  zur  Ionisations-  und 

Zerfalldynamik von Atomen und kleinen Molekülen wurden mit ihre durchgeführt. 
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Die  COLTRIMS-Methode  ermöglicht  es  außerdem 

Photoelektronenemissionswinkelverteilungen  im Molekülsystem zu  messen.  Die 

Messmethode  basiert  auf  einer  Kombination  einer  Flugzeitmessung  der  dem 

Abbilden des Impulsraumes von Teilchen auf einem ortsauflösenden Detektor. Die 

Impulse der Reaktionsfragmente werden aus ihrem Auftreffort auf dem Detektor 

und ihrer  Flugzeit  berechnet.  Aus den Impulsen können auch alle  abgeleiteten 

Größen (bspw. Emissionswinkel, Energie, etc.) bestimmt werden und kinematisch 

vollständige  Experimente  sind  mit  COLTRIMS  realisierbar.  Die  in  dieser  Arbeit 

präsentierten Experimente wurden mit zirkular polarisierten Licht des SEXTANT-

Strahlrohrs  an  der  SOLEIL  Synchrotronanlage  (Saint-Aubin,  Frankreich) 

durchgeführt. Durch die koinzidente Messung der ionischen Impulse konnte die 

räumliche Orientierung einzelner Moleküle entweder teilweise (bei Fragmentation 

in  zwei  Fragmente)  oder  vollständig  (bei  Fragmentation  in  drei  oder  mehr 

Fragmente) bestimmt werden, wodurch eine Messung von MFPADs für verschiede 

Orientierungen zwischen Photonenstrahl und  Molekül möglich war.

Im  Folgenden  wird  eine  Zusammenfassung  der  Ergebnisse  dieser  Arbeit 

gegeben. Der PECD von zufällig im Raum orientierten TFMOx Molekülen erreicht 

ein Maximalwert von ca. 2 %, was eine Signalstärke darstellt,  die bereits einige 

Größenordnungen  größer  ist,  als  sie  mit  anderen  etablierten  chiral-optischen 

Techniken  erreicht  wird.  Die  in  dieser  Arbeit  beobachteten  Ergebnisse  sind 

außerdem vergleichbar mit vorhergehenden Ergebnissen für  das MOx Molekül. 

Eine räumliche Ausrichtung des Moleküls zeigte einen dramatischen Anstieg auf 

bis zu 20 % im winkel-integrierten PECD für spezifische Relativwinkel zwischen 

Photonenpolarisationsebene  und  Molekül.  Die  Winkelverteilung  zeigte  die 

erwartete Symmetrien mit der Eigenschaft PECD(π− , π− ) = − PECD( , ). Derθ φ θ φ  

maximale  PECD  sollte  also  für  parallele  oder  orthogonale  Orientierung  des 

Moleküls  in  der/zur  Polarisationsebene  auftreten.  Der  vollständig  differentielle 

PECD im molekularen Bezugsystem wurde ebenfalls gemessen, wodurch sich für 

manche Molekülorientierungen ein weiterer  Anstieg des PECD auf bis  zu 45 % 

zeigte. Betrachtet man die dem PECD zugrundeliegenden MFPADs, so zeigen sie 
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eine Inversion des Vorzeichens beim Wechsel der Helizität (gemäß der Definition 

des PECD),  und eine qualitative,  progressive Inversion des Vorzeichens bei  der 

schrittweisen  Umkehrung  der  Lichtausbreitungsrichtung  relativ  zur 

Molekülorientierung. Dies bestätigte den chiralen Ursprung des Effekts. Es zeigte 

sich  außerdem,  dass  der  sowohl  der  integrierte  als  auch  der  vollständig 

differentielle  PECD  eine  starke  Abhängigkeit  von  der  Photoelektronenenergie 

aufweist: der integrierte PECD zeigt zusätzliche/andere Charakteristika für kleine 

Energien, der vollständig differentielle PECD zeigt eine progressive Verschiebung 

seiner  Maxima  und  Minima  (für  verschiedene  Lichtausbreitungsrichtungen)  in 

Abhängigkeit von der Photoelektronenenergie. Die maximale Stärke des PECD-

Effekts ist mir relativ geringen Schwankungen bis hin zu Werten von 50 % bei 6 eV 

Photoelektronenenergie  beobachtbar.  Ein  in  dieser  Arbeit  durchgeführter 

Vergleich  von  TFMOx  und  MOx  (letzteres  wurde  in  vorangegangenen 

Experimenten untersucht),  ermöglichte eine systematische Quantifizierung des 

Einflusses  der  verschiedenen  Substituentengruppen  (CF3 bzw.  CH3)  auf  die 

Emissionswinkelverteilungen der Photoelektronen und dem zugehörigen PECD bei 

11,5 eV Photonelektronenenergie. Die Experimente zeigten überraschenderweise 

eine  vollständige  Vorzeicheninversion  aller  drei  PECD  Varianten  für  zufällig, 

teilweise  und  vollständig  im  Raum  ausgerichtete  Moleküle  auf,  und  einen 

quantitativ stärkeren Effekt für TFMOx. Dies legt nahe, dass es einen messbaren 

Einfluss  der  schwereren  Streuzentren  (der  F-Atome)  auf  die  gemessenen 

Streumuster gibt. Der Trend des PECD für zufällig orientierte Moleküle und die 

Merkmale  des  winkel-integrierten  PECD  sind  für  beide  Systeme  ähnlich,  der 

vollständig differentielle PECD weist jedoch feinere Unterschiede bezüglich der 

Abhängigkeit von der Lichtausbreitungsrichtung auf.

Die  vorliegende  Arbeit  zeigt  einen  weiteren  Weg für  die   „Verwendung“  der 

MFPADs einzelner Moleküle in der Gasphase auf: Durch einen iterativen Vergleich 

mit theoretisch modellierten MFPADs und einem Rückkopplungs-basierten Ansatz 

lassen sich sogar einzelne Feinheiten der Molekülgeometrie aus den Messdaten 

extrahieren. Darüber hinaus zeigte sich in diesem Zusammenhang, dass es auch 
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möglich  ist,  über  den  gemessenen  PECD  die  absolute  Konfiguration  chiraler 

Moleküle  zu  bestimmen.  Die  Ergebnisse  dieser  Arbeit  und  eine  kürzlich  zur 

Publikation eingereichte Folgestudie setzen hier einen neuen Maßstab bezüglich 

der  Komplexität  der  untersuchten  Moleküle.  Die  Nutzung  von  MFPADs  (und 

PECD) für detaillierte Geometrie-Bestimmung ist insofern von Interesse, da diese 

Methode  auch  eine  Erweiterung  bezüglich  zeitaufgelöster  Untersuchungen 

erlaubt.
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1. INTRODUCTION

Stereochemistry  (from  the  Greek  -,  στερεο stereo-,  meaning  solid)  refers  to 

chemistry in three dimensions. Since most molecules show a three-dimensional 

structure (3D), stereochemistry pervades all fields of chemistry and biology, and 

it is an essential discipline for the understanding of chemical structure, molecular 

dynamics  and  molecular  reactions.  Stereochemistry  is  a  keystone  for  the 

understanding  of  the  chemistry  of  biological  life  since  its  revolutionary 

introduction  in  late  18th century,  starting  from  the early  observations  of  the 

interaction of organic compounds with light, to one of the most groundbreaking 

scientific discoveries of the last century such as to the observation of the double 

helix  structure  of  deoxyribonucleic  acid  (DNA)  [1].  The  research  on 

stereochemistry shed light on fundamental questions about the origin of life in the 

Universe, triggering tremendous technical advancements, and therefore making it 

a flourishing field of research.

In chemistry, chirality is an important topic of stereochemistry which it is the 

peculiar  geometrical  property  of  an  object  of  not  being superimposable  to  its 

mirror-image. The word chirality is derived from the Greek  for “hand”, andχειρ  

the first  use of this term in chemistry is  usually attributed to Lord Kelvin who 

called during a lecture at the Oxford University Junior Scientific Club in 1893 “any 

geometrical figure, or group of points, ‘chiral’, and say that it has chirality if its  

image in a plane mirror, ideally realized, cannot be brought to coincide with itself.”  

[2]. Although the latter is usually considered as the birth of the word chirality, the 
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concept underlying it was already present in  several fields of science (above all 

mathematics), already proving the multidisciplinary relevance of chirality across 

many field of science and beyond [3].

Nature shows great examples of chiral symmetry on all scales. Empirically, it is  

possible  to  observe  it  at  macroscopic  scale  (e.g.,  distribution  of  rotations  of 

galaxies  [4]), down to the microscopic scale (e.g.,  structure of some plankton 

species  [5]), but it is at the molecular level  where the number of chiral systems 

gets remarkable: most of the pharmaceutical drugs, food fragrances, pheromones, 

enzymes, amino acids and the DNA molecule, in fact, are chiral.  Moreover, the 

concept of chirality goes far beyond the mere spatial symmetry of objects being 

crucially interwoven as e.g., with the fundamental properties of physical forces in 

nature. The symmetry breaking, namely the different physical behaviour of two 

enantiomers (from the Greek , ἐναντίος enantios, meaning opposite1) of a chiral 

system upon the same stimuli, is considered to be one of the best explanation for 

the long-standing questions of homochirality in biological life, and  ultimately to 

the chemical origin of life on Earth as we know it [6]–[8].

The concept of chirality challenged and inspired scientists for over a century, and 

it  is  perhaps surprising how recently the concept has been developed, despite 

being at the interface between biological life and the laws of Nature and present at 

virtually all scales. An early poetical intuition of the holistic implications of chirality 

could be found in the famous  Through the Looking-Glass and What Alice Found 

There  from Charles L. Dodgson (best known as Lewis Carroll) first published in 

December 1871,  when Alice said to  her  cat:  “How would you like to  live  in  a 

looking-glass house, Kitty? ... Perhaps looking-glass milk isn’t good to drink.”

1 In  chemistry,  isomers are  molecules  with  the  same  chemical  formula;  stereoisomers are  isomers  with  the  same 
arrangements of atoms (i.e., bonds), which differ in their spatial orientation of substitutional groups; conformers are 
stereoisomers with high symmetry. A molecule can have infinite stereoisomers. Enantiomers are stereoisomers that 
show inversion symmetry, and must always come in pairs, although their natural abundance can be very different. A  
molecule can have multiple “pairs” or enantiomers.
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1.1  Historical background

1.1 Historical background

The first documented observations of chiroptical phenomena can be appointed 

to  the  French  physicists  F.  Arago  and  J.-B.  Biot,  who  separately  studied  the 

interaction of linearly polarized light with quartz in 1811 and 1812, respectively. It  

was already known that quartz crystals exhibit the phenomenon of hemihedrism, 

therefore come in two enantiomeric forms: the  and  quartz, as shown in α β Figure

1.1. It has been observed that, when illuminated with polarized light, two plates 

made from the two quartz enantiomers rotate the polarization plane light with 

respect to  its  propagation direction of an angle proportional to the thickness of 

the  plate  itself,  but  into  opposite  directions  depending  on  the  enantiomer.  In 

1815, J.-B. Biot alone extended these observations to organic substances both in 

liquid form such as turpentine (a mixture of terpenes, primarily  and  pinene),α β  

and solid solutions such as sucrose (C12H22O11,  -D-glucopyranoside)α ,  camphor 

(C10H16O, 1,7,7-Trimethylbicyclo[2.2.1]heptan-2-one), and tartaric acid (C4H6O6, 

2,3-Dihydroxybutanedioic  acid),  showing  a  similar  optical  activity  for  each 

compound  in  its  physical  phases  as  quartz,  but  without  being  able  to  fully 

interpret the results of his observation.

In 1848, inspired by the work of J.-B. Biot and under his supervision,  L. Pasteur 

decided to further compare the properties of specific salts of the (+)-tartaric acid, 

depicted in the B) panel of Figure 1.2 (see appendix B.3 for the meaning of “+”), 

with its optically inactive isomer the paratartrate (also called paratartatic acid).

In particular, he was interested in the liquid solution of double sodium-ammonium 

3

Figure 1.1: Comparison between high symmetry and hemihedral. a) high symmetry holohedral hexagonal 
crystal  structure;  (b)  hemihedral  hexagonal  crystal  and  its  mirror  image.  This  two enantiomers  are  the  
prototypical structures for  and  α β quartz, respectively. Image reproduced from [27].
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tartrate whose  macroscopic  crystalline forms display,  like  quartz,  a  hemihedral 

morphology as  shown in  A)  and C)  panels  of  Figure  1.2.  At  first,  he  induced 

crystallization of a mixture of the two compounds by slow evaporation, obtaining 

two types of large crystals which could be mechanically separated with a pair of  

tweezers.  When the obtained crystals were separately redissolved in a solvent, 

and  illuminated  with  linearly  polarized  light,  the  two  solutions  rotate  the 

polarization direction of the light into opposite directions by a certain degree. 

Finally,  replicating  the  same  experiment  with  the  paratartrate  alone,  he 

surprisingly obtained an equal amount of two complementary hemihedral crystals 

typical of the tartaric acid, showing that the paratartrate is not a pure compound, 

thus  explaining its optically inactivity in liquid phase. He was therefore able to 

resolve the paratartrate conglomerate into its two enantiomers, the (+)-tartaric 

acid and the (-)-tartaric acid,  the latter had never been purified and observed 

alone  before.  Despite  the  lack  of  the  modern  concept  of  molecule,  Pasteur 

associated  what  he  called  the  “molecular  dissymmetry”  to  what  he 

macroscopically  observed  in  crystalline  forms,  addressing  the  link  to  some 

unknown “dissymmetric forces of Nature” [9].[10]

The fundamental roots of the observed asymmetry remained unclear until 1874 

when J. H.  van’t Hoff and J. A. Le Bel independently  introduced the concept  of 

physical geometry for the carbon atom, and in particular its asymmetries in space. 

This new interpretation pictures a carbon atom with four different substituents as 

4

Figure 1.2: A) Hemihedral crystals of double sodium-ammonium tartrate, and C) the crystals as drawn by  
Pasteur; B) chemical structures of enantiomeric tartaric acids. Image reproduced from [10].



1.1  Historical background

disposed on a regular tetrameter, and radically changed the conventional symbolic 

language of chemistry to more visually based language. With this new approach, it 

was possible to visually identify enantiomers as mirror images of each other, thus 

bridging the gap between the empirical  observation of  optical  activity  and its  

molecular nature.  Modern chiroptical experiments on molecules such as studies 

on circular  dichroism (CD),  and birefringence effects were  performed starting 

from 1895 by the French physicist  A. Cotton  using polarized light, and will  be 

discussed in more detail in chapter 2.

1.2 Chirality in everyday life

Restricting the view to the molecular world, the discovery, and quantification of 

homochirality in the biological  realm  [6] has been a groundbreaking discovery 

across many scientific disciplines, and it shows the central role of chirality on the 

origin of  biological life. The two main pillars of homochirality are first that the 

ribose sugar (C5H10O5), the building block of nucleotides and of nucleic acids, 

occurs in nature just as D-type enantiomer, and second that 19 out of 20 of the 

most common amino acids [11], the building blocks of polypeptide chains such as 

proteins, are chiral and exclusively L-type2 enantiomers. These two well-known 

aspects imply a signature of homochirality on higher-order structures such as in 

DNA and RNA,  whose secondary structure has the form of an -helix i.e., rightα  

hand-helix.

Therefore, it is intuitive to understand why our organism as well as the one of 

other animals show high enantio-selectivity towards specific compounds ranging 

from drugs, to fragrances. The way in which each enantiomer binds with the sense 

organs could be different and, as a result, the perceived smell and taste is different 

[12].  Over  800  odour  molecules  commonly  used  in  industry  in  food  and  as 

fragrance  are  indeed  chiral;  a  well-know  examples  are  the  striking  difference 

2 D and L descriptors are based on Fischer projection, are often used in the nomenclature of amminoacids, and  are 
relative descriptors. Absolute descriptors are instead S and R, further described in appendix B.3.
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between  (4R)- and  (4S)-carvone,  or  the  more  peculiar  one  between D-  and 

L-limonene [13]. Similarly, biological responses to pharmaceuticals drugs can be 

enantiomer specific, and in fact about 60% the drugs currently on the market are 

chiral compounds, and nearly 90% of them are sold as racemates3 [14]. In some 

cases, the complex interaction of racemates with the human body could lead to 

tragic  outcomes, as the use in the past century of a medicament containing a 

racemic mixture of thalidomide (C13H10N2O4) sadly showed [15].

The  same  degree  of  enantio-selectivity  is  observed  in  the  communications 

systems of plants and insects. Plants produce lipophilic liquids with high vapour 

pressure called plant volatiles (PVs) which are synthesized via different enzymes 

called  terpene  synthases  that  are  usually  chiral  [16].  One  example  is  the 

α-terpene studied from J.-B. Biot in his early experiments (see chapter 1.1 ). The 

two enantiomers of terpene are released in the atmosphere, triggering different 

biological  activities  to communicate to predators,  pollinators and neighbouring 

plants  [17].  Among  insects,  pheromones  play  a  similar  role,  and  a  better 

understanding  of  the  interaction  with  pheromone  could  lead  to  an  effective 

control of species population and pollination cycles without negatively affecting 

the biodiversity  [18], [19]. The use of chiral molecules and the exploitation of 

related chiral effects have a crucial impact on a growing number of branches of 

science and technology, with exciting developments ranging from stereo-selective 

synthesis  based  on  heterogeneous  enantioselective  catalysis  [20],  to 

optoelctronics  [21],  to  photochemical  asymmetric  synthesis  [22],  and  chiral 

surface science [23], just to cite a few.

The almost identical chemical and physical properties of enantiomers continue 

to pose technical challenges  concerning the  resolution of racemic mixtures, the 

determination of the enantiomeric excess4, and the direct determination of the 

absolute configuration of an enantiomer. Huge improvements have been achieved 

3 The term racemate indicates a 50:50 mixture of two enantiomers. From Latin racemus, meaning a bunch of grapes; it 
is related to the acidum racemicum (tartaric acid) which is known from centuries in the context of wine-making.

4 The enantiomeric excess (ee) quantifies  the purity  of  a chiral  compound.  It  represents the relative content one  
enantiomer compared to the other. A racemic mixture has an ee of 0%, while a  pure enantiomer has an ee of 100%.
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in  the  last  decades,  and  analytical  systems  for  chiral  detection  based  on 

chiral-specific phenomena are increasingly gaining interest for their technological 

and economic impact, especially for pharmaceutically relevant compounds. Many 

limitations such the low separation yields and the high cost of the process, and the 

restricted  interaction  to  known  chiral  reference  reagent  are  still  restricting 

advanced  detection  and  separation  techniques  to  be  use  on  many  chiral 

compounds of interest.

1.3 Structural symmetry and true chirality

The  property  of  an  enantiomer  of  “not  being  superimposable  to  its mirror 

image”  can  be  more  rigorously  described  using  symmetry  operations  and 

elements  of group theory.  Symmetry operations are spatial  manipulations of a 

molecular structure which signify the equivalence of two configurations, namely 

the  manipulated  and  the  original.  Symmetry  operations  are  performed  on  a 

symmetry  element:  an  axis,  a  plane,  or  a  point.  According  to  the  symmetry 

operation, if a molecule belongs to a symmetry element, then its structure is the 

same  as  the  original  after  the  transformation,  thus  it  displays  a  particular 

symmetry. For molecules to be chiral, a combination of the point group centre of 

inversion i and reflection planes σ (both vertical and horizontal) must be missing. 

The latter implies that the structures (e.g., enantiomers) are different (i.e., “not 

superimposable”)  before  and  after  either manipulation.  More  generally,  chiral 

molecules  should  lack any  improper  rotation  axis  of  the  point  group  Sn  that 

converts a point (x, y, z) into (-x, y, z)5. Hence, chirality is supported by the point 

groups with proper rotations, namely the axial groups Cn, Dn, and the polyhedral 

groups O, T and I.

How  can  these  structural  considerations  be  translated  into  the  language  of 

symmetries  and  conservation  laws  of  physics?  An  improper  rotation  Sn is 

5 A reflection  is defined  relative to a plane: by definition, it  will  leave all  the points on that plane  unvaried. In this 
example, the reflection is performed relative to the z-y plane, therefore inverting just the x-axis. It is worth noticing 
that the sense of rotation of an object rotating around the x-axis is unaffected by the parity operator .P̂
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equivalent to applying the parity operation P̂ 6, which simply inverts all spatial 

coordinates  of  a  point  in  space  r →
P̂

−r (therefore  called  space  inversion), 

followed by a π rotation around an axis orthogonal to the reflection plane. Vectors 

are classified according to their transformation with respect to P̂ : polar or true 

vectors are reversed by P̂  (e.g., the position vector  r), while  axial or pseudo 

vectors are not (e.g., the angular momentum vector L), as shown in the equations 

(1.1).  What  is  usually  measured  in  chiroptical  experiments  are  pseudo  scalar: 

scalars that change sign with P̂  such as the optical rotation angle  and theα  

circular intensity difference of the CD.

r →
P̂

(−r ) ; L=r×p →
P̂

(−r )×(−p)=L (1.1)

A chiral object lacks of parity because the parity operator P̂ transforms it into 

its enantiomer of opposite chirality: when the term “chiral” is referred to a static 

object  as  perhaps  to  molecule,  it  implies  the  existence of  two  distinguishable 

enantiomers.  Therefore, a  chiral  molecule  has a  lower  symmetry  than  its 

associated  Hamiltonian,  which  still  commutes  with  the  parity  operator

[ P̂ , Ĥ ] = 0 ,  thus  conserving  parity. This  fact  is  called  parity  breaking,  also 

called mirror symmetry breaking, and it differs from parity violation as described 

in the following chapter [24].

Despite  the  clear  parity  breaking  emerging  using  chiral  molecules,  further 

symmetries should be considered to correctly describe phenomena like magnetic 

6 It is possible to use either the “active” or “passive” convention: “active” implies the particle has changes position in  
space; “passive” implies that the coordinate system is linearly transformed to display the same position of the particle.

8

Figure 1.3: Effect of the parity  and time  operators on a) a single P̂ T̂ axial vector (e.g., stationary spinning 
particle); b) a combination of axial and polar vectors. Sketch reproduced from [27].
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or  electrically  induced  chirality  in  achiral  systems  (e.g.,  Faraday  effect).  In a 

dynamic  system  the  symmetry  can  be  further  tested  under  the  time  reversal 

operator T̂  which  reverse  the  time  t →
T̂

−t 7.  Applying  the  time  reversal 

operator T̂ ,  polar or  true  vectors  are  not  reversed  (e.g.,  position  vector r), 

while axial or pseudo vectors are (e.g., angular momentum vector L), as stated in 

the set  of equations  (1.2).  When the sign of a vector is  changed by T̂ ,  the 

vector is  called  time-odd otherwise  time-even.  A summary of the effect of the 

parity  operators P̂ and T̂ on axial  and polar  vectors  (and a  combination of 

them) is sketched in Figure 1.3.

When  a  system  shows false  chirality it  has  neither P̂ nor T̂ symmetry 

operations alone, but their combination P̂T̂ is a symmetry operation, therefore 

reproducing  the  original  configuration.  On  the  contrary,  a  system  shows 

true chirality when the system symmetry is  broken applying both P̂ and T̂

symmetry operations alone, as well as their combination P̂T̂ .

r →
T̂
r ; v=d r

dt
→
T̂ d r
d(−t)

=−v ; L=r×p →
T̂
r×(−p)=−L (1.2)

Consequently, the electric filed  E is polar time-even vector, and the magnetic 

B-filed is  axial  time-odd vector,  and any processes involving static and uniform 

electromagnetic interactions must conserve parity and reversibility. Therefore, the 

use of circularly polarized light (CPL) ensures the  parity breaking, because the 

rotating  and  propagating  E and  B vectors  of a plane  wave  define  two 

non-superimposable  states,  namely the left  and right  circularly  polarized  [25]. 

Since CPL defines a true chiral system, it can be used to convert achiral molecules 

into a chiral excited state, as recently demonstrated by K. Fehre and co-workers 

[26].

A state of polarization  p can be thought as a superimposition of two linearly 

polarized orthogonal  components  lying on a  plane perpendicular  to the light's 

propagation direction.  For  components  with equal  magnitudes,  the phase-shift 

7 The test could be extended to the charge conjugation operator Ĉ, although not relevant for the present work.
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determines the overall polarization: for a phase shift of ±π/2, the light is circularly 

polarized.  The sign of  the phase difference determines the handedness of  the 

rotation. From the point of view of an observer looking at the photon source along 

the propagation direction, a clockwise rotation corresponds to a phase shift  of 

-π/2  and  is  a  right-hand  circular  polarization  state  (RCP),  while  a 

counter-clockwise  rotation  has  a  phase  shift  of  +π/2,  and  refers  to  left-hand 

circular polarization state (LCP), as summarized in Table 1 in chapter 3.2.

1.4 Symmetry violation

According  to  the  CPT  theorem,  it  is  possible  to  define,  in  the  words  of 

L. D. Barron, “a mirror universe where, all  particle positions are reflected about 

some plane (parity inversion operator P̂ ), all particles are replaced by their anti-

particles (charge conjugation operator Ĉ ) and all momenta are reversed (time 

reversal  operator T̂ ),  will  evolve  according to the same physical  laws as the 

present universe”  [27]. Symmetry is conserved by the four fundamental forces 

(i.e.,  gravitation, electromagnetic, strong and weak),  but individual symmetries 

may be violated as proposed by T. D. Lee and C. N. Yang in 1956 [28], although 

the idea  had already been criticized for long time8. Although enantiomers show 

identical chemical and physical properties, it has been predicted that their ground 

energy levels should be different [30], [31]. For an isomerization reaction of large 

chiral  molecules  at  its  apparent  equilibrium S⇌ R ,  modern  theoretical 

calculations predict an extremely small difference in Gibbs standard free energy 

ΔRG
0 of  about  10-16 to  10-14 kbT  at  25  °C,  thus a  consequent  equilibrium 

constant  K  <  1,  giving  an  excess  of  to  106 –  108 molecules  per  mol  of  the 

energetically  favoured  enantiomer  under  thermodynamic  equilibrium  at  25 °C 

[32].  The debate about the validity  of  the calculations  is  still  going on today,  

8 “Wolfgang Pauli is said to have bet large amounts of champagne against it when the suggestion of parity violation first 
appeared. Similarly,  as reported in the December 2001 news of the American Physical  Society,  Richard Feynman 
considered at the time the notion of parity violation to be “unlikely, but possible, and a very exciting possibility”, and  
he made a $50 bet with a friend that parity would not be violated. However, Feynman lost that bet and experimental  
proof of parity violation was swift and complete.” citation integrally reported from [29].
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especially because the sensitivity of all spectroscopic techniques used to probe the 

former difference is, at the present moment, several order of magnitude higher 

than the theoretical proposed values.

Despite the lack of experimental evidence, the difference in energy is thought to 

originate from the weak interaction, which is know to violate the CP symmetry; in 

particular,  it  seems to  emerge  from  the  spin-orbit  coupling,  a  weak  magnetic 

interaction  between  the  spin  of  the  electrons  and  their  orbital  motion  which 

slightly splits the degenerate energy of the two spin configurations,  mirrored in 

each  enantiomer  [29].  The  weak  interaction  was  proven  to  violate  the 

P symmetry by Madame Chien-Shiung Wu in her famous experiment on β decay 

on polarized Co-60 atoms  [33] for which the Nobel Prize in physics 1957 was 

awarded jointly to C. N. Yang and T. D. Lee. Further investigation in the physics of 

the decay of K-mesons [34], lead to prove the violation of the combination of the 

CP symmetry, a discovery worth the Nobel Prize in physics 1980 to J. W. Cronin, 

and V. L. Fitch.

1.5 Absolute configuration

The analytic techniques capable of assigning the absolute configuration of two 

enantiomers are the crucial tool to allow further developments in the research on 

chiral  molecules  and  chiral  compounds.  During  the  last  century,  X-ray 

crystallography and vibrational  circular  dichroism (VCD) have been the mostly 

used techniques to assign the absolute configuration of two enantiomers using 

CPL as a probe, as explained in the previous chapter 1.4.

X-ray crystallography is the most  used technique capable of  determining the 

absolute  configuration  of  chiral  molecules,  since  the  relationship  between 

macroscopic chirality and chirality at the molecular level was established, in 1951, 

through anomalous X-ray scattering9 [35]. Despite its tremendous success, it is 

9 In contrast to elastic scattering, the anomalous X-ray diffraction makes use of an additional phase shift for resonant  
scattering, making it sensitive to the space inversion of a target.
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necessary  for  large  molecules  to  provide  theoretical  models  to  compute the 

angular  distribution  of  a  given  structure  ab  initio.  The  technique  has  more 

limitations:  the target  molecule  has to  be in  a  single  crystal  form, a  condition 

difficult to achieve for many biological samples, but most importantly where the 

influence of the nearest neighbours on the signal is very strong and influences the 

accuracy of  the calculations. Furthermore, the technique relies on the stronger 

scattering from heavier atoms in the crystal lattice, which are usually missing in 

many organic molecules, introducing another constrain in the sample preparation 

[36].

Two other benchmark techniques to determine the absolute structure of a chiral 

molecule  are  nuclear  magnetic  resonance  (NMR)  spectroscopy  and 

high-performance liquid chromatography (HPLC).  NMR is a powerful technique 

routinely used to prove the structure of complex biological molecules and proteins 

of  mass  up  to  25  kDa,  but  the  measurements  have  to  be  backed  up  by 

sophisticated  quantum  chemical  calculations  of  the  measured  sample. 

Furthermore, the  sample  preparation  usually  requires  the  formation  of 

diastereomeric complexes between the chiral analyte and a known solvated chiral 

resolving agent [37]. Likewise, HPLC can be particularly effective on small organic 

molecules as amino acid, but as for  NMR, the formation of diastereomers with 

chiral agents is a tight requirement [38].

Other  techniques  like  VCD and  coherent  three-wave  mixing  have  been 

successfully  used  to  resolve  specific  racemic  mixtures,  but  they  both  rely  on 

demanding ab initio calculations, and the very low intrinsic sensitivity hinder the 

use  for  a  immediate  broader  adoption  as  routine  techniques  and  scalability

[39]–[41].  Novel  techniques based on Coulomb explosion imaging (CEI) were 

proven to allow addressing absolute configuration on small single molecules in the 

gas  phase,  overcoming  some  of  the  previously  mentioned  limitation.  The 

chapter 2.3 will give an overview on the state of the art.
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1.6 Motivations and goals

The intrinsic limitations of most of the techniques capable of chiral recognition 

represent  an  opportunity  for  the development of  an  alternative  and  novel 

approach  for  directly  determining  the  molecular  geometry  and  assigning  the 

absolute  configuration of chiral  molecules.  The  technique used in  this  work,  a 

momentum microscopy technique capable of performing kinematically complete 

scattering experiments (up to electron spins) in coincidence for single molecules 

in gas phase, has the capability of benchmarking sophisticated theoretical models, 

helping the development of fundamental understanding of electron dynamics in 

molecules.  The high sensitivity of chiroptical  phenomena is used as a effective 

probe for structural determination of chiral molecules.

The goal of this work is to  investigate a particular chiroptical phenomena, the 

photoelectron  circular  dichroism  (PECD)  in  combination  with  CEI,  both 

extensively described in chapter  3.2, to probe the molecular structure of single 

chiral molecules in gas phase, and potentially of much larger molecules with the 

backup of computational simulations.  The ultimate goal  is  to provide a robust, 

extremely  sensitive  to  photoelectron  energy  and  reference-free  technique  to 

investigate absolute configurations of chiral molecules, opening the way to a new 

form of  single  molecule  X-ray  crystallography.  To  achieve  this  goal,  molecular 

frame photoelectron angular  distributions  (MFPADs) of  unknown enantiomers 

obtained  for different  molecular  orientations  were  analysed  and  compared to 

theoretical predictions which can be used to investigate the geometrical structure 

of the associated target, as described in chapter 3.3. An MFPAD is the result of the 

interference patterns of photoelectrons scattering on the molecular potential in 

which much information of the scattering, interferences and ionization dynamics 

are embedded, thus extremely sensitive to all parameters defining the molecular 

structure  at  the  instant  of  photoionization.  The  PECD phenomenon,  which  is 

extensively discussed in chapter 3.2, quantifies the forward-backward asymmetry 

of photoelectrons along the light’s propagation direction uniquely generated from 
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chiral  molecules,  and  it  is  computed  starting  from  the  MFPAD from  which  it 

inherits a great sensitivity to the molecular potential.

The experiments presented in chapter 5 were conducted using the COLd Target 

Recoil  Ion  Momentum Spectroscopy (COLTRIMS)  technique (chapter  4.3) and 

they systematically  explored  the  influence  of  photoelectron  energy  and  of 

substitutional groups on integral and fully-differential PECD for a direct ionization 

dynamics upon orienting and fixing the target molecule in space, respectively. The 

orientation of the targets molecules in space was  obtained taking advantage of 

the COLTRIMS microscope using momentum vectors associated to two fragments 

(e.g.,  partial  orientation  chapter  5.2)  or  three  fragments  (e.g.,  complete 

orientation,  chapter  5.3),  thus  accessing  the  MFPADs  as  function  of photon 

propagation direction.

The  molecules  used  for  this  work  are  the  2-(methyl)oxirane  C3H6O  (MOx, 

m = 58.08  uma),  commonly  called  propylene  oxide,  and  the 

2-(trifluoromethyl)oxirane C3H3F3O (TFMOx, m = 112.03 uma), both shown in 

Figure 1.4. In both systems, the targeted electron is in the O(1s) shell because of 

its outstanding binding energy, making it easier to ionize compared to the three 

C(1s) electrons in the molecule which differ of just few eV due to chemical shift. 

All  the  experiments  presented  in  this  work  have  been  conducted  using 

highly-polarized  synchrotron  radiation  at  the  SOLEIL  Synchrotron  facility 

(Saint-Aubin, France) at the SEXTANT beamline, described in details in chapter 

4.1.
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Figure 1.4: Left S-MOx and right R-TFMOx. The Cahn, Ingold and Prelog (CIP) rule is used to assigned the  
descriptors S and R, as described in appendix B.3.



2. CIRCULAR DICHROISM AND 

STRUCTURAL DETERMINATION

The dichroism is an effect which describes the difference in the absorption (or 

emission) by an optically active medium of monochromatic light depending on 

the light polarization. This effect has been initially observed by Haidinger (1847) 

and later  Cotton (1895),  and  thus termed the  “Cotton  effect”,  but  has  been 

theoretically  and systematically  discussed by Rosenfeld  just  in  1928  [42].  The 

name dichroism comes from the Greek word  dikhroos, meaning “two-coloured”, 

and it  refers  to  early  experiments  on crystals  such as  tourmaline which show 

different transmitted wavelengths upon the rotation of a polarizer (i.e.,  dichroic 

dispersion and birefringence). The circular dichroism (CD) makes use of circularly 

polarized light (CPL) and the medium for its observation is a randomly oriented 

chiral substance in liquid or gas phase. Despite the strict requirement for a chiral  

medium,  CD has been recently  shown to emerge from achiral  molecules both 

theoretically  e.g.,  in  perovskites,  and  experimentally  e.g.,  in  controlling  and 

shaping the photon angular momentum [43], [44].

For the scope of this work, it is useful to consider separately the CD in absorption 

(e.g., excitation) from the  CD in photoelectron emission (e.g., core-ionization). 

The former includes effects as natural  CD, optical rotary dispersion (ORD) [45], 

vibrational  CD (VCD)  [46],  and  Raman optical  activity  (ROA)  [36],  and  it  is 

usually  investigated in  the infrared (IR)  –  visible  (VIS)  – ultraviolet  (UV) and 

vacuum ultraviolet (VUV) part of the photon spectrum; the latter includes the 
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circular dichroism in the angular distribution (CDAD), the photoelectron circular 

dichroism (PECD) induced by soft or hard X-ray photons instead10 which are the 

main focus of this work.

The usual signal strength of the natural CD in absorbance are in the range of 10-3 

for the electronic, and 10-4 – 10-5 for the vibronic case. CD in absorption relies on 

the  quantum  mechanical  interferences  between  the  electric  dipole  (E1),  the 

electric quadrupole (E2), and the magnetic dipole (M1) transition moments of a 

molecule. From spectroscopy, it  is known that the pure magnetic dipole M1 is 

dominant in virtually all the valence-to-valence electron transitions (from THz to 

UV  photon  energy).￹  On the  contrary,  core  electron transitions  happen  in  the 

range of VUV and X-ray photon energy,  where the most common interference 

mechanisms are the magnetic dipole – electric dipole (M1*E1) and the magnetic 

dipole – electric quadrupole (M1*E2) ones [49].

Despite  the  small  differential  signals,  CD in  absorption  provides  a 

well-established  technique,  suited  to  investigate  with  great  accuracy  the 

electronic  configuration  and  eventually  the  conformation  of  solvated  large 

biological  molecules  in  liquid  or  gas  phase.  These  families  of  techniques  were 

particularly successful in the investigation of the secondary structures of protein 

(UV), in the study of the vibronic spectra of several proteins and DNA helices (IR), 

and  specific  electrochemical  reactions  as  charge  transfer  transitions  in  metal-

protein complexes (UV-VIS) [8].

2.1 Photoelectron circular dichroism (PECD)

The advent of 3rd generation synchrotrons made high brilliance, high flux, high 

monochromatic,  and  partially  coherent  X-ray  photons  available  to  a  broader 

10 The magnetic circular dichroism (MCD) [47], and its equivalent in ionization x-ray magnetic dichroism (XMCD) [48] 
are left aside from the present short introduction on CD because they are field-induced dichroic effects and therefore 
do not require the target molecule to be chiral. Nevertheless, it is worth mentioning them because of the dramatic  
impact they had in the understanding of physical  properties of inorganic magnetic materials as well as biological  
compounds.
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scientific  community  [51].  Synchrotron  radiation  and  dramatic  technological 

advances  in  undulators  and  toroidal  gratings  opened  the  possibility  to  excite 

and/or ionize selectively core electrons, with the use of partially coherent highly 

polarized X-ray photons (see chapter 4.1). These tools made CD in photoelectron 

emission,  in  combinations  with  ab  initio calculations,  an  extremely  powerful 

technique to investigate optical properties with high-accuracy, to determine the 

(absolute) configuration of molecules, and to probe molecular dynamics of single 

chiral and non-chiral molecules in the gas-phase to an unprecedented degree of 

detail.

The photoelectron circular dichroism (PECD) effect is defined as the normalized 

difference in emission of a photoelectron along the photon propagation direction 

in the laboratory frame (LF), and it is observed when two chiral objects interact, 

as in the case of a chiral molecule and a circularly polarized photon. The effect is a 

consequence of the intrinsic symmetry breaking of chiral molecular system, and 

the first theoretical formulation was given by B. Ritchie in 1976 [52], [53], refined 

by N. A. Cherepkov in 1982  [54].  The  PECD show characteristics  that make it a 

suitable  observable  for  a  technique  with  the  aim  of  directly  determining  the 

absolute configuration of chiral molecules, as described in the followings.

First,  PECD is  a  chiroptical  phenomenon observed  in  all  ionization  regimes, 

therefore  universal  [55].  Experiments  have  been  conducted  from  single  to 

multiple photoionization [56] and even in the strong-field ionization [57], and the 

majority  of  them  were  performed  so  far  on  valence  electrons  of  randomly 

oriented molecules [58]–[62]. PECD has a complex dependency on the electronic 

[63] and vibronic [64] molecular configuration, the molecular conformation [65], 

[66],   dimerization  [67],  clustering  [68] and  the  energy  of  the  outgoing 

photoelectron [69]. The high sensitivity of PECD made possible to study ultra-fast 

molecular dynamics [70], in particular time-resolved molecular relaxation [71]. In 

parallel  with  more  traditional  chiroptical  techniques,  racemic  mixtures  can be 

resolved in real-time with the use of PECD, accessing their enantiomeric content 
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[72].  Only  a  few  experiments  have  been  conducted  using core  ionization,  as 

shown in the pioneering study from V. Ulrich et al.  [73]. Nevertheless, the latter 

ionization  regime  is  crucial  to  use  CEI in  order  to  determine  a  posteriori the 

alignment  of  the  molecular  target  at  the  ionization instant,  having a  localized 

source of the scattering photoelectron, as described in chapter 2.3.

Second, the differential signal of PECD is several orders of magnitude higher than 

natural CD in absorption, e.g., up to 10% for randomly oriented molecules, and up 

to  20  –  30%  when  the  molecule  is  aligned  to  the  polarization  plane  of  the 

incoming  photon,  as  shown  in  Figure  2.1.  The  reason  of  such  a  considerable 

increase lies  in the facts that for  PECD the symmetry breaking upon switching 

photon  polarization  is  completely  addressed  to  a  pure  electric  dipole  E1,  in 

contrast with CD, a difference described in greater detail in chapter 3.2.

A pioneering work on the sensitivity of  PECD to the molecular  orientation has 

been recently done by Tia et al. [74] who have investigated the PECD of an O(1s) 

core ionized electron of  a  MOx molecule.  The molecular  orientation has  been 
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Figure  2.1: PECD as function of the photoelectron emission angle  for the O(1s) photoelectron in MOxθ  
with a kinetic energy of 11.5 eV. The solid lines are the theoretical calculations.  is the angle between theβ  
relative momentum vector of two ionic fragments and the photon propagation direction. a) integrated over 
all molecular orientations; b) molecule aligned to the polarization plane; c) a second fragmentation channel  
for comparison. Image reproduced from [74].
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obtained  through  the  coincident  measurement  of  two  photoions  and 

photoelectrons  in  a  COLTRIMS experiment,  described  in  greater  details  in 

chapters 4.6.1.1 and 5.

The results of the former experiment suggest that the electron wave scatters at 

the  molecular  potential,  a  picture  supported  by  comparison  with  theoretical 

calculations.  This  scattering  results  into  complex  angular  distribution  of  the 

photoelectrons in the molecular frame (“Molecular Frame Photoelectron Angular 

Distribution”,  MFPAD)  as  described  in  chapter  3.3.  The  reported  PECD was 

obtained considering the integrated MFPADs over the unresolved molecular axis, 

since is  not possible to completely determine the  orientation of a molecule in 

space with just two fragments, but it was enough to determine the fragmentation 

axis with respect to the photon propagation direction, as  shown in  Figure 2.2. 
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Figure  2.2: PECD (colour  coded) as function of  molecular  orientation  (horizontal  axis)  and electronβ  
emission angle  (vertical axis) of O(1s) photoelectron of MOx with kinetic energy 11.5 eV: PECD maps. Theθ  
two  columns  represent  two  different  fragmentation  channels.  a)  experimental  asymmetry for  the  S(−) 
enantiomer; b) experimental  asymmetry for the R(+)-MOx enantiomer; c)  theoretical predictions for the 
R(+)-MOx  enantiomer.  The  PECD  computed  for  the  S(−)-MOx  enantiomer  has  an  opposite  sign  of  
asymmetry. Image adapted from [74].
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Within  the  validity  of  the  axial-recoil  approximation,  the photoions  emission 

direction  is  assumed  to  coincide  with  the molecular  fragmentation  axis.  The 

former assumption holds when very fast fragmentation dynamics occurs, such as 

rapid  Auger  decay  of  an  inner-shell  vacancy  and  which  result  in  a  CE  of  a  

molecular dication. An increase of PECD by a factor of 10 compared to randomly 

oriented molecules (i.e., integrating the MFPADs across all molecular orientations) 

can be retrieved by selecting specific fragmentation directions with respect to the 

light's propagation direction, as shown for MOx by Tia et al. [74]

This latter experiment proves that the PECD is indeed extremely sensitive to the 

geometry of the molecular potential and therefore the molecular structure of a 

chiral molecule, its orientation in relation to the direction of light's propagation, 

and  the  helicity  of  the  ionizing  photon.  The  PECD is  therefore  a  promising 

phenomenon to determine the absolute structure of single molecules in the gas-

phase, in good agreement with ab initio theoretical calculations, without using any 

reference compounds.

2.2 Circular dichroism in the angular distribution (CDAD)

The circular dichroism in the angular distribution (CDAD) is another chiroptical 

phenomenon in  photoemission closely  related to  the  PECD effect,  and  it  was 

theoretically predicted along with it by B. Ritchie in 1976. The CDAD occurs with 

spatially-oriented, achiral high-symmetry molecules irradiated with CPL, and it is 

measured in the polarization plane (i.e., perpendicular to the photon propagation 

direction).  Initially,  the  CDAD  seemed to  emerge  from  beyond  the  dipole 

approximation  [75],  or  to  require  a strong  spin-orbit  interaction  [76],  but 

R. L. Dubs et al. in 1985 demonstrated that it stems instead from the pure dipole 

contribution E1, as in the case of  PECD, and  it occurs in linear molecules  [77]. 

Finally, the CDAD was experimentally proven by C. Westphal in 1989 [78].
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The CDAD has a similar quantum mechanical derivation with respect to PECD 

[79],  but  it  occurs  with  fixed-in-space  achiral  molecules:  the  handedness  is 

induced  by  the  experimental  geometry,  namely  using  the  photon propagation 

direction of right and left CPL and a molecular axis vector (i.e., “recoil”) to define 

the system of reference and detecting the photoelectron momentum vector [80]. 

Therefore, the  CDAD will not occur in an angle-integrated observation, and, in 

contrast to PECD, it is enantiomer-insensitive [80].

Moreover,  the  CDAD is  observed in  directions  mutually  perpendicular  to  the 

photon  propagation  direction  and  the  molecular  axis  (i.e.,  in  the  polarization 

plane).  Therefore,  the CDAD is absent along the photon propagation direction 

[81].  In  the  system  of  reference  shown  in  paned  d)  of  Figure  2.3,  for  a 

fixed-in-space molecule, the CDAD is calculated as the asymmetry upon switching 

CPL in photoelectron emission in the photon polarization plane (i.e., up/down) 

described by the angle .φ
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Figure  2.3: Comparison of MFPAD between CO and MOx for LCP and RCP light, first and second column  
respectively a),b) experimental data for CO; c), d) theoretical calculations for MOx. Therefore, CO shows just  
CDAD contrast, and MOx shows both PECD and CDAD. In the insert in panel d) the angle , and the angle φ θ 
are highlighted. Image reproduced from [74].
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The CDAD is usually calculated using the equation (2.1). By contrast, the PECD is 

calculated as the asymmetry with respect to the photon propagation direction 

along the x-axis (i.e., forward/backward), describe by the angle . The PECD canθ  

be observed for both randomly oriented and fixed-in-space molecules [82].

CDAD (φ )=
I +1 (φ )−I−1 (φ )
I+1 (φ )+ I−1 (φ ) (2.1)

In  Figure 2.3, it is possible to observe the difference of photoelectron angular 

distribution  upon  switching  light  helicity  for  fixed-in-space  CO  (i.e.,  a  linear 

molecule) in panel a) and b) (i.e., first row) and fixed-in-space MOx (i.e., a chiral 

molecule) in panel c) and d) (i.e., second row). In the case of CO, the distributions 

are oriented unambiguously with a lobe pointing along the molecular axis toward 

the  O  atom,  forming  with  the  helicity  a  unique  system  of  reference,  and  are 

symmetric along the photon propagation direction. The change in helicity induces 

a clear flip about the cos  = 0 axis (see projections on the B disks for each panel),φ  

giving a CDAD of about 60% for some  angles  φ [81].  In the case of MOx, the 

asymmetry  of  the  distribution appears  to  be  more  complex  and present  both 

along the photon propagation direction and in the polarization plane; the resulting 

PECD effect for MOx has been already shown in Figure 2.2.

Despite the intrinsic lack of chiral sensitivity,  the former experiment shows the 

high sensitivity of chiroptical phenomena to the molecular structure. As for the 

previous case of the  PECD, it is possible to illuminate a molecule “from within”, 

obtaining  high  contrasted  PADs,  in  good  accordance  with  the  theoretical 

predictions, even for molecules randomly oriented in space [79].
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2.3 Absolute configuration of polyatomic molecules

In contrast to the conventional approaches mentioned in chapter 1.5, techniques 

that are able to combine the high sensitivity of chiroptical phenomena with single 

molecule targets can lead to a strong innovation and scalability in assigning the of 

absolute configuration of chiral molecules.

For the first time, M. Pitzer et al. directly determined the absolute configuration 

of  the  benchmark  molecule  CHBrClF  using  Coulomb explosion  imagine  (CEI), 

i.e., without  the  need  of  theoretical  modelling  [74].  Unlike  spectroscopic 

approaches,  CEI can  be  considered  a  gas  phase  single  molecule  (momentum) 

microscopy: the molecular structure is magnified to a macroscopic scale through 

the acceleration of the molecular fragments induced by a multiple ionization [83]. 

CHBrClF  is  a   molecule  with  low  symmetry  central  chiral  carbon  atom  with 

4 different atomic substituents in a tetrahedral arrangement with different atomic 

mass. Using a COLTRIMS apparatus (extensively described in chapter 4.3), it was 

possible  to  resolve a  racemic  mixture  of  CHBrClF  assigning  the  absolute 

configuration (i.e.,  handedness) of each enantiomer on a single molecule level. 

After each ionization event, the apparatus measures the time-of-flight (tof) and 

impact position on a detector of charged fragments, allowing the computation of 

the 3D momentum vectors of each charged fragment in coincidence; leveraging 

the momentum conservation for a complete kinematic ionization, it is possible to 

reconstruct  the  emission  directions  in  momentum  space  of  each  charged 

fragment at the instant of ionization, as presented in Figure 2.4.

The  momentum  space  images  require  recording large  amount  of  five  folds 

coincidence events,  using high power and high repetition femtosecond  LASER. 

The  discrimination  of  enantiomers  is  done  defining  the  angle 

cosθ =pF⋅( pCl×pBr)(|pF||pCl×pBr|)
−1

,  self-referenced  to  the  molecular 

coordinates.  The  technique  could  determine  the  spatial  orientation  of the 
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molecule with only four charged fragments or a combination of three charged 

fragments  and a  neutral  (momentum conservation).  The latter  could  increase 

dramatically the  experimental yield as detection efficiency diminishes with the 

increasing number of fragments, because the multi particle coincidence count rate 

is  proportional  to  the  single  particle  detection efficiency to  the  power  of  the 

number of detected particles. Obtaining structural information of larger molecules 

with the help of pure CEI techniques poses challenges like the initial generation of 

high-charge  states,  the  sharp  fall  of  detection  efficiency  for  the  coincident 

detection of many particles, and uncertainties in the assignment of the different 

molecular fragments.[84]
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Figure  2.4: Linear momenta in five-fold fragmentation of both CHBrClF enantiomers. Left: the measured 
momenta for S-CHBrClF gating the  angle to cos  < −0.6; right the momenta of R-CHBrClF gating the angleθ θ  

 to cos  > 0.6. In both images the atom are colour coded as C atom grey, H atom white, F atom green, Clθ θ  
atom yellow, and Br atom red. The MF is defined by the momentum of C atom and the momentum sum of 
the Br and Cl atoms, and the momenta are expressed in the MF. H atom momenta are expanded by a factor 2. 
The central C atom is also accelerated away from the centre of mass (c.m.) and ejected in a similar direction  
as H [84].



3. PHYSICS BACKGROUND

A core photoionization induces the ejection of one (or more) electron from an 

inner-shell  (atomic-like) molecular  orbital  upon the absorption of photon with 

energy Eγ = h ν greater  than the  electron  binding  energy  Ee ,b .  As  a 

consequence,  an  inner-shell  vacancy  is  created,  and  therefore  the  molecule 

becomes excited. The ejected electron e to the continuum is described by a wave 

vector  ke and  carries  a  kinetic  energy Ee ,γ ,  dependent  on  the  difference 

between the incoming photon energy and  the electron binding energy  Ee ,b , 

and the difference between the final and initial  vibrational state of the excited 

molecule,  as shown in equation (3.1).

Ee ,γ=hν − Ee ,b + Eν ,i− Eν , f=
ℏ2 ke

2

2me
(3.1)

The excited molecule can relax following several relaxation pathways, each with 

a typical  occurrence probability,  typically resulting in the ejection of electrons.  

Polyatomic molecules can eject electrons in multiple ways, but the focus of this 

work is  on direct  ionization (one electron),  and Auger  electrons  (for  multiple 

electrons in a so-called Auger cascade).  Regardless of the mechanism, if  more 

than two electrons  are  ejected,  the  molecule  can photodissociate  into  several 

charged  (and neutral)  fragments  which  then  will  fly  apart  due  to  the  charge 

repulsion;  this  process is  called Coulomb explosion (CE),  and it  is  described in 

greater detail in chapter 3.4 .
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In  the following  section,  the  quantum  mechanical  model  for  direct 

photoionization  of  a  generic  quantized  system  using  weak-field  photons  (i.e., 

from  synchrotron  radiation)  is  presented.  The  model  is  instrumental  to 

theoretically describe the general phenomenon of circular dichroism (CD), and in 

particular  the  photoelectron  circular  dichroism  (PECD)  in  the  dipole 

approximation, based on scattering on the molecular potential. The reader will be 

introduced to the concept of photoelectron angular distribution (PAD) in a chiral 

system. The following derivation mainly follows the work of J. J. Sakurai "Modern 

Quantum Mechanics" [85].

3.1 Photoionization and dipole approximation

The process of photoionization can be theoretically described by the well-know 

non-relativistic time-dependent Schrödinger equation for a single particle

iℏ d
dt

|ψ (r , t) ⟩=H|ψ (r ,t) ⟩ (3.2)

where H is the Hamilton operator for a charged particle, and ψ the position-space 

wave function dependent on the whole quantum system. Within the semi-classical 

approximation (i.e.,  matter  described as  quantum mechanical  object  and light 

described as a wave using classical physics), the Hamilton operator of an electron 

of charge e in an external electro-magnetic field subjected to a central molecular  

potential V(r) can be written as

H= 1
2me

[ p−eA(r ,t )]2+eφ−V eff (r ) (3.3)

where  A is  the magnetic  vector  potential  in time-space coordinates,  Veff is  the 

electric  potential  and  p is  the canonical  momentum operator.  The relationship 

between the magnetic vector potential  A, the electric field  E and the magnetic 

field B vectors is (choosing the Coulomb gauge, as described later)
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E(r , t)=−1
c
∂A(r ,t)
∂ t

; B(r , t)=∇×A(r , t) . (3.4)

The magnetic vector potential  A  comes in the usual non-quantized form for a 

single frequency ω and the photon (linear) polarization vector ε̂:

A(r , t)=2 A0 ε̂ cos (kr−ωt )=A0 ε̂[e
i kr−iωt+e−i kr+iωt ] (3.5)

where A0 is a amplitude and k=ω /c n̂ is the photon’s wave vector, with n̂ along 

the z-axis chosen herein as the photon propagation direction, and by definition 

orthogonal  to  polarization  vector  ε̂.  The  convenience  of  the  magnetic  vector 

potential description comes with the compulsory choice of a symmetry gauge to 

have a unique description of the field.  For  time-independent charges in a non 

quantized  field,  the  Coulomb  gauge  is  best  suited:  it  consists  in  setting  the 

divergence of the vector potential  ∇ ∙A=0, combined with the observation that 

the electric potential  φ = 0 because of the absence of static charges. To simplify 

the  binomial  expression  in  (3.3),  it  is  worth  noticing  that  p ∙ A=A∙ p and 

A2≪A∙ p which, therefore, can be dropped. The latter condition is a consequence 

of the weak field photons produced by perhaps synchrotron radiation due to its 

low intensity,  as  reported in  chapter  4.1. Within  the  Born-Oppenheimer  (OP) 

approximation  (i.e.,  adiabatic  approximation),  the  effective  interaction 

Hamiltonian becomes

H int (t)=
e
me c

A0 ε̂ p[e
ikr−iωt+e−i kr+iωt ] (3.6)

where it worth to notice two purely quantum contributions, namely i k r −iωt  for 

the absorption and  −i k r+iωt  for the stimulated emission, with respect to the 

molecule. The equation (3.6) can be simplified expanding the absorption term as

e ikr=1+i kr− 1
2
kr2+… (3.7)

noticing that, when the photon wavelength is larger than the diameter of light 

atoms or small molecules, the product k·r << 1, as well as for all the higher order. 
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Therefore,  limiting  the  expansion  (3.7) up  to  the  zeroth  order  leads  to  the 

so-called dipole approximation E1:

H int (t)≈−
e
me
A0 ε̂ pe

−iωt≈− ωℏ [ ε̂⋅r ] . (3.8)

where  ε̂⋅r is  an  electric  dipole  E1.  It  is  important  to  remark  that  not  all  

Maxwell equations are satisfied within the framework of the dipole approximation, 

and some relevant electronic  transitions are completely  forbidden by selection 

rules, a quite crude approximation. The expansion up to the second order allows 

more  transitions  to  be  taken  into  account,  resulting  in  a  more  flexible 

approximation. This latter choice leads to the interaction Hamiltonian operator in 

the form of

H int (t)≈−
e
me
A0 e

ikr ε̂ p e− iωt≈− ωℏ [ ε̂ ∙ r ± ε̂ ∙ μ+ 1
2
i(k ∙ r )(r ∙ ε̂)] (3.9)

with  three  contributions  put  in  evidence,  namely  the  electric  dipole  E1  r,  the 

magnetic  dipole  μ=r× p also  called M1,  and the electric  quadrupoles E2  ∝ r2 

[54].

It is possible to derive the transition rate wi->n for the absorption term between an 

initial state i and a final state n (which could also be in the continuum), using the 

formalism  of  the  time-dependent  perturbation  theory  within  the  adiabatic 

approximation. The complete Hamiltonian for this problem can be written as:

H= p2

2me
−V eff (r )−

e
me
A p=H 0+H int(t ) (3.10)

thus, divided into an unperturbed part H0 and a time-dependent part Hint(t); the 

latter represents the interaction of the system with the incoming photon, and it 

can be described with  the dipole  approximation E1.  When the  perturbation is  

absent (t = 0), the unperturbed state constitutes a known basis of Eigenkets n 

with  relative  Eigenstates  En according  to  the  time-independent  Schrödinger 

equation Ĥ 0|n ⟩=En|n ⟩  which can be dropped in the following derivation.
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3.1  Photoionization and dipole approximation

The  time  evolution  of  a  generic  quantum  state  α(t) is  defined  by  the  ket 

|α (t) ⟩=∑
n
cn( t)e

−i En t
ℏ |n ⟩.  The states  can be  described as a  sum of  perturbation 

coefficients  cn(t)=⟨n|U I (t , t 0)|i ⟩ representing the influence of a generic external 

potential U I ( t , t0 ) on the state times the internal exponential temporal decay. It is 

relatively straightforward to show that the time partial derivative of the quantum 

state  α(t) is  iℏ ∂
∂ t

|α( t)⟩=H int (t)|α( t)⟩,  thus  fully  described  by  the  interaction 

Hamiltonian. The latter can be further developed as

iℏ ∂
∂ t

⟨n|α ( t)⟩=iℏ d
dt
c (t)=∑

i
Ĥ ni

int (t)eiωni t c i(t) (3.11)

with ωni=(En−E i)/ℏ as the resonant condition to the photon absorption process. 

Applying  the  dipole  approximation  E1,  the  matrix  element  becomes 

Ĥ ni
int= ⟨n|H int( t)|i ⟩∝ ⟨n|ε̂ p|i ⟩. Finally, it is possible to write the transition rate its full 

form

w i→n=
2π
ℏ

e2

me
2c2|A0|

2 [ ⟨n|e ikr ε̂ p|i ⟩ ]2δ (En−Ei−ℏω) . (3.12)

The  function ensures energy conservation upon the photon absorption. Theδ  

transition matrix element is defined as |V in|
2=[ ⟨n|e ikr ε̂ p|i ⟩ ]2, and it determines the 

availability  of  electronic  transitions  according  to  specific  selection  rules;  its 

descriptive accuracy depends on approximation used, as already discussed in this 

chapter. If (3.12) is integrated over the density of final states, Fermi’s golden rule 

is obtained. In general Fermi’s golden rule is a transition probability in the form of

w i→n=
d
dt |⟨n|U I (t , t0)|i ⟩|

2
. (3.13)

Choosing  the  polarization  vector ε̂ to  be  along  the  x-axis,  recalling  the 

commutation  between  the  position  x  and  the  momentum  p operators,  and 

recalling  that the  unperturbed  Hamiltonian  is  [x , H 0 ]= iℏ
me
px,  it  is  possible  to  
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further simplify (3.12) in

⟨n|eikr ε̂ p|i ⟩≈ ⟨n|px|i ⟩=−iℏωin ⟨n|x|i ⟩ . (3.14)

Fully differential cross-sections, i.e., cross-sections differential in all observables 

of  a  final  state,  completely  characterize  atomic  and  molecular  many-particle 

reactions. The observables in an ionization process are the vector momenta, spins 

and internal excitation of all reaction products. Any integration over observables, 

such as the electron spin, can mask some characteristics features of the specific 

reaction.

Recalling that the energy of an incoming photon flux described as a classical 

electromagnetic radiation is ω
2

2πc |A0|
2
, it is possible to define the absorption cross-

section σabs in the dipole approximation as

σ abs(ω)=4 π ωni ⟨n|(e x )|i ⟩δ (ω−ωni ) . (3.15)

The quantity usually recorded in an experiment is the differential cross-section 

over the solid angle  Ω dσ
dΩ

= σ
4 π

I p(θ) proportional to the intensity recorded at a 

detector at an angle θ.

3.2 Photoelectron dynamics of chiral molecules

The  intensity  of  a PAD within  the dipole  approximation  for  a  generic  light 

polarization p has the general form of equation (3.16), where Pj is the Legendre 

polynomial of order j, and b j
p are the radial dipole matrix elements of order j.

dσ
dΩ

= σ
4 π

I p(θ)=∑
j=0
b j
p P j(cosθ) (3.16)

As  derived by J.  Cooper and R. N. Zare  [86], for the ionization of an isotropic 

ensemble  of  atoms  or  for  achiral  molecules  in  the  gas-phase  with  a  linearly 

30
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polarized  photon  (i.e.,  p =  0)  restricted  to  j  ≤ 2  i.e.,  within  the  dipole 

approximation E1, the PAD of equation (3.16) is reduced to

dσ
dΩ

= σ
4 π

I 0(θ)=
σ

4 π
[1+b2

0P2(cosθ)] , (3.17)

where  is the angle to the photon polarization plane (see appendix θ B.6 for details 

on the convention used),  b2
0 the anisotropy or asymmetry parameter, and P2 the 

Legendre polynomial of order 2. The equation (3.17) arises from the interference 

of partial waves with cylindrical symmetry, usually described by the cosine of the 

relative phase shifts associated to the angular momentum channels  [87], which 

for  linearly  polarized  light  implies  b1
0 =  0,  called  the  dichroic  parameter.  The 

anisotropy or asymmetry parameter b2
0 is constrained between –1 and 2 to keep 

(3.17) positive, corresponding to pure sin2 or cos2 distributions, respectively, and 

an isotropic distribution is given for b2
0

 = 0. The latter considerations imply that the 

highest emission probability occurs when the electron is emitted parallel to the 

photon polarization vector,  and it  is  zero when perpendicular. The emission is 

symmetric  with  respect  to  the  light  propagation  direction.  The  asymmetry 

parameter  b2
0 holds  information  on  photoionization  dynamics  describing  the 

interference of  s and  d photoelectron partial waves, but it is neither possible to 

access their radial dipole matrix elements, nor their phase shift [88].

For chiral molecules at all light polarization, for given a vector r, the angle  is nowθ  

defined  with  respect  to  the  photon  propagation  direction  along  the  x-axis 

according to equation (3.18), therefore b2
±1 = − b2

01/2.

θ = cos−1( r x
√rx+r y+r z ) (3.18)

For chiral molecules, the intrinsic symmetry breaking prevents the interference 

terms dependent on the sine of adjacent partial waves to be averaged out over 

integration on all molecular orientations, giving rise to the dichroic parameter b1, 

as  shown  in  equation  (3.19).  The  dichroic  parameter  b1 shows  an  enhanced 

sensitivity  to  the  amplitude  and  sign  of  the  scattering phase  of  the  outgoing 
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partial waves, therefore it is a very sensitive probe for scattering processes on a 

complex chiral molecular potential with respect to the light propagation direction 

(i.e., backward-forwards asymmetry).

I ±1(θ) ∝
σ

4 π [1 ± b1
±1P1(cosθ)− 1

2
b2

0P2(cosθ)]  (3.19)

The full quantum mechanical derivation of equation  (3.19) following from the 

conclusion of the previous chapter is carried out in the appendix B.2, and just the 

final form is presented here.

Table  1:  Translations  of  polarization  p  into  several  conventions;  S3 is  the  Stokes 
parameter;  to  determine  the  rotation,  a  virtual  observer  looks  along  the  light's 
propagation direction towards the light source.

Polarization p S3 – helicity Conventional name Rotation
0 0 Linear Planar (h/v)
-1 +1 Rcp Clockwise
+1 -1 Lcp Anti-clockwise

Considering achiral molecules, for all polarizations it is true b1
p = 0, therefore the 

dichroic parameter b1
0 vanishes for a linearly polarized photon p = 0, retrieving the 

well-known result of equation (3.17). For chiral molecules and CPL (i.e., p = ± 1), 

the dichroic  parameter  b1
±1 is  non-zero,  and in  particular  it  changes sign upon 

switching light  helicity  or equivalently  changing enantiomer  [86],  as  shown in 

equation  (3.19). The mutual relation between the  b j
p coefficients depending on 

light polarization is summarized from set of equations  (3.20) whose values are 

calculated in greater detail in appendix B.2. The polarization  p can assume only 

three  integer  values,  because  a  photon  carries  an  angular  momentum  of  ± ;ħ  

following the handedness convention introduced at the end of chapter  1.3,  the 

translation between conventions is reported in Table 1, and further discussed  in 

the appendix  B.1. It is important to remark that the angle   changes definitionθ  

according to the polarization p.

b1
0 = 0 ; b2

±1 =−1/2 b2
0 ; b1

1 =−b1
−1 (3.20)
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3.2  Photoelectron dynamics of chiral molecules

Experimentally,  the  PECD for  a  single  randomly  oriented  chiral  molecule  is 

defined  as  the  normalized  difference  of  two  electron  angular  distributions 

generated from photons with opposite helicities of polarization p, as in

PECD (cosθ )=
I+1 (θ )−I−1 (θ )
I+1 (θ )+ I−1 (θ )

=
b1
+1P1(cosθ)

[1−1/2⋅b2
0P2(cosθ )]

(3.21)

where  is the angle between the momentum vector of the outgoing electron andθ  

the photon propagation direction (i.e.,  along the x-axis).  Therefore,  the  PECD 

manifests itself in a forward/backward asymmetry of the emitted electrons´ PADs 

with respect to the light's propagation direction upon switching the light’s helicity 

or equivalently interchanging the enantiomer. This asymmetry survives averaging 

over  all molecular  orientations,  and it  has been shown to be higher when the 

molecule is either parallel or orthogonal with respect to the polarization plane of 

the  incoming  photon  [74],  as  the  contrast  of  any  observable  shrinks  when 

integrated over other variables.

3.3 Molecular frame photoelectron angular distribution (MFPAD)

A  PAD describes  the  angular  distribution  of  ejected  electron  upon 

photoionization; a  PAD emerges from constructive and destructive interferences 

between directly emitted and scattered photoelectron partial waves of different 

angular  momenta  and  symmetry;  the  latter  waves  undergo  changes  of  their 

angular  momentum  and  phase  shifting  due  to  scattering  on  the  molecular 

potential,  describing  typical  patterns.  In  general,  any  wave  function  can  be 

expanded  in  a  basis  of  the  angular  momentum  eigenstates,  the  spherical 

harmonics Ylm; it is described by the angular momentum quantum number l = 0, 1, 

2, 3, … that corresponds to an s, p, d, f, … waves respectively, and its projection 

onto laboratory frame the quantum number -l < m < l. A PAD can be retrieved for 

both  atomic  and  polyatomic  systems,  and  it  can  be  measured  in  different 

reference systems e.g., laboratory frame (LF) or molecular frame (MF). Thus, the 

most general form of a PAD can be described regardless of approximations, as
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dσ
dΩ

= σ
4 π

I p(θ ,ϕ)∝∑
L=0

Lmax

∑
M=−L

L

BLMY LM(θ ,ϕ ) . (3.22)

The coefficients BLM are derived from the transition matrix element defined in 

equation  (3.12),  containing therefore  the  radial  dipole  matrix  elements,  along 

with  their  associated  phase  shifts;  furthermore,  they  are  dependent  on 

photoionization  dynamics,  the  experimental  geometry,  the  electron's  initial 

orbital, the spatial distribution of the sample, and the photoionization energy. The

Y LM (θ ,ϕ) are  spherical  harmonic  functions,  where  the  angles   and   areθ φ  

defined with respect to the z-axis either in the LF or in the MF (see appendix B.6).

For atoms, a PAD is always measured with respect to a LF, and just two partial 

waves for each orbital are required, whose sum has |l – l’| ≤ Lmax ≤ l + l’. In contrast, 

a  PAD in a molecule can be measured with respect to its  MF, and because in 

molecules  l is  not any more a good quantum number11,  more than two  partial 

waves must be used to describe the wave function of an outgoing photoelectron 

[88]. In the molecular case, the former sum is extended to Lmax = 2lmax , where lmax 

is  the  arbitrary  highest  orbital  angular  momentum  quantum  number  of  the 

generated partial wave. Therefore,  it is possible to compute the molecular frame 

photoelectron angular distribution (MFPAD) as  superimposition of the outgoing 

partial waves  as function of the angles  and  (i.e., spherical coordinates as inθ φ  

appendix  B.6) with respect to  a MF coordinate system defined from the photo-

fragments momentum vectors, as pointed out in the pioneering work of D. Dill  

[89]. In the MF, odd spherical harmonics contribute to the angular distribution of 

a photoelectron, as in  contrast with the  LF, where the odd spherical harmonics 

can occur only if the molecules are chiral, or oriented in space.

To  experimentally  obtain  MFPADs  for  molecules,  several experimental 

approaches  are  commonly  used:  either  a  molecule  can be  first  aligned with  a 

LASER [90],  or  adsorbed  on  a  surface  [91] and  then  photoionized,  or 

photo-fragments  and  photoelectrons  from  an  ionization  can  be  detected  in 

11 For an Hamiltonian H and an operator O, an eigenvalue is a good quantum numbers if every eigenvector remains an 
eigenvector of O with the same eigenvalue as time evolves.
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3.3  Molecular frame photoelectron angular distribution (MFPAD)

coincidence. The latter method make use of the calculated momentum vectors to 

select  a posteriori events belonging to  specific molecular orientations, while the 

previous ones manipulates the target  before ionization. MFPADs represent the 

limiting PAD when a molecule is completely aligned with respect to the LF [92]. 

The aim of  using  MFPADs is  to  experimentally  determine all  the  radial  dipole 

matrix  elements  and  phase  shifts  involved  in  the  investigated  dynamics. 

Therefore, MFPADs are capable of directly probing the molecular geometry, and in 

principle the molecular dynamics too. For the latter goal,  the positions of lobes 

and  nodes  in  MFPADs  is  dependent  on  the  specific  photoelectron  scattering 

dynamics  that  are  strongly  energy  dependent,  requiring  sophisticated 

computational  simulations  to  be  interpreted.  The  internuclear  distance  of  the 

scattering centres strongly influences the phase shift of the scattered wave, which 

in addition depends on the photoelectron energy.
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Figure  3.1: PADs of CO at 10.2 eV photoelectron energy in the frame of 
the incoming photon (LF), restricted to a plane parallel to the polarization 
one.  In  each  panel, the  orientation  of  the  molecule  (grey  O,  black  O) 
relative to the photon polarization vector (arrow) is shown in the top-right 
corner.  The  solid  curves  represent  the  fit  to  the  spherical  harmonic 
expansion. The change in scale of a factor of 2 between (a) and (d) is due 
to a particular dipole transition. Image reproduced from [93].
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For  K-shell  electrons,  before  scattering at  the  molecular  potential,  the  initial 

photoelectron  wave  is  a  p-wave  (i.e.,  dipole)  with  its  maximum  along  the 

polarization axis. Higher angular momentum contributions to the photoelectron 

wave are only created by the scattering at the molecular potential. Therefore, it is  

often possible to recognize traces of this dipole pattern in complex MFPADs, as 

shown for CO in the pioneering work of A. Landers et al. [93] whose main results 

are reproduced in Figure 3.1; although a dipole distribution should always be the 

most prominent, relative angles between the polarization axis and the molecule of 

0°  and  90°  result  in  a  clear  node  with  minima  along  the  light’s  propagation 

direction (panel a and d). Nevertheless, the node tends to be filled at intermediate 

angles  (panel  b  and c),  suggesting a  more  complex  interpretation.  The other 

features in the angular distribution emerge from the aforementioned scattering 

on the molecular potential, and from the effect of relevant dipole selection rules 

[94].

Polarization-averaged  MFPADs  (PA-MFPADs)  are  MFPADs  integrated  over  all 

light’s  propagation  directions and  have  been  shown  to  remove  the  strong 

contribution of the direct wave of the photoelectron due to direction-averaging, 

making them a suitable tool for capturing the molecular structure information. In 

a  recent  paper  from  Williams  et  al.  [95] PA-MFPADs  were  demonstrated  to 

capture the directions of the bonds in polyatomic molecules, and a following work 

from E.  Plésiat  et  al.  [96] showed the  energy  dependency  of  PA-MFPADs for 

several achiral molecules, attempting an explanation for the complicated trends as 

function of  the photoelectron energy.  In  two recent papers,  PA-MFPADs were 

demonstrated capable of holding information on the length of single bond [97], 

[98]. Very recently, G. Kastirke et al. demonstrated the possibility of using PA-

MFPAD in  combination  with  free-electron  LASER (FEL)  radiation  to  record 

molecular movies [99].
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3.4  Coulomb explosion

3.4 Coulomb explosion

As  a  consequence  of  a  photoionization,  the  excited-state  dynamics  of 

polyatomic molecules generally involve a non-adiabatic12 coupling of vibrational 

and  electronic  degrees  of  freedom  which  leads  to  conical  intersections  (CIs) 

between electronic potential energy surfaces [100]. CIs are considered the most 

photochemically relevant ultrafast nonradiative decay channels which can lead to 

photodissociation. Complex polyatomic molecules can eject multiple electrons by 

several mechanisms which leaves positive charges in the system. The creation of 

two or more static charges can lead to fragmentation, and charged (as well as 

neutral) fragments fly apart due to the electrostatic forces acting on the centres 

of the charges; the fragments share the total momentum, thus their velocities are 

inversely proportional to their mass. In larger molecules, many photodissociation 

channels  occur  as  shown  by  the  presence  of  many  isolated  structures  in  the 

photoion-photoion  coincidence  (PIPICO)  diagrams  in  chapter  4.6.1.1.  The 

capability of collecting the photo-fragments from a single dissociation event and 

obtain a momentum image has been already demonstrated in 1967, paving the 

way to the CEI [101]. The nuclei dynamics can be captured by the kinetic energy 

release (KER) defined as the energy sum of all ionic fragments in the centre of 

mass (c.m.) frame, as shown in equation (3.23).

KER=∑
i=0

n pi
2

2mi
. (3.23)

The  KER distribution  provides  information  about  the  final  excited  quantum 

states that was populated at the moment of photodissociation, therefore makes it 

possible to infer a reaction pathways. Experimentally, the KER is used to select a 

specific reaction channels through gating, and due to its angular invariance, it  is 

used to calibrate detectors, as reported in chapter 4.6.1.1 using N2 molecule.

12 The adiabatic  approximation,  also  called  the Born-Oppenheimer approximation,  decouples  the wave functions of  
nuclei and elections, picturing molecules as nuclei moving over a potential energy surface provided by the electrons.  
This is certainly a valid approximation for many chemical processes, but the time-scale of photochemical processes,  
and  the  complexity  of  poly  atomic  molecules  requires  going  beyond  this  approximation  for  more  accurate  
predictions.
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3.5 Axial-recoil approximation

In order to experimentally obtain the photoelectron angular distribution in the 

molecular frame (MFPAD), momentum vectors of each photo-fragment emitted 

following  the  photoionization  are  measured,  in  this  work,  using  a  COLTRIMS 

apparatus described in greater detail in chapter 4.3. If the molecular dissociation 

takes place much faster than the rotation of the molecule, the distribution of the 

trajectories  of  the  fragments,  therefore  the  detected momentum vectors,  will 

reflect the initial orientation of the molecule; in some cases, the vectors will point 

along  the  broken  bonds.  Generally  speaking,  the  molecule  should  not  rotate 

significantly before it final fragmentation. The former requirement leads to the so 

called “axial-recoil approximation”, by which the measured momentum vectors of 

each fragment are correlated to the spatial configuration of the molecule before 

the photoionization [102].

In order to use the former approximation for polyatomic molecules, on top of the 

ultra-fast dissociation, the line connecting the centre of  mass of the fragments 

and the one of the centres of charge has to coincide with the axis of the broken 

bond. For diatomic molecules, the former condition is intrinsically satisfied, but 

even for small molecules which brake into diatomic photo-fragments it could not 

be fulfilled. In general, the electrostatic force acts on the centre of gravity of the 

charges, not of the mass of the fragments. Therefore, if charges are not aligned 

along the broken bond axis, the measured molecular axis could not correspond to 

the axis of the broken bond. The  CE could lead to a rotation of the individual 

fragments,  because  of  the  conservation  of  angular  momentum.  When  the 

fragmentation is polyatomic, the fragmentation dynamics play a decisive role, and 

a theoretical modelling must be used to establish a unambiguous link between the 

assigned axes and the actual molecular orientation. Thus, the possible mismatch 

between  centre  of  charge  and  the  centre  of  mass  is  a  crucial  aspect  for  the 

comparison between simulations and experimental data, as previously discussed in 

chapter 3.4 .
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4. THE EXPERIMENTAL SETUP

Synchrotron  light  sources  produce  synchrotron  radiation  (SR)  from  the 

acceleration of electrons or positrons, and they are an essential tool to investigate 

matter at the atomic level, and light-matter interaction [103]. The possibility of 

generating soft  and  hard  X-ray  photons  with  high  energy  resolution,  highly 

polarized,  with  partial  lateral  coherency,  and relatively  short  pulse  duration 

(~ 100 ps) opened the road for the investigation of core electrons in molecules 

and the related scattering phenomena. The experimental apparatus used for this 

work  is the  Cold  Target  Recoil  Ion  Momentum  Spectroscopy  (COLTRIMS),  or 

“reaction microscope” which allows 3D momentum spectroscopy in coincidence.

The following sections present the basic principles of photon generation in a 

synchrotron  facility,  and  the  implementation  of  a  COLTRIMS system  for  the 

experiments conducted  by the author at the SOLEIL synchrotron facility at the 

beamline SEXTANT in September 2018.

4.1 Synchrotron radiation (SR)

If  a  charged particle  with  charge q  and rest  mass  m0,  accelerated to kinetic 

energy Ek much greater than its energy at rest E0, is forced on a curved trajectory, 

it emits a strongly forward focussed radiation whose energies reaches the hard 

X-ray regime. This phenomenon has been independently observed by V. Veksler in 
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1944, and E. McMillan in 1945 [104]. The finite speed of light is independent of 

the system of reference,  therefore the speed of an object can be expressed in 

relation to  the  speed  of  light  using  the  Lorentz  transformation.  In  the  set  of 

equation 4.1 for a particle of rest mass m0, travelling with energy E at speed v, the 

relativistic factor , and the Lorentz factor  are defined. The former correspondsβ γ  

to the ratio between the actual velocity v and the speed of light c; the latter is  

defined as a function of , and it is proportional to the energy E. The closer to theβ  

speed of light  a particle travels,  the bigger the Lorentz factor  gets and theγ  

smaller the divergence of the emitted radiation, defined by the angle .η

β ≡ v
c

γ = E
m0
c2 ≡ 1

√(1−β2)
Ek = E−E0 = (γ−1)m0 c

2

η ∝
1
γ

(4.1)

The ultrarelativistic regime is reached when the kinetic energy Ek of a particle is 

greater than its energy at rest E0. Following from the latter simplified explanation, 

the  most  suitable  elementary  particles  to  be  accelerated  in  terms  of  required 

energy are electrons (or positrons), due to a small E0,el = 512 keV [105].
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Figure 4.1: Photon angular distributions for two values of the relativistic factor  with β divergence angle  inη  
evidence: a) nonrelativistic electron in the particle rest system,  is largeη ; b) relativistic electron in laboratory 
frame,  is smallerη . It is possible to switch between two systems using a Lorentz transformation [105].



4.1  Synchrotron radiation (SR)

The radiation fields of emission of a particle subjected to an acceleration exhibits  

a  strong  vectorial  dependency  on  the  particles´  directions  of  motion,  the 

magnitude and direction of the acceleration, and the direction of observation. The 

angular  distribution  of  the  emitted  radiation  resemble  a  Hertzian  dipole  at 

nonrelativistic velocities, as shown in the panel a of Figure 4.1: the probability of 

photon  emission  is  in  this  case  rotationally-symmetric  around  a  centripetal 

acceleration  vector  (usually  induced  by  a  magnetic  B-field).  When  a  charged 

particle approaches relativistic speeds resulting in larger  values, the emissionγ  

pattern becomes highly forward collimated within an angle  of few mrad alongη  

the electron propagation direction as shown in panel b of Figure 4.1. In the latter 

case, the wavelength of the emitted photon becomes much shorter compare to 

the  nonrelativistic  case,  due  to  relativistic  space-time  contraction.  As  a 

consequence, it is possible to emit highly collimated photons in the hard and soft  

X-ray regime in a reliable and continuous way.

4.2 Structure of a synchrotron facility

A synchrotron light facility produces photons over a very wide energy range, 

from IR (1 eV) to hard X-ray (10 keV) which are delivered to the users through 

specialised beamlines, as  sketched in Figure 4.2 for the SOLEIL synchrotron light 

facility  (Saint  Aubin,  France).  New  facilities  output  high  brilliance,  highly 

monochromatic  SR,  which  can  be  arbitrarily  highly-polarised;  this  type  of  SR 

exhibits (partially) transverse spatial coherency, and comes in pulses with length 

between 3 and 200 ps (shorter pulses are achievable, but at the cost of a dramatic 

reduction in intensity  [106]). Synchrotron facilities are usually  ranked according 

to specific figures of merit referred to the produced photons such as total flux 

(photons s–1), spectral flux per unit of bandwidth BW (photons s–1 0.1% BW-1), 

brightness (photons s–1 mrad–2 0.1% BW-1), brilliance (photons s–1 mrad–2 mm–2), 

where the bandwidth BW is defined as / . The intensity at the sample per unitΔλ λ  

of  BW  (photons  s–1 mm–2 0.1%  BW-1)  is  the  result  of  a  combination  of  the 
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synchrotron specifications and the efficiency of the specific beamline optics. The 

brilliance for the SOLEIL synchrotron light facility is reported in Figure 4.3 for all 

the beamlines.

In a synchrotron facility, the electrons are initially created by an electron gun and 

modulated into bunches.  At first,  a linear accelerator (LINAC) accelerates each 

bunch by using a  strong electric  E-fields  parallel  to  the electrons'  propagation 

direction. In the LINAC, the electrons are accelerated by a series of radiofrequency 

(RF) cavities to  = 100 corresponding to a speed of 99,9995% of c and Eγ k in the 

MeV range, already above the transition value for electrons. Then the electrons 

are injected into a circular device composed of a custom RF cavities and several 

bending magnets called the booster ring; here electrons are accelerated by just a 

small  percentage (at about 99,999995% of c), which corresponds to a large ,γ  

resulting in an increase of Ek to a range of 1 – 8 GeV. However, beams at higher 
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Figure  4.2: Sketch of SOLEIL synchrotron light facility. Each beamline is colour coded 
with the respective type of insertion device magnet. Some beamlines have more than one 
insertion device to cover larger ranges of photon energies. The acceleration and boosting 
devices  are  operating  at  2.75  GeV,  feeding  a  storage  ring  of  113  m  diameter.  Image 
courtesy of SOLEIL.
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energy are prone to beam divergence which reduces the brightness of the emitted 

SR, requiring stronger and more expensive magnets and a larger RF system to 

replace SR energy losses.

Subsequently, the electrons go into the storage ring and are kept circulating at  

ultrarelativistic  speed.  Several  more  RF  cavities  and  several  types  of 

bending/correcting  magnets  are  placed along the  storage  ring to  impose  and 

maintain the trajectory of the electrons (e.g.,  transversal  momentum) such as 

dipole, quadrupole and sextupoles magnets. The first type of magnet keeps the 

electron trajectory within a tolerance value, the former is used as electromagnetic 

focussing  lenses,  the  latter  corrects  aberrations  occurring  from  electrons  with 

different energies; for more complex corrections, octupoles could be implemented 

[105].  The  interaction  with  magnets  and  the  collisions  of  electrons  with  the 

residual gas and within the same bunch induce the electrons to radiate, deviating 

from the optimal trajectory and eventually escaping the bunch. Therefore,  the 

ring  is  constantly  refilled  of  electrons  to  keep  the  ring  current  up  to  of 

approximately 35 mA.

The  primary  source  of  SR are  arrays  of  insertion  devices  e.g., wigglers  and 

undulators, but dipole magnets could be used as well. Insertion devices have two 

parallel  planes  of  multiple  metre  long arrays  of  magnets,  arranged  in  periodic 

patterns, usually separated by a small gap. Electrons coming from the storage ring 

are forced through a sinusoidal magnetic B-field of period λ0 under the influence 

of high static magnetic B-field between 1 – 2 T. In Figure 4.4 the most advanced 

type of  undulator,  the Advance Planar  Polarized Light  Emitter II  (APPLE II),  is 

sketched along with some polarization schemes described later in this chapter.

Insertion  devices  are  characterized  by  a  deflection  parameter  K,  alternately 

called strength parameter, described as

K = e
2πme c

Bλ0 . (4.2)
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Values of K >> 1 are typical for wigglers, and imply large deflections of electrons 

which appear to be independent emitters: their emission is completely incoherent 

at  all  frequencies  and  therefore  the  emission  spectrum  is  almost  continuous 

peaking in brilliance at the critical wavelength. On the contrary, values  K < 1 are 

typical  for  undulators  and  the  smaller  deflection  allows  the  electrons  to  emit 

preferentially  in  their  propagation  (forward)  direction,  inducing  constructive 

interference  of  the  partially  coherent  emitted  waves.  The  final  spectrum 

associated with an undulators has several orders of outstanding odd harmonics, 

which are several orders of magnitude higher in brilliance compared to the one 

merging from a wiggler.

By longitudinally moving two opposing arrays of magnets with respect to each 

other, the strengths of the vertical and horizontal magnetic B-field components 
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Figure  4.3: average predicted brilliance of the SOLEIL insertion devices: HU640, HU256 electromagnetic 
undulators  of  640  mm and 256  mm  periods  for  the  long  wavelength  region;  HU80  to  HU36  elliptically 
polarized  undulators  of  80  to  36  mm  periods  for  the  VUV  and  soft  X-ray  region;  U20,  U24  in-vacuum  
undulators  with  shorter  periods  20  and  24  mm;  for  radiation  at  several  keV;  U18  cryogenic  in-vacuum 
undulator operating at 77 K for higher remanent field and coercivity; WSV 50 in-vacuum wiggler of 50 mm 
period for extension to higher energies; W164 out of-vacuum wiggler for 164 mm period. SRW calculations  
performed with an emittance of 3.9 nm rad, 1% coupling, 0.1% energy spread. Image reproduced from [16].
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can be varied, inducing a phase shift between the respective components of the 

electron wave. Tuning the relative position of magnets, the produced photons can 

be polarized vertically, horizontally, and circularly as briefly sketched in Figure 4.4 

(for more details about CPL polarization see appendix B.1).[107]

Along each beamline there are dedicated optical elements. The desired photon 

energy  can  be  adjusted  using  monochromators  using  diffraction gratings  with 

tunable resolving power R=λ/Δλ from 101 up to 106 [108]. The position and 

the focus of the photon beam can be tuned using water cooled switching and 

refocusing  mirrors,  and  horizontal  and  vertical  slits  are  used  to  reduce  the 

absolute beam intensity.

There are several time structures for the electron bunches, called filling modes 

or patterns, which consist in the disposition of electron bunches along the storage 

ring.  The  most  used  scheme  for  tof spectroscopy  is  the  n-bunch  mode  with 

n bunches of electrons regularly spaced along the storage ring with n = 1, 8, or 16, 

usually.  The time in between to bunches is the  period of the so-called “bunch 

marker”, a signal generated when a bunch is passing through a specific cavity and 
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Figure  4.4: sketch  of  APPLE  II  undulator  polarization  schemes  and  corresponding  arrangement  of  the 
magnetic arrays. For a description of the degree of polarization P and Stoke´s parameters see  B.1. Image 
reproduce from [107]
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continuously  recorded  to  determine  the  tof of  particles.  For  experiments 

performed with a  COLTRIMS apparatus, it is particularly important to  provide a 

mode with n ≤ 16 to correctly correlate the tof of electrons and the much longer 

tof of ions for a given ionization event,  thus providing a sufficiently long time 

between two bunches; further details on the synchrotron parameters are given in 

chapter 4.5.3.

4.2.1 Coherency

In undulators, the highly forward directed emission of the photon in combination 

with  only  weak  deflections of  electrons  allows  for  a  certain  degree  of  spatial 

coherence,  although  usually  electrons  in  bunches  are  independent  emitters 

(i.e., uncorrelated) and the resulting emitted photons are usually incoherent, too. 

Two types of coherency exist: spatial (or transversal) coherence, and temporal (or 

longitudinal) coherence. The spatial coherence is related to the distribution of the 

electrons of a bunch in momentum-position space, the so-called phase-space: the 

smaller the size of the source and the more forward-focussed the emission, the 

higher the degree of spacial coherency, down to the diffraction limit. This lower 

limit constrains the achievable wavelengths for a desired spatial coherence value. 

The temporal coherence is proportional to the ratio of the emitted wavelength 

and the length of the electron bunch: the shorter the wavelength with respect to 

the  length of  the  bunch,  the  lower  the  degree  of  temporal  coherence  [109]. 

Therefore, for X-rays (both soft and hard), the degree of spatial coherency that 

can be achieved is limited. The smooth transition between different degrees of 

coherence  is  described  practically  by  the  coherence  length:  the  distance  over 

which the phase difference between two photons is  small  enough to keep the 

waves  interfering.  A  typical  spatial  coherence  length  for  SR in  the  soft  X-ray 

regime can be several micrometres in the horizontal and more than 100 µm in the 

vertical  direction  [109],  but  the  degree  of  coherence  is  1%  and  40%  for  the 

horizontal  and  vertical  directions  respectively  [109].  Compared  to  SR, 

fourth-generation  free-electron  LASERs  (FELs)  provide a  full  coherence  (both 
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spatial and temporal) thanks to the small size of micro-bunching of the electrons 

kept  below  the  diffraction  limit  [110].  The  latter condition  is  achieved  by 

particular settings in a custom LINAC while preparing the electron bunches for a 

progressive micro-bunching occurring in the long undulators used.[111]

4.2.2 Beamline SEXTANT

The present work has been conducted at the synchrotron facility SOLEIL at the 

SEXTANT beamline sketched in Figure 4.2 and Figure 4.6, respectively. During all 

experiments,  the  facility  worked  in  “8-bunch”  mode  with  a  bunch  spacing 

tBM = 147.5363 ns. Details on the specific measuring schemes for each experiment 

are reported in chapter 4.5.3.

The  SEXTANT  beamline  is  dedicated  to  polarized  soft  X-ray  scattering 

experiments,  and it  covers  the  range 50  – 1000 eV range with  two different 

undulators (HU44 or HU80) with a high resolving power  greater than 104. The 

intensity of the photon flux as function of the photon energy is reported in Figure

4.23. At the waist of the focus with the horizontal and vertical slits opened at 

h = 40 µm, and v = 10 µm respectively, the full width at half maximum (FWHM) of 

the beam is horizontal 17.3 µm and vertical 7.4 µm [112]. The degree of circular 

polarization is estimated to be S3 > 90% [112]. The experiments presented in this 
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Figure 4.5: Intensity of the photon flux at different energies provided by different gratings (1 – 5) at a  ring  
current of 500 mA; typical value for the 8-bunch mode is 100 mA. Image reproduced from [111]
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work use both slits opened in the range 75 – 100 µm to increase the count rates, 

but slightly decreasing the resolution along the tof direction (see chapter 4.7 ).

4.3 COLTRIMS

The  COLTRIMS technique has  been  originally  developed  to  measure  the 

momentum transfer in collisions  of fast, highly charged ions with atoms  [113]. 

COLTRIMS has  been  used  to  study  targets  ranging  from  single  atoms  [114], 

dimers and tetramers [115], [116], up to molecular liquids [117]. This technique 

can be used in combination with a wide range of photon sources as  SR [118], 

strong-field  LASERs  [57],  [119]–[121] and  free-electron  LASERs  (FEL)  [99], 

[122]. For molecular targets,  COLTRIMS has been used to investigate ionization 

dynamics  in  multiple  regimes  such as  direct  ionization  [81],  double-ionization 

[123], [124] and Auger electron emission [125], [126]  achieving fully resolved 

PADs in molecular frame [74], [127], [128] and the determination of the absolute 

molecular structure of small chiral molecules [129]. The selected citations can be 

complemented with an in-depth review of the last 30 years of developments of 

COLTRIMS [130]; for a focus on the challenges of the transition from atomic to 

molecular targets the reader is invited to refer to [131].

The apparatus is based on time-of-flight (tof) spectroscopy principles, and it is 

capable  of  indirectly  measuring the  enlarged  3D  momentum  spheres 

(e.g., Newton spheres) of both electrons and ions emerging from an ionization or 
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Figure 4.6: Sketch of the structure of SEXTANT beamline. Image reproduced from [112].
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a scattering process in  coincidence  [132].  Particles‘  momenta are obtained by 

measuring the position of  impact  on a  detector  and  tof of  each particle.  The 

measured  momentum  gives  access  to  many  derived  quantities  (e.g.,  emission 

angles,  energies,  etc.)  measured  in  coincidence.  The  technique  is  capable  of 

kinematically complete experiments up to the spin of electrons, and it is often 

included to the realm of electron momentum spectroscopic imaging techniques 

[133].

A  common  alternative  technique  to  COLTRIMS  is  the  Velocity  Map  Imaging 

(VMI),  which  is  often  used  due  to  its  high  energy  resolution  and  simple 

implementation. In contrast to  COLTRIMS,  VMI relies on a 2D-projection of the 

particle's Newton spheres, as described more extensively elsewhere [134].[135]

4.3.1 Supersonic jet

A COLTRIMS system typically employs a thermalized supersonic molecular beam 

with a narrow velocity distribution. As shown in  Figure 4.7, a target gas passes 

from a high-pressure reservoir p0 = 1 – 30 bar into an expansion chamber kept at 

pressure  p = 10-3 – 10-6 mbar through a  small  nozzle with a  diameter  of  10 to 

100 µm. In such conditions, an adiabatic expansion of the gas symmetric around 

the propagation axis occurs,  as at first  observed by Otto Stern in 1922  [136].
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Figure 4.7: Section of the COLTRIMS chamber (from left to right): cryogenic arm from the reservoir with  
nozzle; two expansion stages with skimmers; main chamber with spectrometer and detectors; two dump 
stages. All stages are served by turbopumps of various pumping speeds. Image reproduced from [135].
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If the difference of pressure between the reservoir and the expansion stage is high 

enough, the volume in front of the nozzle will be characterized by an essentially 

laminar-supersonic regime with Mach number13 M >> 1, where the effect of the 

lateral and frontal shock waves on the core of the volume is negligible. The latter  

volume extends for a distance proportional to the ratio of the pressure (7-mm 

nozzle-skimmer distance) and it is called the zone of silence, as presented in panel 

a in Figure 4.8. The resulting molecular jet has a well-defined Maxwell-Boltzmann 

distribution  around  supersonic  translational  velocities,  whilst  the  internal 

temperature on all degree of freedom can reach few K without further cryogenic 

external cooling of the nozzle.

For the experiment presented in this work the nozzle diameter was 100 µm and 

two skimmers were used for collimation of the jet, each with a 300 µm diameter.

4.3.2 Adiabatic expansion

If the size of the nozzle is bigger than the mean free-path of the molecule in a  

gas at temperature T0 (i.e., non-effusive gas), an adiabatic cooling of all degrees of 

freedom14 takes place due to the high rate of collisions in the expansion region. 

Enthalpy  is  therefore  converted  into  kinetic  energy  during  the  adiabatic 

expansion,  leading to supersonic beam of translational  supersonic velocity v at 

temperature T. as described in equation (4.3).

1
2
mv²=H 0−H=m∫

T

T0

C pdT (4.3)

Assuming a constant thermal capacity at constant pressure cp, it is possible to 

define  the  adiabatic  coefficient γ=Cp/C v=(f +2)/ f where  f  is  the  number  of 

degrees of freedom of the molecular system. Due to the difficulties in measuring 

13 The Mach number M is defined as the ratio of the transnational speed of particles and the local speed of sound.
14 The  effective  cross-sections  of  the  energy  transfers  of  the  elastic  collisions  and  the  rotational  and  vibrational  

excitations due to inelastic collisions are different: the various degrees of freedom have different degree of cooling: T  
translation <T rotation <T vibration.
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the density and the exact translational velocity v of the jet, it is convenient to 

define the speed ratio S, used instead of M, as

S≡ v
√2kbT /m

. (4.4)

The relationship between the nozzle diameter d, the reservoir pressure p0, and 

the speed ratio S can be empirically determined [137]. It is therefore possible to 

estimate the final temperature after the expansion as [138]

T = T 0(1 + γ−1
γ S2)

−1

= T 0(1 + 2
f +2

S2)
−1

(4.5)

from whom in the zone of silence S >> 1, for the case of an atom with three 

degrees of freedom f = 3 the approximation T ≃ 2,5 T 0S
−2 can be derived.

However, the heat capacity cp for molecules is generally not constant during an 

irreversible expansion because the lower the temperature, the fewer degrees of 

freedom  for  rotational  and  vibrational  excitations  can  be  occupied.  For  the 

molecules investigated in the present work,  it  is  therefore difficult  to precisely 

calculate  the  thermal  contribution  to  the  momentum  broadening,  and  it  will 

decrease the final momentum resolution. In many experiments performed with 

COLTRIMS, the nozzle can be cooled with the aid of a cryostat to lower the final 

temperature T and achieve an higher jet  density.  For molecules whose vapour 

pressure  at  room  temperature  is  already  below  the  atmospheric  pressure 
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Figure  4.8: Raman  mapping  of  rotational  temperatures  in  a  supersonic  jet  of  CO2 under  a  stagnation 
pressure of 2 bars in proximity of the nozzle. Isothermal lines are depicted at steps of 20 K. Several areas are 
identified by the value Mach number M. The skimmer has to be mounted closer than the Mach disc shock  
which then gets deformed in the real usage. Images reproduced from [138].
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(e.g., both  MOx  and  TFMOx),  further cooling  would clog the nozzle because of 

solidification.  To  select  the  central  part  of  the  jet,  the  tip  of  a  first  skimmer 

(300 µm diameter) reaches directly the zone of silence. A second (and eventually 

a third) skimmer is used to further refine the temperature profile perpendicular to 

the  propagation  direction,  ensuring  a  sharper  Maxwell-Boltzmann  distribution 

around the selected translational velocity, at the expense of a lower density of the 

beam at the target region.

The  nozzle  can  be  moved  in  all  three  spatial  directions  in  respect  to  the 

skimmers  using  manipulators  for  alignment  purposes,  maximizing  the  target 

density and pressure. In the weak-field regime of SR, the higher the density of the 

target,  the  higher  the  detection  count  rates,  without  limitations15.  After  the 

second skimmer, the molecular jet crosses the photon beam with a typical target 

density between 1011 – 1012 cm-3,  and a local  pressure between 10-5 – 10-4 mbar. 

15 Using sources  such as LASER and XFEL in the strong-field regime,  the density  of  the  target  has  to  be  carefully  
controlled  through  the  design  of  the  apparatus  to  avoid  the  complete  ionization  of  the  residual  gas  and  the 
consequent dramatic increase of the background signal.
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Figure  4.9: Sketch of a cold trap recycling system. The circuit in red is the reservoir:  the first run (and 
refilling) uses the initial sample and after A or B valve are alternatively open. The circuit in black is connected 
to the exhaust and works alternatively with one of the cylinders after the valve 1 or 4. At any given time after 
the first cycle, one cylinder in a Dewar flask with liquid N2 is collecting the sample (black circuit) and the 
other one left at TR is the new reservoir (red circuit). Valves 2 and 3 are connect the system to a roots pump 
used to remove the carrier gas after solidification of the sample and are alternatively close (i.e., black and red  
circuit are in a loop). The nature of the samples used in this work allow to run the recycling without the roots 
pump turned on. Image reproduced from [139].
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The  cylindrical  overlapping  geometry  depends  on  the  size  of  the  beam  and 

photon beam (see chapter 4.2.2).

4.3.3 Recycling system

When running at typical pumping speeds to maintain the ultra-high vacuum, the 

turbopumps at the expansion stages of COLTRIMS account for more than 99.9% 

of  the  total  gas  load  of  sample,  which  is  removed  from  the  apparatus.  The 

consumption of custom-made, rare and toxic samples as the TFMOx is usually the 

bottleneck  for  long  experimental  campaigns.  The  COLTRIMS system  used  is 

equipped with a recycling system connected to the turbopumps at the expansion 

stages,  sketched  in  Figure  4.9.  The  gas  extracted  by  the  turbopumps  passes 

through  a  cold  trap made of  glass  cooled  in  a  liquid  nitrogen and  undergoes 

solidification.  When the initial  sample is  used up,  a condition determined by a 

detection  of  lower  event  rates  on  the  detectors,  the  traps  are  left  at  room 

temperature  and  become  the  new  reservoirs.  The  process  has  a  recycling 

efficiency per cycle of more than 95% [139].

4.4 Spectrometer design principles

The  core  of  the  COLTRIMS apparatus  is  a spectrometer  with  two  position 

sensitive  detectors  (PSD)  for  ions  and  electrons,  respectively.  In  the  simplest 

scenario,  after  a  target  is  photoionized  and  a  CE occurs, the  emerging 

photoelectrons and positively charged ionic fragments are projected separately 

onto the detectors using tunable homogeneous electric  E and magnetic B-fields. 

The  initial  momentum of  the  photoelectrons  depends  on the  energy  of  the 

incoming photon, and the ionic fragments have the same momenta, thus their 

velocities are inversely proportional to their masses, as described in chapter 3.4. A 

general goal of the spectrometer design is to maximise the illuminated area onto 

each detector, and for a kinematically complete experiment, to achieve 4π solid 
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angle of detection for all fragments.  The design of the spectrometer can greatly 

vary  upon  the  physics  of  the  system  under  investigation  and  the  minimum 

required resolution for both detectors,  but  usually is  based on time and space 

focusing (i.e., 3D focusing) geometry. As already mentioned, oppositely charged 

particles are accelerated  in two opposite directions along the two arms of the 

spectrometer.  Each arm can be subdivided in a custom arrangement of regions, 

namely acceleration  (deceleration),  drift  and  possibly  deceleration.  In  the 

acceleration  (deceleration)  region,  a  voltage  is  imposed  across  a  stack  of 

equidistant  copper  plates,  each  connected  by  1  M  Ω resistors,  creating  a 

homogeneous E-field with the right polarity to accelerate (decelerate) particles. 

The drift region is E-field-free, and it is used to magnify the Newton spheres to 

macroscopic dimensions.

In general, very energetic (i.e., fast) electrons need a homogeneous B-field to be 

confined in the spectrometer volume and to be guided to the detectors along the 

tof direction (for details on the system of reference see appendix B.6). The B-field 

is generated by a pair of Helmholtz coils mounted outside the vacuum chamber, 

has  a  magnitude up to 10 Gauss,  and it  is  applied  parallel  to  the  E-field.  The 

resulting Lorentz force guides the electrons on a gyration movement of period Tgy 

on a plane parallel to the detector (i.e., x- and y-axis), with an increasing higher  

pace on the tof direction (i.e., z-axis). The gyration period Tgy is independent of 

the initial momentum in x and y direction, therefore at tofs which are integers 

multiples of Tgy there is no momentum resolution along these axes. To overcome 

this problem, the expected electron  tof distribution should lie entirely within a 

single gyration period Tgy.  To achieve this condition, a complex combination of 

spectrometer design and a careful  tuning of  the B-field is  required,  which lets 

achieving a 4π geometrical solid angle of detection of photoelectrons for a fairly 

broad range of electron’s kinetic energies.  In some specific  cases,  the use of a 

B-field can be avoided, and an electrostatic lens combined with carefully designed 

E-field  can  be  used.  In  general,  using  a  B-field  (either  weak  or  strong)  in 

combination  with electrostatic  lenses  induces  non-linear  distortions  due  to 
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coupling of E- and B-field. The coupling is proportional to the angle between E- 

and B-field: the strength of the distortion increases radially from the axis of the 

spectrometer because of the lens curvature, as described in detail in chapter 4.7.

In general, the tof depends on the initial particles’ momentum and their starting 

position within the interaction volume. To let particles with equal momentum but 

different starting positions arriving at the same time at the detectors,  a  time-

focusing geometry is used. A common geometry is the Wiley-McLaren focusing 

which consists  in a length-ratio 1:2 of acceleration and drift  regions  [140].  As 

already pointed out in chapter 4.2.2, the photon beam has a Gaussian distribution 

with lengths measured  FWHM of h = 40  µm and v = 10  µm; both lengths are 

directly proportional  to the aperture of  the beamline slits,  and the interaction 

volume can be approximated to a thin rectangular cuboid instead of an ellipsoid.

In the direction parallel to the position sensitive detector, the impact position of 

a  particle  depends  on  its  velocity  and  its  initial  position  within  the  ionization 

volume. The dependence on the initial position can be reduced by inserting an 

electrostatic lens:  a spatial  focusing geometry is  in fact used to focus particles 

with the same kinetic energy, and it is implemented with the use of electrostatic 

lenses. A perfect lens has a focusing force that is linear with the radial distance 

from its symmetry axis, i.e., the centre of the lens. Because of the nature of the 

electrodes, the curvature of the equipotential potential surfaces orthogonal to the 

E-field  is  not  perfectly  radial.  Such  electrostatic  lenses  can  cause  spherical 

aberrations  on  high  kinetic  energies  particles  (i.e.,  further  away  from  the 

lens’ axis), a phenomenon especially relevant for strong lenses (i.e., high voltage 

difference  between  two  subsequent  electrodes).  Therefore,  the  use  of  lenses 

should therefore be restricted to particles with little kinetic energy (i.e., travelling 

in a region close to the centre of the lens). Further electrostatic distortions appear 

when the B- and E-field are not parallel (i.e., E-B coupling), a condition naturally 

occurring in proximity of the electrodes (i.e., far from the axis of the lens). Such 

types of distortions are extremely decremental for the extraction of the electron 
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momenta and are difficult, if not impossible, to be corrected during the analysis 

(see chapter 4.7  for details on the lens correction).

A  focusing  lens  is  usually  followed by  a  custom  compensation  acceleration 

(i.e.,  V > 0)𝚫  and/or deceleration ( i.e., V < 0)𝚫  sections. It is worth to mention 

that the presence of an electrostatic lens increases the length of the drift section 

which compensate for the particles´ acceleration gained across the lens itself.  A 

common way to separate regions with different E-fields is to use meshes. In fact, a 

thin  stainless  steel  metal  mesh  (30  –  100  µm  hole  size)  could  be  installed 

between acceleration and drift  regions avoiding a lens effects at the interface 

between two regions. Meshes can be also installed few millimetres in front of the 

front  MCP to  allow  for  a  high  post-accelleration  field,  sensibly  increasing  the 

detector  efficiency (see  chapter  4.4.3).  Although meshes  have  a  transmission 

efficiency of 80 — 85%, they cause micro-lensing effects that lower the particles’ 

position resolution, and in general could lead to a insufficient multi-hit detection 

efficiency.  Other sources  of  distortions  arise  from  inhomogeneities  in  the 

spectrometer  field  usually  due  to  tolerances  of  about  1  mm  in  the  mounting 

process,  unstable  spectrometer  voltages  due  to  instability  of  the  high-voltage 

power  suppliers,  a  shift  of  the  reaction  volume  along  the  z-axis  due  to 

misalignments with the waist of the photon beam (see chapter 4.7), and electric 

mirroring of electrical signal across the spectrometer (e.g., “cross-talking”).

4.4.1 Spectrometer SEXTANT

The  spectrometer  used  in  this  work  has  a  Wiley-McLaren  time-focusing 

geometry and an electrostatic lens for  each arm, sketched in panel a of  Figure

4.10 along with equipotential curves and calculated trajectories for both electron 

and one ion (m = 69 amu).  At the electron side there is an extra deceleration 

section after the electrostatic lens, followed by a short drift. The spectrometer is 

mesh-free to maximise the multi hit capability, and it is designed to work without 

B-field. The voltage scheme is presented in panel b of Figure 4.10.
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Figure 4.10: Spectrometer designed by K. Fehre and S. Grundmann. Left: sketch of the particles trajectories 
(blue ions, green electrons) and equipotential curves (red); right: the voltage scheme of the spectrometer 
used for the experiments in chapter 5. The simulations were done using the SIMION® software [166].
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4.4.2 Detectors

A  COLTRIMS apparatus  for  coincidence  measurements  has  two  time-  and 

position-sensitive detectors (PSD), each constituted by a set of two micro channel 

plates (MCPs) and a delay line anode (DL).

The impact of an accelerated charged particle on the MCP’s surface triggers an 

electron avalanche which amplifies the signal by the creation of an electron cloud.  

Moreover, the impact  generates a fast signal with a typical shape due to short 

breakdown of the high voltage at which the  MCP are kept. The latter signal in 

combination  with  an  external BM timing  is  used  to  measure  the 

time-of-flight (tof) of a particle, as further described in chapter 4.5.3. The impact 

position of the particle is determined by measuring the centre of gravity of the 

generated electron cloud on a multi-layered delay-line (DL) system; an example 

scheme  of  the  full  detector  system  with  a  two-layered  DL (e.g.,  Quadanode 

detectors) is shown in Figure 4.11.

58

Figure  4.11: Sketch  of  a  detector  (anode).  From  left  to  right:  a  single  MCP  with  two 
impinging particles generating two electron showers; two-layered DL (Quadanode detector) 
with  signals  sketched  at  their  respective  ends;  the  last  two  axis  are  an  example,  of  the 
correlation between the difference in arrival times Tx i and the absolute x position (i.e., blue 
layer on the DL) for one of the detected panicles. Image courtesy of RoentDek GmbH.
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The detectors are internally self-calibrated due to the fixed length of each  DL, 

but  each of them is aligned arbitrarily with respect to the  LF; for experiments 

without  cylindrical  symmetry,  the  alignment  is  performed  after  the  data 

acquisition, using the procedure described in chapter  4.6.1. For the experiment 

presented in this work a mask with three indentations is mounted between the 

front MCP and the MCP holder to mark the absolute position of each detector, as 

shown in  Figure 4.1. The usual aligning procedure for the ion detector relies on 

visualising the ionization of the residual gas along the photon beam direction; the 

presence of an electrostatic lens on the ion arm prevents the  trace to be seen, 

thus the detector is aligned using the mask instead.

4.4.3 Micro channel plates (MCP)

A MCP is a silica disk made of millions of  continuous micro electron multipliers 

(CEMs) built in parallel, coated with a semiconductor (e.g., CrNi), and kept at a 

voltage bias of several kV (usually 1.2 – 2.4 kV between back and front surfaces). 

MCPs have been developed during the 1960s, and transversally adopted as fast, 

noise-free,  high-gain CEMs after  the declassification from military use in  1971 

[141]. Charged particles16 impacting the MCP front surface induce the ejection in 

the continuum of electrons from the coating material. The former electrons  are 

then  accelerated  according  to  the  MCP voltage,  gaining  more  kinetic  energy, 

repeating the process multiple times in a cascade effect. At the MCP back surface 

after a transient time of about 1 ns, an electron cloud emerges with a total gain of 

105 – 108 depending on the stacking geometry. MCPs are usually used stacked in 

two or  three (e.g., Chevron or Z-stack, respectively), and MCPs with measuring 

quality  grade  are  among  the  best  choice  for  particles  timing  and counting 

purposes due to the fast response, high gains and medium lifespan; it is worth to 

remark that the gain of MCPs changes in time, making them consumable parts of 

the apparatus.

16 If a neutral particle (e.g., photon) has a kinetic energy high enough, it could promote an electron cascade too, but  
with a very low quantum efficiency.
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The total gain is limited by the building up of standing currents along the walls of 

each  pore, which is commonly referred to as the strip current of the multiplier.  

MCPs are non-ideal resistors of 12 – 15 M  (25Ω  – 40 M  in vacuum), thereforeΩ  

the strip current increases linearly with the  bias voltage till  a saturation point, 

where a further increase of bias voltage lowers the total gain. The achievable strip 

current is  strongly influenced by the geometry of the pores,  thus it  should be 

maximized.  Typically,  MCPs channels have a length L = 1 mm, wit  a diameter 

D = 2 – 25 µm, and the aspect ratio which represents the effective channel length 

is L/D = 40:1 – 80:1. The channels are tilted with respect to the MCP surface by 

the bias angle   in the range of 8° – 20°α , crucial to  mitigate the ion feedback 

effect17 and to  promote the  collision  of  particle  with  the  channel’s  walls.  The 

higher  the  aspect  ratio,  the  higher  the  voltage  supported  by  the  MCP and 

therefore the strip current (i.e., higher the gain). The former trend is limited by 

thermal  issues  due  to  the  negative  temperature  coefficient  typical  of  MCPs. 

Furthermore, both space- and time-resolution are proportional to the aspect ratio 

L/D with values smaller than 30 µm and shorter than 100 ps respectively [142]. 

The  spatial  resolution  is  usually  limited  by  the  DL.  The  maximum  supported 

repetition rate is 1 – 10 MHz, due to the local recovery time between 1 – 10 ms 

for each pore, which nevertheless are independent.

The detection efficiency (also called quantum efficiency for electron detection) 

is defined as the percentage of input particles producing detectable pulses at the 

output. It is a complex function of many parameters like the mass and wavelength 

of the impinging particles, their impact kinetic energy, the bias voltage across the 

MCPs and the pores’ geometry. To enhance the detection efficiency, particles are 

strongly post-accelerated to a kinetic energy of few KeV in front of the MCP. For a 

given particle and a bias voltage, the detection efficiency is a function of the open 

area ratio (OAR), which indicates the ratio of the MCP’s channel open area to the 

total  effective  area.  The  OAR  is  itself  a  function  of  the  pores’  density  and 

17 The electron avalanche can ionize molecules of the residual gas adsorbed on the MCP’s channels. Due to high voltage 
bias, the positively charged ions are accelerated towards the front surface (i.e., contrary to the electrons) inducing 
delayed secondary electron cascades, uncorrelated to the primary ones. The curvature of the electron multiplier with 
continuous dynode has been an attempt to mitigate the ion feedback.
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diameter, as well as  their geometry at the surface. For a given working voltage, 

the  standard  cylindrical  apertures  with  OAR  70%  has  an  absolute  detection 

efficiency  of  67%,  but  for  a  funnel  geometry  with  OAR  90%  the  detection 

efficiency  is  86%  [143].  The  difference  between  the  two  pore-geometries  is 

shown in  Figure 4.13.  As a  rule  of  thumb,  the maximum achievable  detection 

efficiency for any given MCP is 90% of its OAR. The detection efficiency decreases 

exponentially  with  the  number  of  particle  detected  in  coincidence,  and  it  is 

inversely proportional to the measuring time. It is therefore crucial to maximize 

the multi-hit detection capability.

For all the experiments in this work, the detectors have been built using pairs of 

funnel  MCP from  Hamamatsu,  75  mm  in  diameter,  D  =  12  µm;  D/L  =  60:1, 

α = 20° in a Chevron geometry to ensure the best multi-hit detection capability 
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Figure  4.12: MCP masks as mounted viewed from the electron detector towards the target. The position 
images are produced with the same convention as shown in Figure 4.1.

Photon direction (x-axis)

electron

ion

Figure 4.13: Scanning electron microscope (SEM) images ans section of standard (left) and a funnel (right)  
MCP surfaces. Image reproduced from [144]
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[144].  In  order  to  facilitate  the  mutual  rotation  of  the  detectors in  the 

post-analysis,  a  thin  copper  mask  with  3  asymmetric  indentations  has  been 

mounted between the front MCP and the holder as sketched in Figure 4.12. The 

detectors characteristics are listed in Table 2.

Table 2: Detectors parameters for SEXTANT experiment.

MCP parameters DL type

Ion side
(bottom side on 
chamber)

75 mm ø, F1942-01 (Mod 6) A010699 
(Hamamatsu)

HEX125-Anode 
(batman 2/3)

Electron side
(top side on 
chamber)

75 mm ø, 15M0023-16; 75/32/25/8; 
D60:1; NR60 OAR; 140 µA (Photonis)

HEX90-Anode

4.4.4 Delay lines

A delay line anode (DL) is a PSD capable of determining the x and y coordinates of 

a detected particle with respect to its centre measuring the difference in travelling 

time  of  two  signals;  it  has  a  high  position  (<  50  µm)  and  time  (<  100  ps) 

resolution with a theoretical throughput up to 5 MHz, typically 10 – 20 kHz in real  

experimental conditions. A Hexanode (RoentDek Handels GmbH [145]) is made 

of three layers each composed of  two parallel  copper wires18 wound around a 

metallic support with ceramic insulators at the edges. When the electron cloud 

leaves the back of the  MCP and lands on the  DL, it generates a high-frequency 

electrical signal which propagates with a constant speed in both direction of the 

wire pairs  [146]. The  MCP amplification ensures that  each electron cloud has a 

footprint much larger than the pace of the windings, therefore one signal is split 

into portions occurring on the same wire, but at different periods; these portions 

are delayed in time (circa 1 ns/mm) while travelling, merging into a single broader 

signal  at  the two ends.  The final  position is  a  centre-of-mass averaging of the 

sliced signals.

18 The wires are kept at a potential difference of  ∆V =  50 V; electrons will  preferentially be attracted by the more 
positive called the “signal”,  and the other one, called the “reference”, is subtracted to improve the signal-to-noise 
ratio. For the sake of simplicity of the present discussion, just one wire will be considered.
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For  each  layer  i separately,  the  time  sum  tsum,i  is  constant,  and  a  Hexanode 

provides intrinsic linearity correction thanks to the redundancy of the third layer, 

as shown for both detectors in the left column of Figure 4.15. For each layer i, the 

time sum is calculated  as the time difference between the measured runtime at 

each wire end e.g., ti1 and ti1 and the MCP time, as shown in equation (4.6)

t sum,i = (t i1−tMCP) + (t i2−tMCP) = const (4.6)

It is therefore possible to estimate the anode resolution as shown in the right 

column  of  Figure  4.15,  whilst  the  remaining  linearity  deviations  are  less  than 

0.1 mm. Furthermore,  the third layer brings the multi-hit  dead-time to be less 

than  10 ns,  greatly  increasing  multi-hit  capabilities  as  summarized  in  the 

simulation of Figure 4.14. The spatial resolution of a detector using DL anodes is 

partly determined from the time resolution of the TDC, since the accuracy of the 

spatial  measurement  scales  with  the  measurement  of  the  respective  signal 

propagation time (see chapter 4.5.2).

x i =
Li
t sum,i

(t i1−ti2) (4.7)

For each of the three layers i, the time difference between the two arrival times 

ti1 and ti2 is directly proportional to the spatial offset  xi of the centre-of-mass of 

each electron cloud from the  middle of each winding of length Li,  as shown in 
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Figure  4.14: simulations  of  the multi  hit  detection capabilities  of  a  Hexagonal  DL for  the case of  two  
particles in fast succession. The first particle hits the centre, the colour coding shows the detection efficiency 
for a second particles that hits it after ∆t = 0 ns (left), and ∆t = 8 ns (right). Image reproduced from [165].
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equation  (4.7).  The  complete  set  of  equations  used  to  calculate  the  x  and  y 

coordinates of a particle using the three layers of the Hexanode are reported in 

appendix B.9.

In  Figure  4.16 the  merged results  of  the  position  calculation from the  three 

layers are shown. It is worth to notice the homogeneity of the signal across all  

surface, due to the mint condition of the  MCP: several factors can hinder some 

channels of the  MCP to be active, leading to dead areas of amplification or to a 

leakage of electrons leading to a so-called “hot spot”, here completely absent.
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Figure  4.15: optimized  time  sums  along  the  w-layer  of  a  DL  with  gated  projections  to  evaluate  the  
time-resolution.  On  top  the  electron  detector,  at  the  bottom  the  recoil  detector.  The  FWHM  of  the 
projections is the time-resolution of the w-layer, here around 354 ps, and 385 ps for electron and recoil DL,  
respectively. Note the strong presence of events at the centre of the distributions, especially for the recoil  
detector.
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4.5 Signal processing

The time signals for each detector are collected from the front (or back) of the 

MCP, and from both ends of each  DL (e.g.,  three layers for Hexanodes),  for a 

grand total of 7 signals (the difference between the reference and the signal is 

already  occurred).  All signals  are  initially  amplified  using  the  RoentDek  fast 

amplifier  FAMP6  which  brings  the  signals  with  the  adequate  pulse-heights 

(i.e., any polarity) to 100 mV above the noise level with a nominal amplification 

factor of about 70 [145]. The front MCP signal is capacitively decoupled from the 

high voltage, and as the  DL signal, it travels on a coaxial cable to minimize the 

electrical noise and to preserve the signal width. After amplification, the signals 

are  discriminated  and  converted  into  square  pulses  with  a Constant  Fraction 

Discriminator (CFD) CFD8c from RoentDek [145]. The two sets of signals coming 

from the two anodes,  and  CFD processed bunch marker time tBM (see chapter 

4.5.3)  are  sent  to  a  computer  for  digitization  and  further  processing.  The 

digitization  is  done  by  the  Time  to  Digital  Converter  (TDC)  TDC8HP  from 

RoentDek through a Peripheral Component Interconnect (PCI) interface [145].
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Figure  4.16: raw position image on both detectors. From left to right: electron and recoil detector. MCP 
marks (used for determine the detector orientation) are shown in Figure 4.22, but are already visible on the 
recoil detector (logarithmic scale). Note: the distribution on the recoil detector is here limited to 104 events.
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The acquisition and most of the recording parameters (e.g., the length recording 

window,  size  of  the  detectors,  correcting  tables,  etc.)  are controlled  by  a 

proprietary software called “CoboldPC”, and the data are saved in list mode format 

(“.lmf”) which can be post-processed as it has been written.

4.5.1 Constant Fraction Discriminator (CFD)

Due to the statistical nature of the electron cloud coming from the  MCP, the 

resulting  signals  have  a  very  broad pulse  height  distribution.  Thus,  the  timing 

(i.e., position) of the centre of gravity of the electron cloud on a  DL cannot be 

determined by a simple threshold or leading-edge discriminator. The CFD creates 

a bipolar signal from the leading-edge of the monopolar input above a tunable 

threshold, whose zero-crossing is independent of the initial height of the input. A 

transition from “low” to “high” represents the zero-crossing of the bipolar signal, 

which  can  be  fine-tuned  from  the  zero-potential  (different  from  ground) 

called “walk”. The CFD output is a NIM signal19 in the form of square-wave pulse 

with a height of -0.9 V and a width longer than 7 ns.

19 NIM  is  the  acronym  for  “Nuclear  Instrumentation  Module”,  a  standard  that  defines  mechanical  and  electrical  
specifications for electronics modules used in experimental particle and nuclear physics.
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Figure 4.17: Sketch of the detection scheme of the signals with AND logic. The recoil front MCP signal is 
used as a general trigger signal fro the TCD.
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4.5.2 Time to Digital Converter (TDC)

The TDC assigns a time stamp (i.e., not the actual tof) to an event with the time 

elapsed between the MCP signal itself and the trigger in a specific recording time 

window. A TDC performs operations when triggered by a chosen external signal: 

in this  work the trigger is  the ion front  MCP signal  in  leading edge triggering 

mode. The TDC card has an internal clock with 25 ps resolution for a maximum of 

16 acquisition channels. After receiving the triggering signal, the  TDC opens an 

arbitrary long time window for data acquisition, usually few µs long, to take into 

account the time required from the heaviest ionic fragments to be detected within 

the same time window.

To  assign  the  actual  tof of  a  detected  particle,  the  bunch  marker  signal  is 

required, as the detection scheme in Figure 4.17 shows. This timing technique is 

quite  resource  demanding,  but  allows  the  experiment  to  be  carried  out  again 

offline  during  the  post-analysis,  allowing  for  a  large  number  of  experimental 

parameters to be optimized.

4.5.3 Time structure of the signal

When the TDC is triggered, the arbitrary length of the recording time window of 

several µs allows several bunch marker signals to be recorded; the bunch marker 

can  be  used  as  reference to  determine  the  tof of  a  particle.  At  the  SOLEIL 

synchrotron  facility,  a  “8-bunch”  mode  corresponds  to  a  BM period  of 

tBM = 147.5363  ns.  The target  density  is  designed to have  much less  than one 

ionization event per bunch to ensure the probing of a single particle ionization 

event, reaching an event rate of about 20 kHz in real experimental conditions.

Using a relative low bunch mode allows the BM period tBM to be roughly an order 

of magnitude longer then the electron time-of-flight tofe, therefore it can be used 

as reference of measurement. As described by equation 4.8, the tofe is computed 
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as the modulo20 of the difference between the time of arrival al an electron on the 

MCP tMCP,e and  the  tBM corrected  by  an  offset  t0,e which  is  calculated  in  the 

calibration (see chapter 4.6.1). The tMCP,e is used as a reference point to calculate 

the time-of-flight of an ion tofion  for which just the electron time-of-flight tofe has 

to be added in order to have the same reference tBM for both particles.

tof e = mod ((tMCP ,e−tBM ) ,Δ τBM) + t 0 , e

tof ion = tMCP, ion − tMCP ,e + tof e
(4.8)

4.6 Momentum calculation

During  the  post-analysis,  the  recorded  data  are  used  to  compute  first  the 

position of the events at the MCP surface, and afterwards the momentum vectors 

of the particles at the instant of ionization. The simplified equations governing the 

particle´s motion in a full 3D focused spectrometers are presented in the set of 

equations  4.9.  The  former  are  valid  for  a  particle  whose  energy  is  smaller 

compared to kinetic energy gained from the electric field in the spectrometer, the 

so-called “linear approximation”.

pr,x =
mr xr
tof r

⋅cx

pr,y =
mr yr
tof r

⋅c y

pr,z = E⋅q⋅Δ t
124,38

[ V
cm

⋅ a .u .⋅ ns]

Δ t = tof r−t r ,mean

(4.9)

The mass and the elementary charge of an electron in atomic units (a.u.) are by 

definition me = e = 1 a.u.; the equivalent electric E-field of the spectrometer can be 

derived by a calibration using known references as described in chapter  4.6.1.1, 

and the tr, mean is the centre of the momentum sphere for a specific particle.

When the total momentum  pi , r=pr,x+ pr,y+ pr,z  of a particle  i of mass  mi is 

reconstructed, its kinetic energy can be calculated as  Ek,i=|p i|
2 /2mi  both for 

20 The modulo operation returns the signed remainder of a division.
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electrons Ek,e and for each of the ionic fragments Ek,i. For a diatomic CE, the KER 

introduced  in  chapter  3.4 is  calculated  from  equation  (3.23) leading  to 

equation (4.10) using the  relative  momentum  vector  between  two  detected 

fragments prel=p1−p0 .

KER=|prel|
2/2μR  with μR=(m0⋅m1)/(m0+m1) (4.10)

In the case of a symmetrical breakup, e.g., N2, with m1 = m2 = m the reduced mass 

is equal to μR=m /2 .

All  the event detected in coincidence can be represented using the so-called 

photoion-photoion coincidence spectrum (PIPICO), which  shows correlations of 

the tof of two or more fragments detected in coincidence. A background signal is 

produced from the interaction of photons with residual gas molecules (mainly N2, 

O2 and H2O for synchrotron experiments) and electronic noise (e.g., ringing and 

crosstalk of  detectors),  and when inevitably  detected it  can either  trigger  the 

opening of a time window, or be recorded among real events. During the signal 

post-processing, it  becomes crucial  to separate the signals of interest from the 

background, thus telling apart the real coincidence events from the false ones; to 

filter  out  most  false  coincidences,  each  event  has  to  satisfy  momentum  and 

energy conservation rules in 3D (e.g., in 3D momentum space).

The  PIPICO spectrum is the  tof coincidence  map of (at least) two fragments 

emerging from a CE [147], [148]. The tof1 of the fastest ion is plotted along the 

x-axis, letting the lower half of the spectrum empty by definition. The brighter 

areas represent fragments belonging to the same ionization reaction; compared to 

a traditional tof spectrum (i.e., not in coincidence), the PIPICO spectrum makes it 

possible  to  highlight  correlations  between  particles  belonging  to  the  same 

ionization event. Furthermore, it is possible to distinguish between fragmentation 

with  multiple  fragments/neutrals  and  with  higher  charges.  Linear  features 

represent breakup channels involving two or more fragments; their shape is due to 

the momentum conservation, with the tips corresponding to the backwards and 

forward  emission  (with  respect  to  the  direction  of  the  electric  field  of  the 
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spectrometer)  respectively,  and  the  length  proportional  to  the  KER of  the 

breakup.  In  a  two-body  breakup,  the  bigger  is  the  mass  difference  between 

fragments, the more tilted and detached from the main PIPICO diagonal the line 

is:  more  generally,  the  tilting  reflects  the  fragment  mass-to-charge  ratio.  The 

thickness  of  a  line  is  related  to  the  number  of  particles  described  (and 

proportional  to the momentum resolution):  the higher the number of charged 

fragments (or even neutrals), the thicker the lines. To better visualize these latter 

multi-fragments events, tri-photoion coincidence spectra (TRIPICO) can be used.
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Figure 4.18: PIPICO spectrum of N2 molecule with momentum conservation applied. The insert is a zoom-in 
of the strongest feature,  the line with origin at  tof1  = tof2  = 3000 ns orthogonal  to the diagonal  of  the 
spectrum, the N+–N+ breakup channel. A second longer line, away from the diagonal, at shorter tof, and tilted,  
represents the N2+-N2+ breakup channel. The very small area (i.e., no breakup, therefore no KER) at tof = 4100  
ns (roughly twice the N+–N+ breakup channel) corresponds to the singly ionized parent ion N2

+. Note how all 
the described features are repeated across several periods of the BM due to the so-called false coincidence.  
The straight lines (±45° to the diagonal) correspond to the standard tof spectroscopy and are correlated to 
the detected charged fragments.
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4.6.1 Calibration

The calibration procedure aims to determine both the time delay t0,e, and some 

internal parameters for the momentum vectors extraction such as the strength of 

the B-field, the E-field for equation  (4.9), the relative rotation of the detectors, 

and the absolute value of the photoelectron and ion energies.

As already shown in equation  (4.8), a constant offset due to transit times of 

signals in the electronics, and the length of cabling must be taken into account.  

The t0,e is usually determined extrapolating the constant term of a regression of 

the nodes of the electron gyration period Tgy induced by  an B-field.  When no 

B-field is present, it is possible to retrieve the t0,e either as the difference between 

the mean tof of a measured electron te,mean and a simulated one, or looking at the 

tof of photons, which are supposed to be the fastest particle to be detected.

4.6.1.1 Calibration using N2

To both calibrate the value of the electric E-field of the spectrometer and the 

relative  orientation  of  the  detectors,  the  breakup  reaction

N 2 + ħ ν → N+ + N+ + 2e- is  used.  The  K-shell  photoionization of  N2 with  a 

right  circularly  polarized  photon  of  energy  420  eV  produces  a  back-to-back 
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Figure  4.19: experimental  values for  the ion momenta  in  N+–N+ breakup in  x,  y  and z  directions.  The 
distribution lies  along the x = -y line.  The distribution in the tof direction along the z-axis  appears cut,  
because it is not possible to distinguish between the two identical ions.
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fragmentation of  two charged  ionic  fragments,  each with  atom mass  14 amu 

shown  in  the  main  line  of  the  PIPICO histogram  in  Figure  4.18.

For  a  diatomic  molecule,  a  diatomic  breakup  channel  obeys  to  the  simple 

momentum conservation law p1,i + p2,i= 0 , valid for each direction i = x, y, and 

z, and it can be used as a gate on the momentum during the post-analysis. The 

validity of the momentum conservation for the N+–N+ channel is confirmed by the 

sharp diagonal momentum distribution shown in  Figure 4.19; the width of the 

distribution of about 2 a.u. is  due to both  the momentum resolution,  and the 

recoil  of  the  Auger  electron  on  the  centre  of  mass  of  N2. For  more  complex 

molecules, additional gates should be implemented e.g., on the sum of momenta.

According to the linear approximation, the momentum calculated in tof direction 

(i.e., z-axis) is directly proportional to the E-filed of the spectrometer as shown in 

the pZ equation (4.9) in chapter 4.9; therefore, the E-field can be calibrated using 

the  KER.  The  KER spectrum  for  the  electronic  state D1Σu
+ of  the N2

2+ ionic 

state  which  dissociates  into  the  optically  active N+( P3 ) + N +( D1 ) has  been 

measured  with  high  energy  resolution  by M.  Lundqvist  et  al.  [149].  For  the 

vibrational level v = 1, the KER spectrum reported in  Figure 4.20 shows a sharp 
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Figure 4.20: Calibrated KER spectrum for breakups that occurred parallel to the tof axis. The peak for the
D 1Σu

+ → N+( P3 ) + N+( D1 ) breakup is located at 10.35 eV. The used electric field is E = 116.7 V/cm.
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peak  at  KER  =  10.316 eV  that  was  used  to  scale  the  E-field  to  the  final 

experimental value E = 116.7 V/cm.

A relative rotation of the detectors implies a mismatch between their internal 

coordinate systems with respect to the LF of integer multiple of π/3 rotation, due 

to  the  hexagonal  shape  of  the  detectors.  The  relative  rotation  angle  of  the 

electron detector is  found calculating the single  MFPAD of the  N+–N+ breakup 

channel matching them with the reference experiments of T. Jahnke et al.  [79], 

[81]. The  MFPAD is obtained by transforming the electron momentum vectors 

from LF into MF and aligning the molecule along the polarization plane; the MF is 

defined from the set of equation (4.11) with respect of the photon propagation 

direction x = (1,0,0)T in the LF. The ion momentum vectors p1 and p2 must lie 

on  the  breakup  molecular  axis,  and  their  difference  prel=p2−p1 is  used  to 

define  the  z’-axis  in  the  MF,  thus to  orient  the  molecule  in  space.  For  the 

homonuclear N2 the axial-recoil  approximation holds as shown by Weber et al. 

[150] (see chapter 3.4).

ẑ ' =
p2−p1
‖z '‖

ŷ ' =
( p2−p1) × x̂

‖y '‖

x̂ ' =
ŷ ' × ( p2−p1)

‖x '‖

(4.11)
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Figure 4.21: single MFPAD restricted to the polarization plane for N2. Left: MFPAD in spherical coordinates 
defined by equation (4.12). Right: polar plot of the single MFPAD integrated over the angle φ; the red curve is 
a B-spline fit with and each data point has error bars.
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The MF normalized vectors are used to project the electron momentum vectors 

pel  from LF onto the MF, obtaining p 'el .

φ = atan2( p 'e,y , p' e,x)

θ = cos−1( p' e,z

√ p ' e,x+ p ' e,y+ p' e,z ) (4.12)

The  MFPAD of  Figure 4.21 is obtained calculating the spherical coordinates of 

p 'el  using equations (4.12) according to the convention described in appendix 

B.6,  and restricting the  molecular  orientation to  the polarization plane  ± 10°.  

Note that in this particular case the θ angle is defined with respect to prel which 

is parallel to the z’-axis. The results are in good accordance with the reference for 

the right circularly polarized (RCP) light when the electron detector is  flipped 

over the y-axis and then rotated by π/3 radiants clockwise. The validity of the 

mutual rotation of the detector is confirmed from the rotation of the marks on 

the MCP recorded from the raw images of the detectors as shown in Figure 4.22.

4.6.1.2 Calibration using Ar

It  is  possible to exploit  the high precision and accuracy of undulators on the 

delivered  photon  energy  to  determine  the  absolute  energy  of  a  detected 

photoelectron. For such energy calibration procedure, an Ar atom is ionized with 

photons at several known energies, chosen to generate photoelectrons that span 
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Figure 4.22: masked raw position images on both detectors from Figure 4.16. From left to right electron and 
recoil detector. The MCP notches are located at the end of the dotted lines.
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most of the detector surface, as shown in  Figure 4.26. The ionization process is 

well-above  the  ionization  threshold,  and  the  2p1/2 and  2p3/2 electrons  are  by 

definition constantly 2.15 eV apart.

According  to  the  PAD equation  (3.22) in  chapter  3.3,  the  Ar  PAD for  np 

electrons  is  expected  to  have  an  asymmetry  parameter  dependent  on  theβ  

photoelectron energy. A linear increase of the photon energy above the ionization 

threshold results in a proportionally larger photoelectron momentum spheres, due 

to the monotonic increase of  for photoelectron energies below 20 eV in Arβ  

[151]. The diameter of spheres at 260 eV, 256 eV, 254.5 eV and 252 eV photon 

energy is measured on the electron detector (Figure 4.26 or projections of Figure

4.24),  and  the  squared  radius  is  fitted  with  a  polynomial  of  second  order  as 

plotted  in  Figure  4.23;  the  extrapolation  returns  the  Ar  ionization  threshold 

E(r=0)  =  248.34  eV.  The  inverse  function,  net  of  the  offset,  can  be  used  to 

calculate  the  absolute  energy  of  the  photoelectron  for  other  targets  upon 

measuring their radius on the detector.
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Figure 4.23: Interpolation curve and coefficient of determination R2 for the photon energies read from the 
undulator and the square of the detected radius on the electron detector for Ar. The extrapolated energy 
offset at r2 = 0 for the absolute energy determination is E(r=0) = 248.34 eV.
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The section of the projected momentum spheres shown in  Figure 4.24 can be 

obtained restricting along either x or y direction, but the former shows higher 

resolution due to the smaller interaction region.

4.7 Effect of electrostatic lenses

An electrostatic  lens  can  defocus  particles  along the  tof direction which are 

travelling  far  away  from  the  lens  centre,  resulting  in  a lower  momentum 

resolution; the latter phenomenon is particularly relevant for electrons because of 

their low charge-to-mass ratio. Four electrons with Ek,e = 4 eV, 8 eV, 12 eV and 

16 eV were simulated with SIMION®, and the momentum vectors were calculated 

using the set of equations (4.9). The lens effect can be simulated introducing an 

uncertainty of 200 ps in the tof of the electrons (12.5% of the expected electron 

tof) due to the loss of time focussing, as shown both in panel b Figure 4.24 for the 

position, and in panel b of Figure 4.25 for the KER angular distribution around the 

z-axis in the  LF. In both figures, the black dotted lines represent the theoretical 

distributions with no lens perturbation.
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Figure 4.24: Ar 2p electrons fish fillet along y direction. Left: SIMION® simulated position along y-axis and 
tof at impact of four absolute electron kinetic energies, the black dots are without tof uncertainty; right: 
superimposition of experimental data at all photon energies with scaled detectors for both on x- and y-axis.



4.7  Effect of electrostatic lenses

Due to the small  distribution of the photon beam along the x direction (see 

chapter  4.2.2), the volume of interaction is  approximated in the computations 

with a rectangle (instead of an ellipsoid) on the y-z plane whose four vertexes and 

centre are the sources of electrons. To investigate the effect of misalignment of 

the  interaction  volume  with  respect  to  the  axis  of  the  spectrometer  in  the 

simulation, the vertexes in y direction are symmetric the respect to the absolute 

centre of the interaction volume, but shifted of 0.1 mm along the z direction. The 

two edges of the rectangle have a ratio 1:15 due to the shorter  FWHM of the 

photon beam compare to the molecular jet. From each source, 180 electrons are 

ejected with a  2° angular  resolution with  respect  to  the  tof direction and no 

elevation with  respect  to  other  directions  (i.e.,  a  thin slice  of  the  momentum 

sphere is obtained).

The comparison with the experimental data for the tof along the y direction in 

Figure  4.24 shows  that  the  resolution  along  the  tof direction  decreases 

dramatically due to the effect  of the electrostatic  lens.  Figure 4.25 shows the 
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Figure  4.25: Ar  2p  electrons  photoelectron  energy  angular  distribution,  comparison  between SIMION® 
simulations (left) and experimental data (right). The electron energies are reported in chapter 4.6.1.2. The 
optimal distribution is an horizontal line representing a perfect spherical momentum distribution, and it is  
achieved tuning the size of the detector (e.g., stretching the x-y plane). Although the detector on the left is 
not stretched, it is possible to see the quadratic progression of the linearly-spaced energies along the tof  
direction, independent from the stretching parameter. On the right, it is possible to see the effect of the lens  
both on lack of resolution along the tof direction, and on the progressive deviation from a linear distribution 
increasing the energy.
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consequent lack of resolution in the angular distribution (i.e.,  function of polar  

angle ) of a photoelectron kinetic energy Eθ k,e.

During the calibration, the scaling parameters cx and cy in (4.9) were empirically 

determined to straighten the angular distributions in right panel b) of Figure 4.25, 

letting the projection of the radius of the momentum sphere along x- and y-axis 

of the detector matching the radius of the along the z-axis. The left panel a) in  

the same figure shows the effect of the target misalignment along the z-axis as an  

asymmetric distribution respect to  = ± π/2 that can be partially accommodateθ  

introducing a t0 correction factor along the tof direction in the analysis.
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Figure 4.26: Ar 2p electrons raw position images (i.e. Newton spheres) on the electron detector. Left: single  
intermediate 254 eV photon energy with the two electrons visible; right: all measured energies superimposed 
where some lines belonging to the  intermediate energies almost overlap. Note the parabolic progression of  
the spheres’ diameter.



5. EXPERIMENTAL RESULTS

In  the  following  chapters,  the  results  for  the  experiments  conducted  at  the 

SEXTANT beamline  in 2018 are presented.  The aim of the experiments was to 

explore the capability of MFPAD, and its related PECD, of giving an insight on the 

structure  of  chiral  molecules  such  as  TFMOx.  During  the  experiments,  the 

photoelectron energy was varied as a parameter,  and a comparison with  MOx 

was carried out to investigate the effect of the molecular structure upon changing 

a substitutional group (e.g., CF3 vs. CH3). By increasing the amount of information 

on  the  spatial  molecular  orientation,  the  results  are  presented  for  randomly 

oriented, oriented along an axis (i.e., from a diatomic breakup), and fully fixed in 

space molecules (i.e., from a polyatomic breakup). Taking advantage of the data 

recording structure of the  COLTRIMS apparatus, it was possible to gate the raw 

data  during  the  analysis  to  select  only  the  events  of  interest  for  both  purely 

diatomic and polyatomic breakups. For each molecular breakup KER, relative and 

sum-momenta  were gated,  and  in  case  of  the  polyatomic  breakups  further 

restriction on the Newton plots were applied.

All  results  from  both  molecules  are  compared  for  validation  with  numerical 

calculations done with the Single Centre (SC) method and code developed by 

P. V. Demekhin et al.  [152]: for  MOx  the relaxed-core Hartree-Fock (HF-RCHF) 

approximation  [153], and for  TFMOx  the frozen-core Hartree-Fock (HF-FCHF) 

approximation  were used,  respectively. The  RCHF used  shows the major effect 

emerging from the monopole relaxation of molecular orbitals which is induced by 
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the creation of the inner-shell  vacancy due to the ionization. Furthermore, the 

partial harmonics of the SC expansion used to describe the occupied orbitals have 

been  increased  from  lc ,|mc| ≤  59,  to  lc ,|mc| ≤  79  for  the  experiments 

involving TFMOx compared to MOx, leaving the partial photoelectron continuum 

waves the same equal to  le ,|me| ≤ 29.  All calculations were performed at the 

equilibrium of the energy-optimized molecular geometry of the neutral ground 

electronic state.

5.1 Trifluoromethyloxirane

For all the experiments presented in this work, the two enantiomers of TFMOx 

used were commercially synthesized by SynQuest Laboratories. The purity of both 

samples has been tested using NRM and  HPLC giving 96% and 98% purity for 

S-TFMOx and R-TFMOx, respectively (see appendix B.10). For each enantiomer, 

the O(1s) electron of the K-shell was photoionized with photon of energies of 

541.5  eV,  542.5  eV,  544.5  eV,  546  eV,  and  550  eV,  corresponding  to  a 

photoelectron kinetic energies of 3.1 eV, 4.1 eV, 6.1 eV, and 8.1 eV, and 11.7 eV 

respectively (for the energy calibration, see chapter 4.6.1.2). The O(1s) electron 

is  technically  an ideal  ionization site  to  target  because of  its  higher  ionization 

energy  compared  to  the  C(1s)  =  285  eV21 which  makes  the  ionization  very 

selective without drastically reducing the cross-section; as a consequence of the 

latter the location of the emerging photoelectron is unambiguous. The photon’s 

helicity was switched every 2 hours between left circularly polarized (LCP) and 

left circularly polarized (RCP). The enantiomers were switched at roughly the half 

of the 7 days long experimental campaign to have  roughly the same amount of 

events for each enantiomer across all photon energies. The rate at which the data 

were  recorded  were  6  kHz  on  the  ion  detector,  and  10  kHz on  the  electron 

detector. A recycling system has been used to exploit all the limited experimental 

time at the beamline (see chapter 4.3.3).

21 The absolute ionization energy value varies slightly for the three C(1s) due the chemical shift.
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5.1.1 Channels selection

As  already  mentioned  in  chapter  4.6.1.1 for  the  N2 molecule,  the  PIPICO 

histogram  of  polyatomic  molecules  is  richer  in  features  compared  to  smaller 

molecules. The corresponding spectrum for R-TFMOx is shown in Figure 5.1, and 

the  expected tof of  the most relevant fragments are listed in  Table 3. The total 

mass  of  TFMOx is  m  =  112  amu,  and  the  breakup  channels  selected  for  the 
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Figure  5.1: PIPICO  histogram  for  R-TFMOx,  both  panels  in  logarithmic  scale,  gate  on  3D momentum 
conservation. Bottom: the rectangular boxes are highlighting polyatomic breakup channels with one of the  
two fragments’ mass kept constant: the red squares identify the sequential loss of a F atom from the constant  
CF3

+ fragments (top-bottom direction), and the blue squares the sequential loss of one C and one O atoms 
from the constant C2H3O+ (right-left direction), respectively; the blue circle highlights the only diatomic (and 
complete) breakup channel. The top panel is a magnification of the top red square, and shows the three main  
areas analysed in the present work. From left to right: CH9, CH11, CH12, and CH14.
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analysis  belong  to the  three  areas  reported  in  the  top-insert  in  Figure  5.1, 

corresponding to the first top red rectangle in the main panel. Each of the red 

horizontal rectangles identify a loss of an F atom from the CF3 fragment from top 

to bottom; the first two channels from the left are incomplete (i.e., one neutral 

fragment  was  not  detected)  polyatomic,  and  only  the  last  one  is  a  complete 

diatomic one. The selection criteria applied choosing the features of interest of 

PIPICO spectrum were to keep the CF3 as the  heaviest fragment, due  its larger 

mass compared to the other fragments and therefore its distinct  tof signal, and 

selecting the complementary fragments accordingly.

Table 3: tof and m/q ration for the most relevant fragments. The tof are calculated 
using the set of equations (4.9) with the linear approximation for the p = 0 point.

Ion m/q tof (p=0) [ns]

H+ 1 801

C+ 12 2765

CH+ 13 2888

CH2
+ / N+ 14 2997

CH3
+ 15 3102

O+ 16 3199

F+ 19 3485

C2H+ 25 4238

C2H2
+ 26 4313

C2H3
+ 27 4386

COH2
+ 30 4386

C2OH+ 41 5128

C2OH2
+ 42 5190

C2OH3
+ 43 5252

CF2
+ 50 5663

CF3
+ 69 6653

C3H3OF3
+ 112 8476
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5.1.2 Diatomic breakup channels

The  only  complete  diatomic  breakup  channel  corresponds  to  the  direct 

photoionization reaction with subsequent Auger decay (5.1), clearly visible in the 

PIPICO histogram of Figure 5.1.

C3H 3F3O + ℏω → C F3
+ + C2H i=1,2,3O

+ + eph
- + eAuger

- (5.1)

The  PIPICO spectrum  for  the  fragments  CF3
+ (m/q  =  69)  and

C2Hi  =  1,2,3  O+  (m/q = 41,  42,  43) are shown in  Figure 5.2 with gating on their 

relative (i.e., the difference of the momentum vectors of the two fragments) and 

sum  momenta  (which  sum  up  to  zero  by  definition  of  single  photoionization 

event) in order to select only the recorded events belonging to the breakup. The 

presence of three lines is due to hydrogens progressively leaving the fragment as 

neutrals; the constant inclination of the PIPICO lines in Figure 5.2 shows that the 

hydrogens do not carry away much momentum. Thus, it is possible to  combine 

the  recorded  data  of all  three  breakup  channels  to  one,  called 

p(69 amu) − p(43 amu) for brevity. The former channel contains roughly 2.5·105 

valid events after gating for each enantiomer, light-helicity and photon energy.
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Figure 5.2: Gated PIPICO lines for three diatomic channels called p(69 amu) − p(43 amu).
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One important histogram used as a sanity check-up for each breakup channels is 

based on the KER and the emission angular distribution of the fragments shown in 

Figure 5.3. For the very nature of the breakup reactions considered, the  KER is 

typically independent of the angle θ. The small deviations from linearity visible in 

Figure 5.3 are a consequence of the effect of strong electrostatic lenses, and it 

could be further corrected with the use of lookup tables during the momentum 

calculation. The present deviation is, however, acceptable, and does not affect the 

results.
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Figure 5.3: KER angular distribution. The theta angle is defined as the angle between the fragments’ relative  
momentum and the tof direction (i.e., z-axis in LF). The hard limits of KER = 3 eV and KER = 6 eV correspond 
to the arbitrary chosen gating.
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5.2 Direct ionization: diatomic breakup

For the diatomic fragmentation channel p(69 amu) − p(43 amu), it is possible to 

use the fragments’ relative momentum to define a fragmentation axis. Using the 

former vector, it is possible to uniaxially orient the molecule in space defining a 

MF, using the light’s propagation direction x in the LF and the relative momentum 

vector. The former orientation is defined with respect to the Euler angle , and itβ  

has one degree of freedom corresponding to the Euler angle ; the Euler angle α γ 

(i.e.,  rotation around the light's propagation axis in  LF because of the rotation 

chain) is irrelevant because of the symmetry of the CPL, and because the desired 

observable  is  a  forward-backward  asymmetry  along  the  light's  propagation 

direction (see image Figure B.4 in appendix B.6). Both the integral PECD (i.e., 1D, 

averaged over  all  molecular  directions)  described by equation  (3.21),  and the 

differential  PECD (i.e.,  2D  as  function  of  the  uniaxial  molecular  orientation 

β=prel /‖prel‖ with prel=p1−p0 ) described by  equation  (5.2) are calculated 

with respect  to the photon’s  propagation direction in  the  LF according to the 

equation  (3.18).  As  already  implemented  in  previous  experiments  [74],  the 

degree of freedom due to the molecular orientation is neglected  by integrating 

the photoelectron momentum vectors over the  Euler angle for the calculationα  

of the differential PECD.

PECD (cosθ , β )=
I+1 (θ , β )−I−1 (θ , β )
I +1 (θ , β )+ I−1 (θ , β ) (5.2)

The PECD effect is inverted in sign upon switching the polarization of the light or 

changing  the  enantiomer,  therefore  the  two  datasets  obtained  for  the  two 

polarizations  RCP and  LCP have  been  added  together  after  flipping  the 

photoelectron momentum vector of the RCP dataset along the light's propagation 

direction axis x (i.e., cos ) resulting in an increase of statistics of roughly a factorθ  

2  for  each  enantiomer.  As  a  consequence,  the  PECD is  calculated  as  the 

normalized  difference  between  the  two  enantiomers  with  respect  to  R 
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e.g., (R – S) / (R + S). The former equivalence between inverting the light helicity 

and exchanging the enantiomer holds only  for enantiomeric pure samples and 

perfectly  CPL,  conditions  ensured from  the  undulator  and  diagnosed  at  the 

beamline  SEXTANT  (see  chapter  4.2.2).  Contrary  to  using  perfectly  CPL,  the 

values of PECD using elliptical polarized light are function of  angle as shown inφ  

strong field regime from K. Fehre at al. [57].

5.2.1 Theoretical predictions

A mismatch of the uniaxial molecular orientation between the experimental and 

theoretical data is due to an arbitrary choice of the references for the coordinate 

frame. The experimental and theoretical MF can be brought to coincidence upon 

small  variations  of  the  Euler  angle   (i.e.,  β the  inclination  of  the  molecular 

orientation axis at the instant of the photoionization). The Euler angle  is used asβ  

a free parameter in the calculations, and the convergence criterium is the best 

visual fit between the computed and measured 1D PECD; the former method has 

been  already  used  and  extensively  described  in  [74].  The  fragmentation 

mechanism  is thought to  obey the axial-recoil approximation (see chapter  3.5). 

Under  the  former  assumption  in  the  case  of  MOx,  the  optimal  Euler  angle  β 

corresponds to a molecular axis connecting the  O atom with the  C atom  of the 

methyl group (results from [74]). In contrast, for the TFMOx the best-matching 

fragmentation axis connects the O atom with the CH2 group on the oxirane ring, 

for all five photoelectron energies within a solid angle of about 0.2 sr, a result from 

the theoretical prediction. Because of the relatively large rotation between the 

experimental  relative  momentum  and  the  calculated  fragmentation  axis,  the 

axial-recoil approximation for the TFMOx molecule does not completely hold: the 

centres of charge of the fragments do not fully coincide with their  centres of 

mass, and therefore the asymptotic relative momenta do not accurately represent 

the molecular orientation at the instant of photoionization. 
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The latter fact creates an inevitable intrinsic difference between the theoretical 

calculations and the experimental data, but the severity of its influence is further 

evaluated by the present experiment as function of the photoelectron energy and 

further  investigated  in  chapter  5.3.  The  phenomenon  could  be  explained 

considering the larger mass of the  CF3 group in  TFMOx  compared to the CH3 

group  in  MOx,  and  the  richer  electronic  structure  of  F  atoms  compared  to 

H atoms, which lead to a considerably slower dissociation of TFMOx compared to 

MOx, and a more complex charge arrangement on the photomontages.

Figure  5.4: Integral  PECD for randomly oriented R-TFMOx and S-MOx recorded at 11.7 eV and 11.5 eV  
respectively, with the anisotropy b2 and dichroic b1 parameters from fittings. The  angle is defined as theθ  
angle between the photoelectron momentum vector and the light’s  propagation direction.  The solid blue  
curve is a fit  of  the experimental data using the PECD integral  equation  (3.21), the dashed blue curve is 
retrieved from [74].

5.2.2 Influence of substitutional groups

The  diatomic  breakup  of  TFMOx is  compared  to  a  similar  channel  of MOx 

reported  in [74].  For  the  MOx,  both  the  integral  and  differential PECD were 

studied for O(1s) photoionization at a photoelectron kinetic energy of 11.5 eV for 

two  fragmentation  channels,  of  which  the  diatomic  breakup 

CH3
+ (m/q = 15) – C2H2O+ (m/q = 42),  called  p(14m) − p(42m) for brevity,  was 

the only complete one. Both the experimental conditions (i.e., the design of the 

COLTRIMS apparatus  and  the  beamline  used),  and  the  analysis  workflow  are 
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almost identical for the  MOx, and the  TFMOx experiments.  The  MOx  breakup 

p(14m) − p(42m) differs from the TFMOx p(69 amu) − p(43 amu) just from the 

nature of the first fragment, which for both molecules contains the substitutional  

groups attached to the carbon backbone of the oxirane molecules. As previously 

mentioned,  the  difference  of  one  H  atom  between  the  C2HiO+ fragments  of 

TFMOx  does  not  influence  the  breakup  dynamics, therefore  it  is  possible  to 

compare the difference of emission patters  for the two almost identical energies 

of  11.5  eV for  MOx  and 11.7  eV for  TFMOx.  According  to  the  CIP rule  (see 

appendix  B.3),  MOx  and  TFMOx  are assigned to  opposite descriptors R and S, 

therefore the direct  comparison between the two molecules should be carried 

between opposite enantiomers (e.g., S-MOx and R-TFMOx).

According  to the  definition  of  PECD from  chapter  3.2,  the  integral  PECD 

(i.e., integrated over all molecular orientation) is extracted for R-TFMOx and the 

b1 and b2 parameters are calculated from a fitting using the equation  (3.21) as 

shown in the left panel of Figure 5.4. The maximum value of the integral PECD is 

around 2%, several order of magnitude higher compared to dichroic observables 

from other traditional chiroptical techniques. The comparison with S-MOx reveals 

the inversion of the PECD trend with similar values for the dichroic parameter b1. 

By fixing the molecular orientation to be orthogonal to the light's propagation 
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Figure  5.5: Integral  PECD for  uniaxially  oriented  R-TFMOx and S-MOx molecules  along  on  orthogonal 
direction compare to the light’s propagation direction recorded at 11.7 eV and 11.5 eV respectively, with the 
anisotropy b2 and dichroic b1 parameters from fittings. The solid blue curve is a fit of the experimental data  
using the PECD integral equation (3.21), the dashed blue curve is retrieved from [74].
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direction,  it  is  possible  to  further  enhance  the  PECD effect  by  an  order  of 

magnitude for both molecules, as shown in Figure 5.5.[154]

The differential PECD for both R-TFMOx and S-MOx enantiomers is described as 

a  function  of  the  uniaxial  orientation  ,  as  shown  in  β Figure  5.6.  The  direct 

comparison  between  similar molecular  structures  is  along  the  rows,  and  the 

comparison  upon  switching enantiomer  is  done  along  the  columns.  For  both 

molecules, changing the enantiomer consists in flipping the cos  values along theθ  

light’s propagation direction, which confirms the chiral origin of the PECD effect. 

The normalized difference also obeys the analytically-derived asymmetry property 

PECD(π− , π− ) = −θ β PECD( , ), which θ β corresponds to a flip of PECD sign upon 

rotation of the histograms by 180° around the normal to the picture’s plane. In  

contrast  to the integral  PECD, for some molecular  orientations the differential 

PECD reaches  about  20%  for  R-TFMOx  and  30%  for  S-MOx.  Across  the 

enantiomers, the differential PECD flips sign upon changing substitutional group, 
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Figure  5.6: Experimental differential PECD of the uniaxially oriented enantiomers of S-MOx (left column,  
data from [74]) and R-TFMOx (right column) as a function of the photoelectron emission angle , and theθ  
molecular orientation angle  as defined in equation  β (5.2). According to the CIP rule (see appendix  B.3), 
opposite enantiomers are compared in each row in order to compare identical geometrical structures. Image 
reproduced from [154].
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as shown for the integral PECD: substituting the light CH3 with the much heavier 

scatterer CF3 results in a complete inversion of the PECD signal. Nevertheless, the 

distributions  are  similar  both in  intensity  and arrangement  of  features  for  the 

correspondent  fragmentation channels  and photoelectron kinetic  energies,thus 

the  inner-shell  PECD effect  is  confirmed  to  emerge  from  complex  multiple 

scattering process by the molecular potential of the emitted photoelectron wave.

5.2.3 Effect of energy

Error: Reference source not found shows the differential  PECD of R-TFMOx for 

all the five photoelectron kinetic energies, with maximal values of about ±16% to 

±20%, values at least a factor of 10 larger than the integral  PECD in  Figure 5.4. 

There is  a  clear  progression of the measured differential  PECD with increasing 

photoelectron kinetic energy, although similar features occur across all energies. 

In particular, for the first three lower kinetic energies 3.1 eV in panel a), 4.1 eV in  

panel c), and the 6.1 eV in panel (e) of Error: Reference source not found, there is 

a sequence of stripes at about 45° propagating from top to bottom. For the two 

other higher kinetic energies 8.1 eV in panel g), and 11.7 eV in panel i), there is  

the persistence of three isolated circular areas,  resembling the previously cited 

results of  MOx in  Figure 5.6. The comparison of the experimental data with the 

numerical calculation in the right column of  Error: Reference source not found 

shows an overall agreement of features and signs of the differential  PECD for all 

energies  after  some  fine-tuning  of  the  theoretical  model.  The  PECD effect  is 

indeed very sensitive to the variation of photoelectron energy.

The small discrepancies between theory and experiment in the differential PECD 

lead to a  poor estimation of the integral b1 parameter shown in  Figure 5.8. The 

robustness of the experimental results is supported by the agreement with both a 

corresponding experiment conducted at the PETRA III synchrotron facility (DESY, 

Hamburg, Germany) using  COLTRIMS, and the corrected version of a previous 

experiment conducted at the Stanford Synchrotron Radiation Lightsource (SSRL) 
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Figure 5.7: differential PECD values of uniaxially oriented R-TFMOx as a function of both the  
photoelectron emission angle , and the molecular orientation angle  for different kineticθ β  
energies of the O(1s) photoelectron  as defined in equation  (5.2). Left: experimental data,; 
right: theoretical predictions. The experimental data are the combination diatomic breakup 
channels CF3

+ (m/q = 69) – C2Hi = 1, 2, 3O+ (m/q = 41, 42, 43). Image reproduced from [154].
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(SLAC,  Menlo  Park,  CA,  USA)  with  a  VMI setup  [155].  The  results  of  the 

COLTRIMS experiments are in perfect agreement,  while the  VMI data shows a 

good agreement for low energies on averaged values, but taking into account the 

propagation of errors the comparison become meaningless (see appendix B.4).

The refinement of the model from using a frozen-core (FCHF) to a relaxed-core 

Hartree-Fock  (RCHF)  lowers  the  discrepancy  between  experimental  and 

theoretical  data  for  low energies,  although the  curvature  is  still  opposite.  The 

most  striking  difference  is  the  inversion  of  sign  for  both  the  photoelectron 

energies of 8.1 eV and 11.7 eV.

Uniaxially orienting a molecule in space shows the possibility of using the PECD 

effect to detect and characterize chiral effects in photoelectron emission, with a 

great sensitivity for both the molecular structure and photoelectron energy. The 
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Figure  5.8: Comparison between two theoretical models (SC) and 
three  experimental  results  for  b1 and  b2 parameters  for  randomly 
orientated  TFMOx.  The  present  work  is  represented  by  black 
triangles,  the  green  squares  represent  a  confirmation  experiment 
with the same setup at a different facility, and the yellow circles the 
corrected value for a different setup and facility from  [155]. Image 
adapted from [154].
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small  effect  of  the  energy  could  emerge  from  the  averaging  around  one 

Euler angle,  but  the  experimental  results  are  in  good  agreement  with the 

theoretical model.

5.3 Direct ionization: polyatomic breakup

In the following chapter, the polyatomic breakup channels mentioned in  Figure

5.1 are  analysed  to  study  both  the  PA-MFPAD and  the  MFPADs  from 

fixed-in-space molecules with their related PECD effect for  TFMOx as a function 

of photoelectron energy. The use of at least three fragments, allows to completely 

fix the molecule in space. Giving access to both a PA-MFPAD, which are connected 

to the molecular structure, and MFPADs from fixed-in-space molecules, which are 

dependent on the relative angle between the molecule and the light’s propagation 

direction. The MFPADs as function of the light's propagation direction are used to 

compute the fully-differential  PECD histograms. Fully orienting the molecule in 

space  is  expected  to  strongly  enhance  the  PECD signal,  and  for  particular 

orientations the sensitivity towards the molecular structure as a function of the 

photoelectron energy could dramatically improve. Finally, a comparison of both 

the PA-MFPAD and MFPAD from fixed-in-space molecules along with their  PECD 

effect  is  carried  out  between  R-TFMOx  and  S-MOx,  extending  the  results  of 

chapter  5.2.2 regarding  the  influence  of  the  substitutional  group  on  the 

photoelectron  interference  patterns.  Each  enantiomer,  each  photoelectron 

energy, and each helicity have roughly the same number of recorded events: from 

the reactions (5.3) CH11 has 3.4 – 2.4·105, CH9 has 5.5 – 4.5·105, and CH12 has 

1.9 – 1.5·105 depending on the energy considered; the  MOx  dataset from  [156] 

has  3·106 events  for  each  enantiomer  and  helicity  for  a  singe  photoelectron 

energy.  All  the  experimental  and  theoretical  data shown  in  this  section  are 

processed using  a  method  described  in  appendix  B.5,  and  the  datasets  from 

opposite  helicities  are  combined  to  improve  statistics  employing  the  same 

procedure described in the previous chapter.

93



Experimental Results

5.3.1 Polyatomic channels selection

The three incomplete polyatomic reaction channels considered in the following 

analysis are all ring-opening reactions summarized in (5.3), ordered by descending 

tof of the second fragment. The breakups in  (5.3), correspond to the first two 

clusters of features from the left in top panel of Figure 5.1.

CH12: C3H 3F3O + ℏω → C F3
+ + CH 2O

+ + CH 0 + eph
- + eAuger

-

CH11: C3H3 F3O + ℏω → C F3
+ + C2H i = 1,2,3

+ + OH (4−i)
0 + eph

- + eAuger
-

CH9: C3H 3F3O + ℏω → C F3
+ + CH i = 0,1,2,3

+ + CH (3−i)O
0 + eph

- + eAuger
-

(5.3)

From  the  top  of  (5.3),  the  reactions  are  labelled  CH12,  CH11  and  CH9 

respectively.  All  reactions  share  the same  CF3
+ (m/q  =  69)  fragment  as  the 

heaviest;  the CH12 has  a  single  CH2O+ (m/q =  30) fragment  and all  possible 

subsequent losses of a hydrogen (e.g., CH3O+, CHO+, and CO+) are suppressed i.e., 

not recorded; both the CH11 and CH9 breakups show a subsequent ionization of 

the methyl group from the C2Hi = 1,2,3
+ (m/q = 25, 26, 27) fragment for CH11, and 

the CHi  =  0,1,2,3
+ (m/q = 12, 13, 14, 15) one for CH9.  All channels  consist of an 

undetected  neutral,  and,  despite  the  incomplete  nature  of  the  breakups,  it  is 

possible to retrieve the neutral momentum vectors from momentum conservation 

pneutral =  -(p0 +  p1)  where  the  two  detected  fragments  are  labelled  0  and  1 

respectively, according to their flight time (i.e., mass). The PIPICO spectrum of all 

breakup channels is shown in  Figure 4.25: the broader  features compared to the 

purely diatomic channel of Figure 5.2 suggest the presence of a neutral fragment 

in the breakup reaction. Parallel lines in the histogram represent a subsequent loss 

of an H atom resulting in identical ionization dynamics,  where each lost H atom 

does not carry away much momentum, thus parallel.  The latter  observation is 

confirmed by the Newton plots later considered in this  chapter,  and allows to 

group  the  sub-channels  into a  single  one  for  the  post-analysis.  Different 

inclinations of the observed lines suggest a different redistribution of mass among 

the fragments,  therefore potentially  different fragmentation dynamics.  Despite 

the very similar  tof, a clear example of the former is the difference between the 

first three lines (i.e., CH11) and the last single line (i.e., CH12) in the right panel 
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of Figure 5.9. Usually, different channels display different fragmentation dynamics 

as investigated in great detail in the next chapter.

Having  three  coplanar  momentum  vectors,  makes  it  possible  to  define  a 

molecular  frame  MF,  thus  orienting  the  molecule  in  space  as  described  in 

chapter 5.3  ,  but  it  does  not  allow  assigning  directly  the  handedness  of  the 

molecule. MFPADs are used to access the handedness of a chiral molecule instead.

5.3.2 Molecular frame (MF) definition

Within  a  polyatomic  breakup  channel  composed  of three  fragments,  each 

associated  with  a  well-defined  momentum  vector,  it  is  possible  to  define  a 

fragment frame (X, Y, Z) and use it to determine the orientation of the molecule 

in space. The fragment frame is just loosely linked to the molecular bonds which 

might “naturally” define the  MF (x’, y’, z’), and the two are typically skewed by 

some unknown angles ( , , and  the Euler rotation angles with respect to the X,α β γ  

Y,  and Z fragment axes,  respectivelly)  due to  some rotation of  the fragments 

frame after the breakup. The angles can be calculated by matching the position of  

distinct structural  features of the experimental  and theoretical  PA-MFPAD of a 

molecule, as described in a recent paper by K. Fehre et al.  [156]. In the case of 
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Figure  5.9: PIPICO  histograms of the three polyatomic channels  of  R-TFMOx at 11.7 eV photoelectron 
energy, linear scale: left CH9, right CH11 (three lines) and CH12 (single isolated line). CH9 and CH11 show  
parallel lines indicating the ionization of the methyl group, in CH12 the ionization is suppressed . The first line 
from the left of CH11 is not complete due to gating conditions on the fragment 1 momentum distribution.
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MOx, the recursive method implemented  estimates the rotation angles to be in 

the order of few degrees, as qualitatively visible comparing the experimental and 

theoretical PA-MFPADs. Although the rotation optimization for  TFMOx  was not 

performed, the difference in the theoretical and experimental PA-MFPAD shown 

in  Figure  5.14 suggests  only  a  small  rotation as well,  therefore  the  fragments 

frame is considered to be equal to MF (i.e., x’ = X, y’ = Y, and z’ = Z).

By  definition,  three  non-degenerate  fragment  emission  directions22 lie  on  a 

plane, are enough to fully orient the correspondent molecule in space leaving only 

one  degree of freedom for the plane versor. In principle, using the momentum 

vectors of at least four fragments allows to both  determine the orientation of a 

molecule in space and its handedness in a pure  CE approach [129]. In the latter 

condition, long data collection times for a suitable amount of valid events for each 

degree of freedom of the observables would be required. The reasons for longer 

collection times are a) the  COLTRIMS detection efficiency decreases drastically 

with  the  number  of  charged  fragments  detected  in  coincidence,  and  b) 

polyatomic fragmentation channels with more than three charged fragments may 

experience more complex breakup dynamics for larger molecules.  Thus,  in this 

work, polyatomic channels with two charged fragments and a neutral have been 

selected to circumvent the former problems and are the only ones considered.

ẑ ' =
p1× p0
‖z '‖

ŷ ' =
( p1 × p0) × pneutral

‖y '‖

x̂ ' =
ŷ ' × ( p1 × p0)

‖x '‖

(5.4)

In a breakup, the momentum vector of an undetected neutral fragment can be 

retrieved using momentum conservation; in the following analysis the events close 

to zero-sum were removed to improve the quality of MF definition. The MF is by 

definition randomly oriented with respect  to  the LF.  It  is  possible  to  arbitrary 

define the MF as described in the set of equations (5.4) with the CF3
+ vector as p1, 

22 If the there fragments are degenerate, they lie on a line (or a point) in space, making it impossible to define a unique  
MF.
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and  C2Hi
+ vector  as  p0,  observing  that:  1)  the  x’-axis  lies  along  the  neutral 

fragment’s  emission direction,  therefore  the  y’-axis  and  the  p1 vector  are  not 

parallel,  thus  the  system  will  be  optimized  using  a  rotation.  2)  the  spherical 

coordinates  and  of the photoelectron are defined in the MF with respect toθ φ  

the z’-axis and on the x’-y’ plane, respectively. Using the MF, subset of data can be 

selected (i.e., post-alligned) according to a specific photon propagation direction, 

and the z’-axis is aligned to it, as described in chapter 5.3.3.

An example of the momentum vector distribution for CH11 is  shown in  Figure

5.10: the distribution is normalized using the magnitude of the p1 vector CF3
+, and 

all fragments momenta lies on the x’-y’ plane. The momentum associated with the 
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Figure 5.10: momentum vectors distribution of R-TFMOx CH11 with photoelectron energy 11.7 eV (red),  
and x’- and y’-axis of MF (blue). The momentum vectors are normalized to the CF 3

+ vector (i.e., p1), which 
therefore has unitary length. The momentum of the neutral fragment (i.e., OH0, pneutral) corresponds to the 
opposite of the sum of the fragments’ momenta; all three fragments lie on a plane. The circularly depleted 
area at the tip of the C2Hi

+ vector (i.e.,  p0) corresponds to the elimination of the events close to zero-sum, 
and by definition it is replicated at the tip of the OH0 vector. The the CF3

+ momentum vector and the y’-axis 
are rotated around the z’-axis of about  = 4.6°. By definition, the  α MF x’-axis and y’-axis are parallel and 
orthogonal to pneutral, respectively. Note: the x- and y-axis used here are a neutral system of reference.
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neutral  fragment  lies close to the centre of the distribution,  suggesting that it 

acquired a small amount of kinetic energy during the breakup. Within the validity 

of the axial-recoil approximation (see chapter  3.5), it is possible to  deduce the 

position  of  the two  external  C  atom  and  the  O  to  be  on  the  x’-y’ plane.

The angle between the y’-axis and the CF3
+ vector is used to rotate the MF around 

the z’-axis  by the Euler angle α = -4.6°  as a optimization.  The position of  the 

rotated and energy-optimized atomic structure for each of the two enantiomers 

of TFMOx is reported in spherical coordinates in  Figure 5.11. The x’-y’ plane is 

identified in  spherical  coordinates,  by definition,  by the line cos  = 0.  In  suchθ  

defined system of reference, an inversion of enantiomer corresponds to mirroring 

with respect  to the line cos  = 0 i.e.,  z’-axis  in  Cartesian coordinates.  Furtherθ  

rotations of the molecule around the z’-axis (e.g., the Euler angle  according toα  

the convention described in appendix B.6) correspond in spherical coordinates to 

a rigid shift of the position of the atoms along the angle  axis.φ

An alternative and more concise way to show the fragments’ momentum vectors 

is  using  the  Newton  diagrams.  Newton  diagrams  can  be  applied  to  uncover 

fragmentation  dynamics  and  are  closely  related  to  the  KER of  the  breakup. 

A Newton plot for polyatomic breakups shows the particles’ momentum vectors 
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Figure  5.11: Optimized  position  of  each  atoms  of  R-TMOx  (left)  and  S-TMOx  (right)  in  spherical 
coordinates (defined in appendix B.6). Within the axial-recoil approximation, the two external C and O atoms 
lie on the x’-y’ plane i.e., cosθ = 0. The rotation of the molecule is calculated from Figure 5.10 as the angle 
between  the  y’-axis  and  the  CF3

+ momentum  vector  (i.e.,  p1)  that  corresponds  to  the  Euler  angle  
α = -4.6°. Such rotations are mapped to a rigid translation along the -axis in spherical coordinates. Theφ  
enantiomer inversion corresponds to mirroring the atoms’ coordinates about the line cos  = 0.θ
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in the MF with respect to the centre of mass (c.m.) of the fragments with one of 

the  fragments’  momentum  vector  being  used  as  a  scaling  factor.  In  a 

three-fragments breakup, the momentum vector of the first fragment is used as a 

scaling factor, therefore represented by a unitary vector, while the momenta of 

the other two fragments are mapped in the upper and lower halves of a Newton 

plot,  respectively as shown in  Figure 5.12 and  Figure 5.13 for various reaction 

channels.

In  just  few  cases,  a  Newton  plot  directly  reveals  the  true  fragmentation 

mechanism,  and  predictions  of  a  model  should  be  used  to  provide  a 

comprehensive  study  [157],  nevertheless  much  information  of  crucial  interest 

about the type of fragmentation can be retrieved, and different fragmentations 

dynamics identified [158]. In a Newton representation, the more distant from the 

centre a feature is, the faster the fragment has been ejected. Furthermore, two 

opposite  cases  can  be  identified:  on  one  side  circular/arc  structures  indicate 

sequential or stepwise fragmentation processes; by the contrary well-define spots 

indicate a  single  steps CE.  In  between the latter  two,  an  asynchronous type of 

breakup  is  possible  in  which  the  fragmentation  occurs  in  one  step,  but  it  is 

preceded by molecular vibrations and/or rotations. For a stepwise fragmentation, 

if the angular velocity of the molecule after first ionization step is comparable with 

the  fragment’s  ejection-time,  the  fragments’  momentum  distribution  is  bent 

describing an arc or a circle; the longer the time between the first and the second 

fragmentation step, the more isotropic the fragment distribution is. The validity of 

the axial-recoil approximation is tightly related with well-defined narrow spots in 

Newton plots, which provides an unambiguous definition of the MF.
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Figure 5.12: Newton diagrams for CH9 and CH11 breakup channels. First column CH9 breakup: top is the 
sum of  all  breakups,  going down the single  three breakups  ordered by ascending mass of  the reference 
fragment CHi

+. Second column CH11 breakup. In contrast with CH9, the latter CH11 shows for each fragment 
clearly separated distributions, with low dispersion and closer to the centre of the graph; the latter are all  
signs of an ultrafast breakup. Note the central circular area belong to the neutral fragment of each breakup.
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In  both  Newton  diagrams  in Figure  5.12 and  Figure  5.13,  the  first  detected 

fragment’s momentum p0 defines the x-axis, and it is represented by the unitary 

red arrow. The top panel of each column in Figure 5.12 depicts collective data of 

all  the breakups. The two columns in  Figure 5.12 show two breakups channels 

CH9 and CH11, respectively. In the right column, the momentum distributions of 

each fragment for the CH11 channel are well separated, and not bent, suggesting 

a  single  step CE.  By contrast,  the left  column the  CH9 channel  shows a  bent 

distribution, suggesting a stepwise fragmentation: the arc is populated by events in 

which  the  molecular  fragment  rotates  after  the  first  one is  ejected,  before 

breaking into two  fragments.  Moreover,  the  differences  for  the CH11 channel 

across several breakup channels (i.e., panel 2 - 4) are small and overall similar to 

their combination (i.e., top panel 1). On the contrary, for the CH9 channel there is 

a significant difference of the position of the main peaks for the channels CH+ and 

CH2
+ (i.e., panel 2 and 3, respectively), and the channel CH3

+ (i.e., panel 4): they 

appear  to  be  rotated  anti-clockwise  compared  to  the  latter  two  distributions, 

probably  due  to  further  vibrations  or  rotation  occurring  specifically  in  CH9 

channel.

In Figure 5.13, the cumulative Newton plots for the CH11 channel (left) and the 

single ones for the CH12 channel  (right) are reported.  Despite both breakups 

show  well  separated  distributions  suggesting  a  direct  CE  fragmentation,  the 

localization of the features for the CH12 channel is poor, and a central ring linked 

to  the  neutral  fragment  is  present.  The  Newton  plot  for  the  CH12  channels 

suggests either a  stepwise fragmentation, or an asynchronous one. In conclusion, 

according to the Newton plots, the CH11 channel is the only one showing a direct 

CE fragmentation,  therefore  displaying a  sufficiently  fast  breakup  dynamics  to 

comply  with  the  axial-recoil  approximation.  All  breakup  (sub)channels of  the 

CH11 reaction show similar fragmentation dynamics, therefore can be combined 

together  to  describe the  same  MF i.e.,  not  rotated  with  respect  to  each 

(sub)channel.
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The influence of the photoelectron energy on the Newton plots, thus on the MF 

definition,  is  marginal,  because  of  the  small  momentum carried  by  the 

photoelectron. A complete series of Newton plots for all photoelectron energies is 

reported in appendix B.8.

5.3.3 Polarization-averaged MFPAD

For the K-shell electrons, the MFPAD often shows a reminiscence of a dipolar 

emission pattern with respect to the photon polarization direction  [94];  other 

more meaningful features in the distribution to probe the molecular structure are 

emerging mainly from the scattering on the molecular potential (see chapter 3.1). 

To mitigate  the  influence  of  the  dipole,  a  MFPAD integrated  over  all  light's 

propagation  directions  can  be  examined,  called  polarization-averaged  MFPAD 

(PA-MFPAD).  It  has  been  shown both  theoretically  and  experimentally  that  a 

PA-MFPAD is very  sensitive  to  the  molecular  geometry  [159],  and  its 

photoelectron interference patterns vary greatly with the photoelectron energy 

[96]. In a recent work from K. Fehre et al., a PA-MFPAD has been successfully used 

to  determine details of the molecular structure of  MOx with a sensitivity to the 

C-H bond length down to 5% of the computed energy-optimized one [156].
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Figure  5.13: Newton plots,  comparison:  left  the sum of  all  breakup channels  of  CH11,  right  the single 
breakup channel CH12. The only channel further analysed is the CH11 due to the higher likelihood of ultrafast  
breakup which is a fundamental condition for the axial-recoil approximation to hold.
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By definition, a PA-MFPAD is independent of the light’s polarization (i.e., linked 

to the light's propagation direction as described later in this chapter), and it shows 

a symmetry around the cos  = 0 axis upon  θ switching enantiomer  or helicity as 

shown  in  Figure  5.14,  confirming  the  chiral  nature  of  the  emerging  emission 

pattern;  a  normalized  difference  upon  switching  enantiomers  is  computed  to 

provide  a  sanity  check  of  the  chiral  molecular  geometry.  For  each  of two 

enantiomers of TFMOx shown in Figure 5.14, the histograms are computed using 

the sum of LCP and flipped RCP histograms to increase statistics; the perfect flip 

along the  cos  =  0  axis  proves  the  sensitivity  of  the  PA-θ MFPAD to  the  chiral 

molecular potential. For the photoelectron energy 11.7 eV it is possible to further 

add the two enantiomers flipping one (e.g., S) along cos  = 0 to further increaseθ  

the  statistics  e.g.,  roughly  4  times  compared  to  a  single-helicity  dataset,  a 

technique used in the experimental data shown in  Figure 5.15,  Figure 5.16, and 

Figure 5.17.

The  PA-MFPADs  comparison  between  the  experimental  data  at  11.7 eV 

photoelectron  energy  obtained  as  previously  described,  and  the  theoretical 

predictions at 11.5 eV photoelectron energy for  R-TFMOx  is reported in  Figure

5.15,  where  both  the  absolute  location,  and  partly  the  intensity  of  the  main 
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Figure  5.14: PA-MFPAD  of  R-  and  S-TFMOx  for  the  second  breakup  line  of  CH11  at  11.5  eV,  which 
corresponds to a photon energy of 550 eV. Both MFPADs are the sum of LCP and RCP polarization. Note the  
symmetry for reflection between the two histograms with respect to to cosθ = 0. The position of the atoms is 
taken from Figure 5.11 for both enantiomers.
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features for φ < 140° are correctly reproduced by theory; the largest discrepancy 

is a peak at φ > 140°. The absolute contrast (i.e., the difference between absolute 

maximum and minimum) in the region φ < 140° is more than 2 times lower for 

the  experimental  data  compared  to  the  theoretical  calculations.  Based on the 

position of the atoms in spherical coordinates shown in Figure 5.11, each area of 

an MFPAD and PA-MFPAD can be  mapped to  a  specific part  of  the molecule, 

within the validity of the axial-recoil approximation and taking into account minor 

rotation of the MF.

The PA-MFPAD histograms in spherical coordinates can be shown in Cartesian 

coordinates  and superimposed to  the energy-optimized molecular  structure  of 

R-TFMOx to possibly  identify  the correlation with the molecular  geometry,  as 

shown for  two photoelectron energies  in  Figure 5.16 and  Figure 5.17,  namely 

11.7 eV and 3.1 eV, respectively. For both energies, the region at  < 140° showsφ  

features  related  to  the  oxirane  ring,  and  the  region  at  φ > 140°  is  in  close 

proximity  to  both the  CF3 group and the  chiral  C  atom, which appears  to  be 

depleted in photoelectron emission. For the energy 11.7 eV, the former area has a 

typical ring structure which goes around the molecule; in the same area, for the 

energy 3.1 eV, most of the same features are present, but the one associated with 
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Figure 5.15: PA-MFPAD for CH11 at 11.7 eV. Left: experimental values for R + S flipped TFMOx combined, 
internal ticks on the colour scale; right: theoretical results for the R enantiomer, external ticks on the colour  
scale. All features have a good agreement, apart from the region along  = 150°, where the CFφ 3 substitutional 
group is located. The position of the atoms is taken from Figure 5.11.
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the  C-H  bond  of  the  chiral  C  atoms  are  strongly  depleted.  The  full  energy 

progression is shown in Figure 5.21, and extensively discussed later in this chapter.

The PA-MFPAD directly reveals just partly the atomic bonds of the molecule, and 

the influence of the scattering CF3 seems just partially reproduced by the theory. 

The apparent inconsistency between experimental data and theory prediction of 

the angular  distribution from the oxirane ring and the CF3 could be explained 

considering  both  the  scattering  dynamics  of  photoelectrons  as  described  in 

chapter 3.3, and the fact the molecular vibrational modes re not averaged for the 

theoretical  predictions.  Due  to  the  already  richly  structured  and  complex 

molecular potential, the interference between direct and scattered photoelectron 

waves are complex and sensitive to phase shifts induced by small differences in the 

molecular configuration (e.g., vibrational modes). The theoretical predictions are 

performed looking at a static energy-optimized geometrical structure: the former 

oxirane ring is a more  rigid structure in  comparison to the latter CF3 which has 

several  degrees  of  freedom.  Although the  timescale  of  molecular  vibrations  is 

much  longer  than  the  time  required  from  the  photoelectron  to  escape  the 

molecular potential after direct and indirect scattering, the experimental data are 

the  results  of  averaging  over  several  conformations  belonging  to  multiple 

vibrational modes. Furthermore, the reduction in contrast between experimental 

data and theoretical  predictions  can be associated with an uncertainty  on the 

determination  of  the  neutral  fragment  momentum  vector  and  thus  on  MF 

definition.  In  general,  performing  an  absolute  and  direct  comparison  between 

experimental and theoretical 3D-MFPADs requires the relative rotation of the MF, 

although small, to be corrected for as, shown in [156].
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Figure  5.16: 3D  sketches  in  Cartesian  coordinates  from  Figure  5.14 of  the  experimental  (top)  and 
theoretical (bottom) PA-MFPAD of R-TFMOx at 11.7 eV and 11.5 eV respectively. The molecule is oriented 
according to the MF (x’,  y’,  z’) shown as a blue system of reference on the disk at the bottom. The PA-
MFPADs should share their centre of mass with the origin of the MF, but it is translated along the z’ axis for  
the sake of clarity. Within the validity of the axial-recoil approximation, the two C and the O atoms lie on the 
x’-y’ plane.
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Figure 5.17: 3D sketches in Cartesian coordinates from panel e) of  Figure 5.21 of the experimental (top) 
and theoretical (bottom) PA-MFPAD of R-TFMOx at 3.1 eV. The molecule is oriented according to the MF 
(x’, y’ z’) shown as a blue system of reference on the disk at the bottom. The PA-MFPADs should share their 
centre of mass with the origin of the MF, but it is translated along the z’ axis for the sake of clarity. Within the  
validity of the axial-recoil approximation , the two C and the O atoms lie on the x’-y’ plane.



Experimental Results

In  Figure 5.18, the PA-MFPAD for CH9 and CH12  recorded at a photoelectron 

energy of 11.7  eV are  presented;  both PA-MFPADs show similar  features  with 

respect  to  CH11,  but  do  not  match the  theoretical  predictions  shown  in  the 

second panel  of  Figure  5.14.  The mismatch arises  from  an uncertainty  in  the 

definition of the MF in CH9 and CH12 due to the molecule's rotation prior to the 

breakup, and it confirms the breakdown of the axial-recoil approximation for CH9 

and CH12. Although MFPADs and PECD can be expected for the former breakups, 

just CH11 will be considered further because of the promising comparison with 

the theoretical calculations and the MOx dataset.

Figure 5.19 shows the comparison between the experimental  and theoretical 

PA-MFPAD of R-TFMOx and S-MOx from reference [156] at an electron energy of 

11.7 eV and 11.5 eV, respectively. The theoretical calculations are performed with 

the single-centre (SC) in the RCHF approximation for MOx and FCHF for TFMOx. 

Most of the features at  < 120° are the same, at roughly the same photoelectronφ  

energy, in both molecules (i.e., the oxirane ring), but there is a large difference in 

the region  > 120° (i.e., the substitutional group)φ . As previously mentioned, the 

latter area is associated with the CH2 and oxirane ring that is identical across the 

two molecules, and the former one belongs to the different substitutional groups 

(namely CF3 and CH3), and the chiral carbon C. For TFMOx, the shape of the ring 
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Figure  5.18: PA-MFPAD of CH9 and CH12 at  11.7 eV for R-TFMOx. The photon energy corresponds to a 
photon energy of 11.7 eV. Both PA-MFPADs are the sum of LCP and RCP polarization for both enantiomers 
and a final sum of R and S enantiomer flipped along cos  = 0 axis. The constrast is lower than CH11.θ
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is skewed, and the contrast is reduced compared to  MOx by a factor of 1.5, a 

behaviour correctly predicted by the theory.  The theoretical  predictions in the 

region   >  120°  retain  a  peak  for  both  molecules,  suggesting  a  lack  ofφ  

predicting-power for the complex scattering phenomenon in that region of the 

molecule.

Figure 5.19: experimental (top) and theoretical (bottom) PA-MFPAD comparison between R-TFMOx CH11 
at  11.7  eV  (left)  and  S-MOx  at  11.5  eV  (right)  adapted  and  reprocessed  from  reference  [156].  Both 
PA-MFPADs  are  the  sum  of  LCP  and  RCP  polarization  and  the  adapted  (i.e.,  flipped)  enantiomers,  as  
previously described. The main discrepancy between the two distributions is the area at  > 120°, where theφ  
substitutional groups CF3 and CH3 are located. Note the lower contrast within the ring structure at (0°,0) of 
R-TFMOx compared to S-MOx, and the higher contrast of theoretical calculations compared to experimental 
data (e.g., 4 times higher).  The position of the R-TFMOx atoms is taken from  Figure 5.11 and the one of 
S-MOx is obtained in the same way, therefore omitted.
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The  difference  in  interference  patterns  of  PA-MFPAD between  CH4 and  CF4 

molecules at low photoelectron energies has been reported in a theoretical work 

by E.  Plésiat  et  al.  [96].  In  particular,  remarkable  changes  in  the  emission 

distribution occur preferably from between the atoms at low energies,  to along 

the  bond  at  higher  energies.  A  similar  behaviour  at  low  electron  energies 

(0 – 12 eV)  has  been  confirmed for  a  C2H2F2 molecule  in  a  recent  work  by 

A. Menssen at al.  [159]. The former systems are highly symmetrical and smaller 

compared to MOx and TFMOx. Therefore, it is much more challenging to directly 

assign features  in the PA-MFPAD to geometrical features of the latter molecules 

because of the more complex interference patterns and the abundance of more 

complex vibrational modes. From the PA-MFPAD of Figure 5.19, the rigid oxirane 

ring seems to  have a fingerprint visible  on both  the experimental data, and the 

theoretical  predictions  across  the  two  molecular  systems.  Striking  differences 

occur in the difference of contrast around (0°, 0), and the different distributions 

around (50°, 0.5); for  TFMOx, the  emission direction associated to CF3 shows a 

depletion  in  the  experimental  data,  but  with  large  discrepancies  with  the 

theoretical  predictions.  The  mismatch  between  experimental  results  and 

theoretical  predictions  could  originate  from  the  fact  that  the  calculations  are 

performed for one fixed geometry and no averaging o molecular vibrational mode 

has been performed. In general, the PA-MFPAD of larger molecules show features 

that cannot be assigned to individual bonds or scattering centres, but rather to 

collective interferences.

Experimentally, subsets of data are selected, with respect to the MF, according to 

72  photon  directions  identified  by  (φph, θph).  The  angle  θph is  measured  by 

convention with respect to z-axis in the LF, therefore, after the gating, the z’-axis 

is aligned along the light propagation direction. Theoretically, the photoelectron 

emission is directly calculated in the MF, each rotated by (φph, θph) with respect to 

z-axis in the LF. Each computed MFPAD is therefore rotated back to the LF using 

the rotational matrix (B.13) using the Euler angles  = α φph and  = β θph, thus the 

z’-axis is aligned to the z-axis in the LF i.e., the light propagation direction.
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The fully-differential  comparison  of  MFPADs for  fixed-in-space  S-TFMOx  and 

R-MOx (adapted  from  [160])  for all  light's  propagation directions  is  shown in 

Figure  5.20 for  11.7  and 11.5  eV,  respectively.  The integration over  all  panels 

results in the respective PA-MFPADs of  Figure 5.19. As already shown for CO in 

chapter 3.3, for each light's propagation direction the interference patters should 

be dominated by a toroid due to the photon spin with two minima orthogonal to 

the  polarization  plane  corresponding the  direction  of the  incoming  photon 

(φph, cosθph).   Figure 5.20 shows, however, a more complex  behaviour: for  some 

light’s  direction,  there  is  just  a  single  minimum  moving  according  to  cosθph 

(i.e., columns),  and  φph (i.e., rows) as  shown in  the  close  up  for  two opposite 

helicities  in  Figure  5.24.  Moreover,  for  most  of  the  light  directions,  the  same 

minimum seems to be more sensitive to  cosθph rather than to φph, especially for 
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Figure 5.20: comparison of 72 the MFPADs of S-TFMOx (top) and R-MOx (bottom) at 11.7 eV and 11.5 eV  
respectively. The S-MOx data are adapted and reprocessed from [160]. Single MPFADs have higher contrast 
compared to the PA-MFPAD.
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φph = ±180°.  The latter observations hold in a consistent way for both systems 

(e.g., top panels S-TFMOx, bottom panels R-MOx in Figure 5.20). The remaining 

interference  patterns  surrounding  each  minimum  across  the  two  systems  are 

similar  just  for  some  directions  of  the  incident  light,  suggesting  a  different 

molecular  potential.  In  particular,  the  area  with  >  120°  shows  a  relativeφ  

minimum  for  S-TFMOx  constant  for  all  values  of  cosθph,  suggesting  that  the 

F atoms are reducing or hindering the interference of photoelectrons for all light's 

propagation directions, although not consistently reproduced by theory.

A comparison between experimental results and theoretical predictions for the 

five electron energies e.g., 3 eV, 4 eV, 6.1 eV, 8.2 eV, 11.7 eV is reported in Figure

5.21. As already observed for 11.7 eV electron energy, most of the features within 

-120° <  < 120° associated with the oxirane ring are correctly reproduced by theφ  

theory at all energies. In particular, it is possible to notice the progressive fading 

out  of  the  area  around  (50°,  0.5)  for  decreasing  photoelectron  energy.  For 

φ > 120° the peak associated with the CF3 fragment is not correctly reproduced 

by theory: for the three highest energies is absent in the experimental data, but 

present  in  theoretical  one,  and vice-versa for  the  last  two energies,  where  an 

inversion occurs. From the latter two energies a similar discrepancy is present for 

the area  <  -120° too.  φ The match between the experimental  and calculated 

PA-MFPAD is  overall  satisfactory,  but  the  experimental  data  show  an  area  at 

φ = 150° in the proximity of the CF3 substitutional group of low interference for 

all energies which is not well reproduced by theory, especially at very low energies. 

The theoretical calculations with the HF-RCHF method are not accurate at low 

energies,  and  probably  overestimate  constructive  interference  patters  in  the 

proximity of the large F electron clouds.
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Figure 5.21: PA-MFPADs for R-TFMOx at multiple photoelectron energies. Right column: experimental data 
for CH11 created as a sum of LCP and RCP polarization, and the adapted enantiomers, as previously described  
(lower contrast). Left column: theoretical predictions (higher contrast). Position of atoms from Figure 5.11.
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As previously mentioned,  two PA-MFPADs of a chiral  molecule are symmetric 

around cos  = 0 upon switching light polarization or enantiomer. To quantitativelyθ  

view the topological changes in the PA-MFPAD induced by chiral effects, contrast 

maps can be used. A contrast map is the normalized difference of two PA-MFPAD 

upon the change of light helicity and/or enantiomer. As for the PECD differential 

maps, a contrast map is computed using equation (5.2), but the β Euler angle is 

substituted by the φ angle as defined in equation (3.18). In contrast to differential 

PECD, a contrast map is independent from the the light's propagation direction. 

The results reported in  Figure 5.22 show a perfect inversion symmetry around 

cos  =  0,  for  both  theoretical  and  experimental  histograms  at  all  energies,θ  

confirming the chiral nature of the investigated molecule; it is worth highlighting 

the profound difference in symmetry compared to the differential PECD maps of 

chapter  5.2,  due  to  the integration over  all  light's  propagation directions.  The 

main features shown in the contrast maps are qualitatively predicted by theory, 

but there are differences in the absolute position of some peaks in the area   <φ  

50°. The progressive fading of a peak in the area φ > 0° for increasing energy is 

quantitatively well described.  The magnitude of the contrast is roughly 3 times 

larger for the theoretical calculation; the latter can be explained by an artificial 

enhancement of chiral  effects by theory due to a limited modelling of nuclear 

dynamics and a reduction of the chiral effect by the use of incomplete breakup 

channels  which  are  more  prone  to  noise  resulting  in  uncertainties  in  the  MF 

definition.
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Figure 5.22: contrast maps of PA-MFPADs for R-TFMOx at multiple photoelectron energies. Right column:  
experimental data for CH11 created as a sum of LCP and RCP polarization, and the adapted enantiomers, as 
previously  described.  Left  column theoretical.  Note  the  scale  of  the  theoretical  data  is  three  times  the 
experimental one.
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5.3.4 Polyatomic fully-differential PECD

Differential  PECD,  defined  in  equation  (5.2),  has  been  shown to  be  a  very 

sensitive tool to study the photoelectron scattering on the molecular potential. As 

described in the previous chapter, it can be used complementary to PA-MFPADs 

and  MFPADs  for fixed-in-space  molecules,  to  further  probe  the molecular 

structure.  Completely orienting  a  molecule  in  space  gives  the  possibility  to 

arbitrary select a relative orientation of the molecule with respect to the light's 

propagation  direction,  therefore  giving  access  to  a  set  of  single MFPADs  (as 

already shown in  Figure 5.20),  and their  correspondent fully-differential  PECD. 

Using an arbitrary convention, the molecule is kept fixed and the light direction 

rotates, called a passive description of the system, equivalent to keeping the light 

source  fixed  and  rotating  the  molecule’s  orientation.  The  light’s  propagation 

direction is described as a function of the two emission angles (φph, θph) in the LF 

according to the convention of spherical coordinates described in appendix B.6. In 

order to evaluate the fully-differential PECD, an electron interference pattern (i.e., 

a  MFPAD) is  rotated  according  to  the  associated  light's  propagation  direction 

coordinates using the equation  (B.13) assigning to the Euler angles the values 

α = φph,  β = θph,  therefore  aligning  to  the  z’-axis  in  the  MF to  the  light's 

propagation  direction.  The  rotated  single  MFPADs are  used  to  compute  the 

normalized difference as function of the usual spherical coordinates for electrons 

,  in the MFθ φ  upon switching light’s helicity (i.e., fully-differential PECD effect), 

as  described  in  equation  (5.5) using  the  usual convention  for  the  light’s 

polarization p (e.g., +1 = LCP, see chapter 3.2).

PECDθ ph ,φph (cosθ ,φ )=
I+1
θ ph, φph (θ ,φ )−I−1

θph , φph (θ ,φ )
I +1
θ ph ,φph (θ ,φ )+ I−1

θph , φph (θ ,φ )
=
I θph , φph (θ ,φ )−I θph+π , φph+π (θ ,φ )
I θ ph, φph (θ ,φ )+ Iθ ph+π , φph+π (θ ,φ )

(5.5)

The angles of inclination of the light are divided in 72 bins in constant steps of 

∆cosθph = 1/3 and ∆φph = 30° in the domains θph  ∈ [0 , π] and φph  ∈ [ -π, π], 

respectively, to increase statistics; the coordinates are  indicated on the external 

axis in all the following figures with 72 panels. Experimental data are presented in 

comparison to ab initio  theoretical performed using the single centre (SC) FCHF 
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method for all photoelectron energies e.g., 3 eV, 4 eV, 6.1 eV, 8.2 eV, and 11.7 eV. 

An inversion of the light's  propagation direction in the  MF is  equivalent to an 

inversion of the light helicity which corresponds to the combined transformation 

of  the  photon  coordinates  of  φph  → φph+180°,  followed  by the  mirroring 

cosθph → -cosθph ,  as  shown in the second term of equation  (5.5).  The former 

transformation holds for the positions of two panels highlighted by blue and red 

squares  in  all  the  following  72  MFPADs  and  72  PECD histograms. A  swap of 

enantiomer  is  equivalent  to  a  reflection  about  cosθi =  0,  where  i indicates  a 

reflection  for  both  the  photon  (i.e.,  72  light’s  directions  θph)  and  the 

photoelectron coordinates (i.e.,  within each panel).θ
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Figure 5.23: comparison of the 72 MFPADs for S-TFMOx at 11.7 eV (top panel, experimental) and 11.5 eV 
(bottom  panel,  theoretical).  The  highlighted  panels  in  blue  and  red  at  (-180°,  0.75)  and  (0°,  -0.75)  
respectively are two examples of opposite light helicity. Single MPFADs have higher contrast compared to the 
PA-MFPAD for both experimental data and theoretical predictions.
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The comparison between theoretical and experimental single  MFPADs for the 

S-TFMOx at 11.7 eV photoelectron energy is shown in  Figure 5.23 for all  light 

directions.  The PA-MFPADs  in  Figure  5.14 are  the  integration  over  all  light 

directions of the single MFPADs of Figure 5.23. The resolution of the experimental 

data  of  each  single  MFPAD is  limited  to  36×18  due  to  signal-to-noise 

considerations, and the arbitrary chosen resolution for each theoretical MFPAD is 

200×100. The minima and the most prominent features are correctly reproduced 

by theory for all light’s directions, but the limited resolution of the experimental  

data limits the possibility to fully resolve smaller features (e.g., series of multiple 

vertical lines in all single MFPADs for φph = 150°). Within each MFPAD, the peak at 

φ > 120° associated to the CF3 group is consistently present at all light directions 

in the theoretical predictions, but absent in the experimental data. In general, the 

MFPAD minimum (sometimes minima) in each panel  move vertically along cosθ 

upon changing θph and keeping φph fixed, but it shows a periodic vertical oscillation 

upon changing φph  and keeping θph fixed,  thus suggesting a correlation of  the 

MFPAD features with the direction of the incoming photon. To investigate the 

robustness of the former observation, a close-up of the MFPAD for two opposite 

helicities along the same light directions from Figure 5.23 is given in Figure 5.24 

along with their 3D representation in Cartesian coordinates. The panels selected 

are the number 4 and 37, blue frame LCP at (-180°, 0.75), and red frame RCP at 

(0°, -0.75)  across  this  work,  respectively. The  minimum  associated  to  the 

incoming  photon  direction  remains  constant  at  (0°, -0.75)  for  both  panels, 

suggesting the occurrence of more complex interference phenomena compared 

to simpler molecules as the previously mentioned CO [93], CH4, CF3, and C2H2F2 

[159]. As remarked above, most of the features are well predicted by the theory,  

and  some  of  the  most  prominent  occur  in  the  polarization  plane,  but  not  a 

systematic way.
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Figure 5.24: comparison of experimental (upper panels) and theoretical (lower panels) 2D and 3D MFPADs 
of S-TFMOx for opposite helicities along two identical directions identified in Figure 5.23 with blue and red 
frames represented in the 3D sketches by a green arrows. Top: RCP helicity (i.e., red frame, (0°, -0.75) panel 
37). Bottom: LCP helicity (i.e., blue frame, (-180°, 0.75) panel 4). Directions sketched in the third column.
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It is possible to calculate the fully-differential  PECD for each light direction, as 

shown in  Figure  5.25 in  comparison with  theoretical  predictions.  The swap of 

light’s helicity highlighted by the red and blue squares shows perfectly inverted 

values of PECD, due to its definition; the inversion of photon direction keeping the 

same helicity (i.e.,  along columns)  shows a  progressive  qualitative inversion of 

PECD sign along cosθph. Qualitatively, the agreement between experimental data 

and theoretical prediction is very good for all light directions within the limits of 

the experimental resolution; quantitatively, the experimental PECD values are half 

the  theoretical  ones.  As  discussed  previously,  the  difference  can  be  explained 

considering  a  simultaneous  underestimation  of  the  PECD effect  from  the 
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Figure  5.25: comparison of fully-differential PECD for S-TFMOx at 11.7 eV (top panel, experimental) and 
11.5  eV  (bottom  panel,  theoretical)  calculated  with  equation  (5.5) using  the  convention  +1  =  LCP for 
photon’s polarization. The two highlighted panels are two examples of same light’s propagation direction and 
opposite helicities, resulting in  opposite values of PECD. The panels at opposite values of cosθph represent 
opposite light’s propagation direction with the same helicity, thus resulting in areas of opposite PECD; both  
observations confirm the presence of a chiral effect.
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experimental data due to the MF definition and, among other factors, both the 

resolution  of  the  apparatus,  and  a simultaneous  overestimation  from  the 

theoretical  prediction due  to  the  use  of  a  frozen  geometry.  For  some  light 

direction, the fully-differential PECD shows values 50% higher than the integrated 

PECD with a target molecule just oriented in space presented in 5.2.2, showing a 

dramatic increase  for  a  fixed-in-space  molecule.  In  general,  integrating  the 

fully-differential PECD along both the photonic coordinate φph, and the electronic 

coordinates   results  in  1D  φ PECD i.e.,  solely  a  function  of  cos ,  for  6  lightθ  

directions described by cosθph i.e., Euler angle  according to the convention usedβ  

(see appendix B.6). Ideally, the results of the former procedure from a polyatomic 

system should resemble the results for a diatomic one presented in chapter 5.3.3, 

net  of  small  rotations  of  the MF before integration,  and the use  of  the same 

convention for the Euler angles.

Figure  5.26 shows  a  close  up  of  two  panels  of  Figure  5.25 with  opposite 

propagation direction and same helicity, namely (0°, -1) for the top panels, and 
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Figure 5.26: comparison of fully-differential PECD for S-TFMOx at 11.7 eV (experimental, left column) and 
11.5 eV (theoretical,  right column) for two opposite light’s  propagation direction with the same helicity,  
namely the top panels of photon coordinates (0°, -1), and the bottom panels  (0°, 0.75). Note both the 
inversion of sign of most features upon inverting direction, and the intensity difference between experimental  
data and theoretical predictions of a factor 2.



Experimental Results

(0°, 0.75) for the bottom ones: as observed previously, the sign of PECD inverts 

upon inverting light’s propagation direction and the experimental distribution is 

overall matching the theoretical predictions.

It is possible to compare the fully-differential PECD of R-TFMOx at 11.7 eV with 

the S-MOx at  11.5  eV  photoelectron  energy,  extending  the  results  for  the 

diatomic ionization breakup of chapter 5.2.2. As usual, the comparison has to be 

conducted  between  opposite  descriptors  ensuring  the  comparison  of  identical 

spatial configurations due to the CIP rule (see appendix B.3). The MOx data were 

recorded during the already cited experiment from M. Tia et al. [74], and a more 

detailed  analysis  focussed  on  a  polyatomic  breakup  at  11.5  eV  photoelectron 

energy was recently published by K. Fehre et al.  [160] from which the following 

data were reprocessed.
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Figure  5.27: comparison of  fully-differential  PECD for  R-TFMOx at  11.7  eV (top panel)  and S-MOx at 
11.5 eV (bottom panel) using equation (5.5). Note the inversion in sign of the main features across all light’s  
directions. The S-MOx data are adapted and reprocessed from [160].
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Figure  5.27 shows  the  comparison  between  TFMOx and  MOx using  the 

fully-differential  PECD computed with equation  (5.5). Within each system, each 

PECD map shows the typical symmetry PECD(π− , π− ) = −θ φ PECD( , ); acrossθ φ  

the two systems the main features are qualitatively the same, although inverted in 

sign  across  all  light’s  directions,  confirming  the  results  shown  for  a  diatomic 

breakup  and  randomly  oriented  molecular  of  chapter  5.2.  The  quantitative 

difference between the  two systems are  more  evident  for  intermediate  light’s 

directions -0.25 < cosθph < 0.25 where the PECD signal of R-TFMOx is higher than 

S-MOx, suggesting a stronger scattering effect of the heavier and larger CF3 group 

compared  to  CH3.  In  general,  the  intensity  of  the  PECD effect  is  comparable 

between the two system at around 40%, half  of the theoretical  predictions as 

shown in the lower panel of Figure 5.25 for S-TFMOx, and for S-MOx in [160]. It is 

important to remark that an inversion of enantiomer will not invert the sign of the 

fully-differential  PECD, but flip the histograms with respect to  cos  = 0 line, asθ  

already mentioned, and the inversion is more evident for larger values of |cosθph|. 

A complete comparison between the fully-differential  PECD for R- and S-TFMOx 

at 11.7 eV photoelectron energy is shown in Figure B.11 in the appendix B.7.

PECD6 (cosθ )=
b1

{+1}P1(cosθ)+1/2⋅b3
{+1}P3(cosθ)+1/4⋅b5

{+1}P5(cosθ)
[1−1/2⋅b2

{±1 }P2(cosθ )−1/4⋅b4
{±1 }P4(cosθ)−1/8⋅b6

{± 1}P6(cosθ)]
(5.6)

Both  the  MFPADs  and  the  correspondent  fully-differential  PECD have  been 

computed for all five photoelectron energies. An alternative and  concise way of 

visualizing the fully-differential PECD is described in the followings: for each light's 

propagation  direction,  each MFPAD can  be  integrated  over  the  electronic 

coordinate , and the normalized difference along the electronic coordinate  isφ θ  

computed between the two different helicities using the equation (5.5). For each 

photon propagation direction, the resulting 1D distributions can be interpolated 

using  the  PECD defined  equation  (5.6).  Thus,  for  each  photon  energy,  it  is 

possible  to  compute 72 values  of  the dichroic  parameter  b1,  as  well  as  higher 

values.  The  equation  (5.6) is  obtained calculating  the  PADs  from  the  general 

equation  (3.16) ,  including partials waves up to  l = 6,  and computing the usual 
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normalized difference. As already described in chapter 3.2, the odd terms of the 

expansion add up in the numerator upon switching polarization due the algebraic 

sum and vice-versa for the even term in the denominator.

In  Figure 5.28 an example of the just mentioned integration and interpolation 

procedure  is  shown for  the  experimental  and theoretical  data  of  R-TFMOx at 

11.7 eV and 11.5 eV electron energy,  respectively.  The steeper  the curve,  the 

higher b1 parameter, where the slope determines its sign. As expected, the PECD 

distributions across all light's propagation directions are opposite upon swapping 

helicity (i.e.,  the  transformation  φph  → φph+180°)  and  upon  changing  photon 

propagation direction (i.e., cosθph  -cos→ θph), in accordance with previous results. 

It is worth to remark that for the photoelectron energies lower than 11.7 eV, only 

the R enantiomer has been measured.

The obtained dichroic  parameters  b1 are  plotted for  each light's  propagation 

direction and for each energy as shown in percentage in Figure 5.29. Most of the 

features are correctly predicted by theory, although the absolute location of some 

relative maxima (and minima) is not: the main differences are visible at 11.5 eV, 

and 8.2 eV where the theoretical distribution seems to be shifted along φph and 

skewed  along  the  cosθph axis.  As  previously  mentioned,  the  amplitude  of  the 

asymmetry is  overestimated by the theoretical  predictions,  and it  is  roughly a 

factor  2  larger  than  the  experimental  values.  The  complete list  of  PECD 

histograms  as  the  one  reported in  Figure  5.27 is  given  in  appendix  B.7 for 

R-TFMOx at  all  photoelectron  energies.  The  absolute  location  of  the  features 

remains constant across the energies. As already mentioned, higher order of the 

radial dipole matrix elements bi for i > 1 can be computed, although not presented 

in  this  work.  The  greater  the  order,  the  higher  the  sensitivity  towards  the 

variability of the data, thus requiring a larger number of valid events.
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Figure  5.28:  comparison  of  PECD6(cos )θ  interpolations calculated  with  equation  (5.6) for  R-TFMOx 
experimental (top) and theoretical (bottom) data at 11.7 eV and 11.5 eV respectively. The outer axis refer to 
photon coordinates. Note the difference in scale of the PECD6(cos )θ  axis between experimental data and 
theoretical predictions.
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Figure 5.29: comparison of fully-differential dichroic parameter b1 for R-TFMOx between 
experimental data (right column) and theoretical predictions (left column) at 11.7 eV and 
11.5 eV, respectively.
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This work demonstrates the capability  of  several  types of  MFPADs and their 

linked  PECD to  map in great detail  the molecular geometry of  two polyatomic 

chiral molecules differing in one substitutional group (e.g., TFMOx and MOx) as a 

function of the  photoelectron energy.  The study  paves  the  way for  using the 

photoelectron  angular  distribution  of single  molecules  in  gas  phase  as  an 

extremely sensitive crystallography-like technique.  The experiments conducted 

for single molecules in gas phase (i.e., without interactions) were able to assign 

the absolute configuration of TFMOx and MOx chiral molecules  using the  PECD 

chiroptical  effects.  The  experimental  results  are  in  good  agreement  with  the 

theoretical predictions. The results of this work confirm and refine recent findings 

on simple  achiral  and chiral  molecules,  setting a  benchmark for  the  reachable 

complexity of the investigated molecular targets. Further developments may have 

large impact in the realm of fundamental physics, allowing to fully and directly 

characterize molecular structures, as well as probing molecular dynamics of single 

chiral  molecules  in  the  gas  phase  through  the  use  of  MFPAD emerging  from 

(tunable) photoionization. In the field of biology, it could be possible to prove the 

molecular  structure  of extremely  complex  molecules,  chiral  in  nature,  such as 

proteins or hormones, to cite the most important, without the need of particular  

sample preparation or the use of references.

This work investigates the molecular frame photoelectron angular distribution 

(MFPAD)  of the chiral molecule TFMOx in several steps of increasing degree of 
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details and complexity, starting from randomly oriented, to fully fixed in space, 

and  compares  it  to  the  theoretical  predictions.  Furthermore,  both  the 

experimental data and the theoretical predictions are compared to another chiral 

system e.g.,  MOx to investigate the effects of the substitutional groups on the 

MFPAD. For both molecular systems, starting from the photoelectron emission, 

the  PECD chiral effect  has  been  extensively  investigated  as  a  function  of  the 

breakup channel, photoelectron energy  e.g., 3 eV, 4 eV, 6.1 eV, 8.2 eV, 11.7 eV, 

and molecular orientation e.g., 72 directions described by θph and φph coordinates.

The PA-MFPADs have been recorded and compared to theoretical predictions. 

Previous studies have shown how PA-MFPAD could be used to directly probe the 

geometrical  structure  of  small  and  highly  symmetric  molecules,  reducing  the 

prominence of dipolar contributions from the incoming photon’s spin. The present 

experiments  showed  that  PA-MFPAD is  capable  of  imaging the  molecular 

structure  of  complex  polyatomic  chiral  molecules,  too,  although  in  a  more 

collective way rather than for each molecular bond, probably due to the increasing 

complexity of the molecular potential. In particular, characteristic features linked 

to the rigid oxirane ring,  present both in  TFMOx  and  MOx,  occur consistently 

across both molecular systems, in god agreement with the respective theoretical 

model used e.g., SC-RCHF and SC-FCHF, respectively. In the case of TFMOx, the 

PA-MFPAD correctly flipped around the line cos  =θ  0 upon changing either helicity 

or enantiomer, proving it to be a sensitive tool to a chiral  molecular potential. 

Furthermore,  the  PA-MFPAD showed  and  extremely  high  sensitivity  to  the 

photoelectron  energy,  allowing  to  track  the  evolution  of  interference  features 

with a resolution of few eV (e.g., from 11.7 eV to 3.1 eV), especially in the area 

associated with the oxirane ring. At the low photo electron energies used in the 

present experiments, the link between molecular configuration and PA-MFPAD is 

non-trivial. Thus, an elaborated state-of-the-art theoretical model is required to 

interpret the observed PA-MFPAD and associated PECD maps. This work shows 

that the seeming disadvantage of the complex and non-trivial multiple scattering 

dynamics of the low energy electron comes with the benefit of enhance chiral 
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sensitivity.  In  fact,  low  energy  electrons  are very  sensitive  to  internuclear 

distances and vibrational  modes,  which could induce phase-shifts  between the 

scattered waves. The theoretical model used for  TFMOx (e.g.,  SC-RCHF) takes 

into account the major effect of the monopole relaxation of molecular orbitals 

induced by the creation of the inner-shell  vacancy in comparison to the model 

used for  MOx (e.g., SC-FCHF). By contrast,  both used models do not take into 

account an average on the most prominent vibrational modes of the molecular 

systems,  intrinsically  occurring in the experiment, but are performed for frozen 

(i.e., Hartree-Fock approximation), energy-optimized molecular geometries.  The 

agreement  between  experimental  data  and  theoretical  predictions  is  overall 

satisfactory,  confirming  further  the  validity  of  the  scattering  from  molecular 

potential as the main phenomenon underlying the generation of the MFPAD. For 

further refinements, the remaining discrepancies might arise from the fact that 

the calculations are not averaged over vibrational  modes,  but  done for a fixed 

geometry. The latter could be especially relevant due to the size of the molecules. 

Furthermore, collective electron resonances at low photoelectron energies are not 

included  in  the  calculations.  Other  sources  of  mismatch  with  the  theoretical 

predictions  could  be  the  definition  of  the  experimental  MF using  a  neutral 

fragment,  deduced by  the  momentum  conservation,  which carries  uncertainty 

from the other two detected fragments, the non-optimized rotation between of 

the theoretical and experimental MF, and the intrinsic lower performances of the 

theoretical model at low photoelectron energies.

Taking  advantage  of  the  4π  collection  solid  angle  for  the  detection  of 

photoelectrons in the investigated energy range of the  COLTRIMS apparatus, it 

was possible to investigate MFPADs for 72 different light's propagation directions 

with  respect  to  the  molecular  orientation  (i.e.,  completely  fixing  the  target 

molecule in space). For both TFMOx and MOx, each single MFPAD showed similar 

features,  and  especially  a  similar  dipolar  imprinting  from  ionizing  photon 

orthogonal  to  the  light’s  propagation  direction,  as  predicted  by  previous 

theoretical  studies.  The  former  features,  however,  are  not  located  perfectly 
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orthogonally with respect to the propagation direction of the incoming photon: 

for  each  MFPAD,  the  observed  minimum  moves  vertically  along  cos  uponθ  

changing θph and keeping φph fixed, but it shows a periodic vertical oscillation upon 

changing φph and keeping θph fixed. The latter behaviour suggests a correlation of 

the MFPAD features with the direction of the incoming photon, but with more 

complex  interference  phenomena  compared  to  previously  studied  simpler 

molecules  e.g.,  CO,  CH4,  CF3,  and  C2H2F2.  Due  to  the  high  sensitivity  to  the 

molecular potential, the larger scattering centres as CF3 in  TFMOx compared to 

the  CH3 in  MOx  introduces  more  complexity  in  addressing  the  role  of  each 

scattering  centre  to  the  overall  MFPAD.  Furthermore,  intermediate  states, 

numerous  in  large  molecules,  can have  a  strong  influence  on the  interference 

patterns of the photoelectron. 

The  PECD phenomenon  quantifies  the  light  helicity  dependence  of  the 

difference in forward-backward photoelectron emission in chiral molecules. PECD 

is computed from MFPAD, and it is a great tool to investigate chiral molecules, due 

to its high sensitivity the molecular structure and photoelectron energy. In this 

work, the  PECD effect has been shown for both  TFMOx and  MOx and multiple 

photoelectron energies for three cases: randomly oriented molecules, oriented in 

space  molecules  (i.e., integrated-PECD),  and  fixed-in-space  molecules  (i.e., 

fully-differential PECD). The PECD effect for randomly oriented molecules reaches 

a maximum value of 2% for both molecular systems, few orders of magnitude 

higher than the typical  signals  for  standard chiroptical  techniques.  Orienting  a 

molecule in space shows a dramatic increase up to 20% in the integrated-PECD for 

specific relative angles between the photon polarization plane and the molecule: 

the angular distribution show a typical symmetry PECD(π− ,π− )θ φ  = -PECD( ,θ   )φ  

suggesting that the maximum effect is expected y-axis of the molecule is either 

parallel  or  orthogonal  to  the  polarization  plane.  Taking  advantage  of  single 

MFPADs, the fully-differential PECD was computed revealing a further increase of 

the  PECD signal for some light's propagation directions up to 45%. The chiral 

origin of  the PECD effect  is  confirmed by its  inversion of sign upon switching 
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enantiomer. Furthermore, the PECD maps for both systems show an inversion of 

sign upon change of light helicity,  and a  qualitative progressive inversion of sign 

upon inversion of the light direction (i.e., along the cosθph coordinate).

Both integral and fully-differential  PECD were proven to be highly sensitivity to 

the photoelectron energy, too: the integral  PECD shows a rearrangement of the 

typical  symmetry  for  low  energies,  and  the  fully-differential  PECD shows  a 

progressive shift of  maximum and minimum values of  PECD to different light's 

propagation  direction for  each  photoelectron  energy.  The  latter  trends  were 

summarized  by  maps  of  the  dichroic  parameter  b1 as  function  of  the  light's 

propagation  direction.  The  maximum  intensity  of  PECD has  a  slight  variation 

across the different energies, and it reaches its maximum at about 50% for 6 eV 

photoelectron energy.

The  comparison  between  TFMOx and  MOx,  the  latter  from  previous 

experimental  campaigns,  aimed  at  systematically  quantifying  the  effect  of  a 

substitutional group (i.e., CF3 and CH3, respectively) on the MFPAD patterns and 

the related  PECD at  11.7 eV photoelectron energy.  The descriptors associated 

with each molecule are opposite according to the CIP rule, therefore to compare 

identical  geometrical  structures  two  opposite  enantiomers were  considered 

(e.g., R-TFMOx vs. S-MOx). The experiments revealed a complete sign inversion 

for all three types of  PECD (e.g., random, partially-oriented, and fully-oriented), 

and a quantitative stronger effect for TFMOx, suggesting a measurable influence 

of  the  heavier  scattering  centres  (i.e.,  F  atoms)  on  the  recorded  scattering 

patterns. The trend of PECD for randomly oriented molecules and the features of 

integrated-PECD are  very  similar  between  the  two  systems,  but  the 

fully-differential  PECD reveals  more  subtle  differences  as  function  of  light's 

propagation direction. A possible explanation of the sign inversion is an induced 

phase-shift due to a complex combination of multi-scattering processes by the 

two molecular potentials. Phase-shift in the scattered waves can be induced both 

from the nature of the scattering centres, and from the interatomic distances. The 
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good  similarity  of  the  features observed  for  single  MFPADs  across  the  two 

molecular systems could be addressed to a prominent dipole contribution from 

the  incoming  photon,  and  similar  dipole  selection  rules. The  areas  where 

theoretical  predictions  disagreed  with  experimental  data  in  the  MFPAD from 

fixed-in-space  molecules,  gave  similar  fully-differential  PECD signal,  suggesting 

that  those  features  a  stable  upon  changing  the  light's  propagation  direction 

and/or the light’s helicity.

Several reaction channels were analysed, but discarded because of the complex 

interaction  between  charged  fragments  during  breakup  (i.e.,  breakdown  of 

axial-recoil  approximation),  and  many  more  were  present,  but  not  considered 

because of the lack of large statistical data. An increase of the detection efficiency 

of the apparatus can make polyatomic breakups populated enough to further test 

the limits of the axial-recoil approximation for the MF definition. Experiments to 

address the specific role of each scattering centre in combination with the oxirane 

ring  can  be  designed  using  different  substitutional  groups.  In  particular,  the 

influence of the distance of the scattering centres from the O(1s) photoelectron 

emission site (i.e., the O atom in the oxirane ring) can be tested introducing a 

longer carbon backbone, as in Ethyloxirane. Furthermore, the influence of rotation 

of the substitutional groups around the C-C bond can be examined differentiating 

the scattering centres using a C atom substituted with three different atoms e.g., 

halogens.  The fingerprint of the oxirane ring in the photoelectron interference 

pattern  could  be  further  studied  using  different  chiral  oxirane  molecules  e.g., 

2,3-Dimethyloxirane.  More innovative experiments could address how different 

ionization  regimes  such  as  double  ionization  or  participator  Auger  decay 

influences  the  MFPAD for  chiral  systems.  A  whole  new set  of  experiments  to 

explore the evolution of the ionization of chiral molecules in time using MFPADs 

could design using tailored ionization schemes with LASERS as photon sources.
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B.1 Stoke´s parameter for polarization

In 1822, A. Fresnel discovered that a linearly polarised wave can be though as a 

superimposition of two coherent circularly polarised waves of opposite helicity 

and equal  amplitude,  and the orientation of  the resulting polarization plane is 

equal relative phase between the two circularly polarised waves.

A  convenient  way  to  mathematically  describe  the  polarization  state  of  an 

electro-magnetic field has been introduced by G. G. Stokes in 1852 by the mean of 

four  quantities  called  Stokes  parameters  [161].  For  partial-polarization  for  a 

quasi-monochromatic wave, it is possible to describe the Stoke parameters Sn in 

spherical coordinates  and  as in ψ χ Figure B.1

S0=E0

S1=E0⋅P⋅cos (2ψ)cos (2χ)
S2=E0⋅P⋅sin(2 ψ)cos (2χ)
S3=E0⋅P⋅sin(2χ)
P=(S1

2+S2
2+S3

2)1 /2/ S0

(B.1)

with the degree of polarization 0 ≤ P ≤ 1.

For the present work, it is possible to assume P ≈ 1, because of the high degree  

of  polarization  and  high  level  of  monochromatic  photons  that  synchrotron 

facilities can deliver, therefore
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Figure B.1: The Poincaré sphere is the parametrisation of the last three Stokes' parameters in 
spherical coordinates. Image reproduced from Wikipedia.



B.1  Stoke´s parameter for polarization

S=(
S0

S1

S2

S3
) (B.2)

where S0 gives the total intensity, S1 gives the excess in intensity transmitted by an 

analyser  which  accepts  linear  polarization  with  an  azimuth   =  0  over  thatθ  

transmitted  by  an  analyser  which  accepts  linear  polarization  with  an  azimuth 

θ = π/2. S2 has a similar interpretation with respect to the azimuths  = π/4 andθ  

θ = 3π/4.  S3 is  the  excess  in  intensity  transmitted  by  a  device  which  accepts 

right-circularly polarized light over that transmitted by a device which accepts 

left-circularly polarized light.

Pure states of  CPL are therefore coded as  S=(
1
0
0
±1) for left (+) and right (-), 

respectively.
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B.2 Derivation of Lagrangian coefficient

The approach used in the following derivation follows the review of I. Powis and 

the reader is welcome to refer to [80] for greater details. 

Following  from  chapter  3.2, it  is  possible  to  compute  the  differential 

cross-section for  emission of  photoelectrons  into solid  angle  in  the  laboratory 

frame  for  random  molecular  orientation  and  an  axis  of  cylindrical  symmetry 

defined by the photon polarization described by the equation (B.3).

dσ
dΩ

= σ
4 π

I p(θ)=∑
j
b j
p P j(cosθ) (B.3)

Within  the  non-relativistic  electric  dipole  approximation  E1  and  using  the 

Hartree-Fock  approximation  (i.e.,  frozen  cores),  the  differential  cross-section 

about  a  direction  k as  a  function  of  the  incoming  photon  frequency  ω and 

polarization ê ,  is equal to the square of the transition matrix V in,  and can be 

expressed as

dσ (ω )
d k̂

≅ k
πω |⟨ψn,k|ê ∙ x|ψ i ⟩|

2
=|V in|

2 (B.4)

for a wave function describing an electron within the final state n free electron in 

the continuum with momentum  k , and the initial  state  i molecular  orbital  of 

energy  ϵi.  It  is  possible  use  an  expansion  of  normalized  partial  waves  for  the 

photoelectron wave function in the continuum using the spherical harmonics Y lm 

of angular momentum l and its projection in the molecular frame m, and σl  is 

the Coulomb phase shift, as shown in equation (B.5).

ψk (r )=∑
lm
il e−iσlY lm

* ( k̂)ψ lm (r ) (B.5)

The transition matrix element V lm
v will be therefore expressed as functions of 

the momentum vector k̂ '  along the recoil direction
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B.2  Derivation of Lagrangian coefficient

V lm
v =(−i )l ev

l f v
lmY lm

* ( k̂ ') (B.6)

with  ev
l  spherical tensor component of the photon momentum vector,  f v

lm radial 

transition amplitudes for the electron from the bound i to the l-m partial wave, for 

the photon momentum projection  v in the  MF. It is now possible to rotate the 

system of reference to the  LF using a  rotation R by the use of a rotation matrix 

D pv
l (R). Introducing p, the photon momentum projection in LF (i.e., polarization 

in the LF), the rotated matrix element will therefore be

V lm
p =∑

vμ
(−i )lDpv

l (R)ev
l f v

lm[Dμm
l (R) ∙Y lμ

* (k̂ )]* . (B.7)

Inserting the latter equation into  (B.1), and considering two interfering partial 

waves  with  angular  momentum  l,  m,  v,  and  l’,  m’,  v’ ,  a product  of  rotation 

matrices  with  the  same  argument  R appears,  that  can  be  substituted  with  a 

Cleabsch-Gordon (GC) series . It is therefore possible to carry out the integral of 

the GC over all  molecular orientations, implementing simplifications due to the 

orthonormality relationships of the rotations which end up into a series of delta  

functions.  The  sum  on  µ ∑
μ
(−1)μ ⟨l ' μ ,l−μ| j 0⟩Y l'μ( k̂)Y lμ

* ( k̂)∝P jcos (θ)  

reduces to a delta function proportional to the Legendre polynomial  Pj,  with the 

polar angle   considered respect to the light's propagation direction in the  θ LF. 

Finally, combining all together into equation (B.3) returns the equation

dσ (ω , p)
d k̂

=2π∑
j

∑
lmv ,l ' m' v'

(−i)l−l ' (−1)p−m−v ei (σ l−σl') √((2 l '+1)(2 l+1))
(2 j+1)

×⟨1−p ,1 p| j0 ⟩ ⟨1−v ' ,1v|jv−v ' ⟩
×⟨l ' 0 , l 0|j 0⟩ ⟨ l '−m ' , lm|jm−m' ⟩

×[ev'
l f v'l'm']

* ev'
l f v'l'm'δv '−v ,m '−m⋅P j(cosθ)

(B.8)

with the explicit B j
{p} coefficients and the Legendre polynomials P j(cosθ) .
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B.3 Cahn Ingold Prelog (CIP) rule

The Cahn, Ingold and Prelog (CIP) system is a  nomenclature system used to 

completely and unequivocally name a stereoisomer of a molecule. The main goal 

is to assign the descriptor labels R (from Latin rectus) and S (from Latin sinister) 

to  the  molecular  structure  models  selecting  therefore the  handedness.  The 

following  procedure  is  coded  since  1974  into  the  IUPAC  rules  for  organic 

nomenclature [162], [163].

After  the  identification  of  chiral  centres  (e.g.,  the  second  C  atom  in  the 

backbone  for  both  TFMOx  and  MOx,  marked  with  a  star  in  Figure  B.3)  it  is 

possible to assign priorities from high (1) to low (4) for a chiral C. First, evaluate 

the atomic number (Z) of the closest atoms (i.e., distance 1) directly attached to 

the considered chiral  centre:  the higher  the  atomic number  Z,  the  higher  the 

priority. If there are atoms with equal Z, the atoms at a distance 2 from the chiral 

centre should be considered. At the earliest difference, the group containing the 

substitutional  atom with the highest  Z receives higher  priority.  This  process is 

repeated recursively, when atoms at the same distance from the considered chiral 

centre have equal Z. Each chiral centre has eventually a descriptor. Because of the 

sequential  rule,  in  both  TFMOx and  MOx  the  lowest  priority  atom  is  H  (i.e., 

number 4), the highest is O (i.e., number 1) and the two C atoms is to be further 

determined. In particular, the priority is inverted between TFMOx and MOx: in the 

former (H, H, O) < (F, F, F), in the latter (H, H, H) < (H, H, O).

After priorities have been assigned, the molecule is rotated in space so that the 

group with the lowest priority (i.e.,  number 4) points away from the observer 

(e.g., the H atom of the chiral centre for both TFMOx and MOx). Looking at the 

chiral  centre,  the  sense  of  rotation  of  a  curve  passing  through  the  groups  in 

ascending priority order distinguishes the chiral centre type: a clockwise sense of 

rotation gives a R centre,  and a counter-clockwise sense of rotation gives a S 

centre.
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B.3  Cahn Ingold Prelog (CIP) rule

Along with the descriptors  R and S,  the optical  rotation (+) or  (-)  could be 

added.  The  optical  rotation  of  an  optically  active  (chiral)  molecule  is  defined 

experimentally as the rotation of the electric field in the polarization plane of a 

linearly  polarized monochromatic light, seen from an observer who looks at the 

source of the radiation. (+) identifies a dextrorotary (clockwise) rotation and (-) a 

levorotary  anticlockwise  rotation.  The  optical  rotation  does  not  have  a  direct 

correlation  to  the  absolute  molecular  structure,  therefore  it  is  not  strictly 

correlated to the descriptors R and S.

Another  common  nomenclature,  still  relevant  for  carbohydrates  and 

amminoacids,  is  the  Fisher  projection developed by  Emil  Fischer  in  1891.  The 

method  based  on  a  convention  consists  in  projecting  the 3D  structure  of  an 

oriented molecule on a plane and assign one of the two descriptor D (short for 

Latin dextro) or L (short for Latin laevo).

145

Figure  B.2: comparison of descriptors’ assignment procedure for MOx and TFMOx. The chiral C atom is  
marked with a star, each substitutional group has an assigned priority from 1 (highest) to 4 (lowest) based on  
their atomic number Z. The dashed arrow points away from the viewer and it associated with the atom with  
the lowest priority (i.e., number 4 for the H atom at the chiral centre for both molecules).
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B.4 Propagation of errors

A normalized  difference  is  used  to  quantify  an  asymmetry  between  two 

distributions by the difference  of counts normalized to the total sum. If R is the 

number of events of a first Poisson distribution and L the number of  a second 

Poisson distribution  the asymmetry is then given by ϵ = R−L
R+L

.

The error can be derived using the chain rule for derivation and introducing the 

covariance

σ2(ϵ)= ( ∂ ϵ
∂ R )

2
σR

2 + ( ∂ ϵ
∂L )

2
σL

2 + 2cov (R ,L) ∂ϵ
∂R

∂ ϵ
∂ L

. (B.9)

The  covariance  is  exactly  0  since  the  measurements  are  designed  to  be 

completely independent.  The errors on R and L are now given by the Poisson 

distribution, so that  σR
2=R and σL

2=L and N tot=R+L ,  therefore the error 

becomes

σ2(ϵ)≃ 4 L2

N tot
4 σR

2 + 4 R2

N tot
4 σL

2 = 4 RL
N tot

3 . (B.10)

If  the  number  of  counts  of  the  two distribution  differ  just  a  little  such  that 

R≃L≃N tot /2 , it is possible to simplify equation (B.10) with

σ2(ϵ)≃√ 1
N tot

. (B.11)
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B.5  Data treatment for plotting

B.5 Data treatment for plotting

The workflow for the post-processing data analysis starts with the calculation of 

momentum  vectors  from  .lmf files  using  the  software  LMF2ROOT  v3.38 and 

ROOT library  ROOT 5.34/36 (2016) that exports aggregated data in  .root files.

A typical raw histogram for a PA-MFPAD with dimension (36, 18) is shown on the 

left of  Figure B.3. In this work, all histograms are processed using libraries based 

on Python v3.8. A histogram of interest is extracted from each .root file using the 

Uproot v4 library which generates three  Numpy arrays of dimension x (36, 1), 

y (18, 1) and counts (36, 18), respectively. The counts vector is normalized to its  

total  sum.  A  2D  B-spline  is  created  using  the  Scipy library  interpolating  the 

imported counts, and it is evaluated on a denser grid of dimension (1000, 500) 

within the same limits of the original x and y data. The resulting vector of the  

interpolation is processes with a 2D Gaussian filter of σx = 8 and σy = 4 from which 

the level curves are extracted too. The interpolated vector is plotted using the 

Matplotlib library and the level curves are added as overlay layer. The result of the 

treatment is shown in right plot of Figure B.3 for PA-MFPAD of R-TFMOx for the 

CH11  reaction  channel  at  11.7  eV,  where  the  two  helicity  and  the  two 

enantiomers are combine together according to the symmetry rules mentioned in 

chapter  5.3.3.  The  presented  method  keeps  the  contrast  (i.e.,  the  difference 
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Figure  B.3: comparison  of  PA-MFPAD  before  and  after  data  treatment;  left  raw  as  exported  from 
LMF2ROOT  resolution  36x18;  right  final  data  treatment  with  level  curves  resolution  1000x500.  The 
histograms in this work are further processed dividing by the minimum showing the contrast in colour scale.
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between the absolute maximum and minimum) within few percentages compare 

to  the  original  values  i.e.,  2.1,  therefore  the  colour  scales  are  used 

interchangeability.  As  a  final  normalization,  each  histogram  is  divided  by  its 

minimum  value,  thus  the  minimum  value  is  1  and  the  maximum  value  is  the 

contrast.

A  pseudocode  for  the  plotting  procedure  is  given  in  the  followings:  the  full 

version of the code is available in a repository on the archive.

import uproot
import numpy as np
import scipy as sp
import matplotlib as mpl
import matplotlib.pyplot as plt

x,y,counts = np.array(file[location].to_numpy(),dtype=object)

xnew = np.arange(x.min(), x.max(), 0.001)

ynew = np.arange(y.min(), y.max(), 0.05)

Xn, Yn = np.meshgrid(xnew, ynew)

f = interpolate.bisplrep(x,y,counts)

Zn = interpolate.bisplev(Xn[0,:],Yn[:,0],f).T

plt.pcolormesh(Xn, Yn, Zn, shading = 'gouraud')

plt.contour(Xn, Yn, gaussian_filter(Zn, sigma = [4,8]), alpha=0.1)
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B.6  System of reference and rotation

B.6 System of reference and rotation

In the laboratory frame (LF), according to the convention adopted, the x-axis is 

the photon propagation direction, the y-axis is the molecular beam direction and 

the z-axis is the  tof direction. The x-y plane is therefore parallel to the detector 

plane  and  to  the  polarization  plane  for  circularly  polarized  photons.  In  the 

molecular frame MF

The physics convention for spherical coordinates is used in this work. A vector r 

from the origin O with length ||r|| is described by the polar angle , the angle withθ  

respect to polar z-axis, defined in the domain [0, π], and the azimuthal angle ,φ  

the angle of rotation from the initial meridian x-y plane, with a domain (π, -π), as 

shown in Figure B.4. The transformation from Cartesian to spherical coordinates is 

described in the set of equations (B.12).

φ = atan2(r y , rx)

θ = cos−1( r z
√rx+r y+r z ) (B.12)

The Euler angles are used to describe a 3D rotation in the Cartesian coordinate 

frames are by convention defined as shown in Figure B.5.
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Figure  B.4: representation  of  the  Cartesian  system  of  reference  with  physics  convention  for  spherical 
coordinates ( , ) in the laboratory frame (LF). Image adapted from Wikipedia.φ θ
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To conveniently rotate the molecules from the molecular frame (MF) to the LF 

according  to  a photon  direction  expressed  in  spherical  coordinates,  the  most 

commonly used convention zxz’ (i.e., intrinsic) was chosen. A rotation around an 

axis  can be  described by  a  rotational  matrix  e.g.,  A,  B  and C for  the rotation 

around the z-axis of an angle    [0, 2π]α ∈ ,  around the x-axis of an angle  β ∈ 

[0, π], and around the z’-axis of an angle   [0, 2π], respectively. The threeγ ∈  

linearly independent  rotations  can  be  subsequently  combined  (i.e., multiplied) 

into a general rotational matrix R reported in equation B.13. If the angle  = 0, theγ  

single spherical  coordinates  can be translated directly  into Euler  angles   =  α φ 

(i.e., rotation around the z-axis) and  =  (i.e., rotation around the xβ θ -axis). 

RYPR=R x (γ ) R y (β) R z(α )=

=( cos γ cos β
cos γ sin β sinα −sin γ cosα
cos γ sin βcos α +sin γ sin α

sin γ cos β
sin γ sin β sin α +cos γ cos α
sin γ sin βcos α −cos γ sinα

−sin β
cos β sin α
cos β cos α) (B.13)
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Figure B.5: Classic Euler angles geometrical definition. The xyz (fixed) system is 
shown in blue, the x'y'z' (rotated) system is shown in red. The line of nodes (N) is  
shown in green, the angles are reported both as plain angles (black) and rotation 
around the axis (grey). The convention shown here is the z1y2x3.
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B.7  Fully-differential PECD for multiple photoelectron energies

B.7 Fully-differential PECD for multiple photoelectron energies

As a complementary to the dichroic parameter b1 representation of Figure 5.29:, 

the fully-differential  PECD experimental histograms for R-TFMOx  channel CH11 

for all  sub-breakup channels at all  photoelectron energies are presented in the 

Figure  B.6,  Figure  B.7,  Figure  B.8,  Figure  B.9,  and  Figure  B.10 along  with  the 

respective  theoretical  predictions.  Figure  B.11 shows  a  comparison  of   PECD 

between  S-  and  R-TFMOx at  energy  11.7  eV  in  the  top  and  bottom  panel, 

respectively: for each photon direction, there is a flip in PECD values between the 

two enantiomers, according to the symmetry rule cos   -cosθ → θ for the electronic 

coordinates. The effect is stronger for larger values of |cosθph|.
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Figure  B.6: comparison of fully-differential PECD for R-TFMOx at 11.7 eV (top panel, experimental) and 
11.5 eV (bottom panel, theoretical). PECD calculated using the equation (3.21).
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Figure  B.7: comparison of fully-differential  PECD for R-TFMOx at 8.1 eV (top panel,  experimental) and 
8.2 eV (bottom panel, theoretical). PECD calculated using the equation (3.21).
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Figure B.8: comparison of fully-differential PECD for R-TFMOx at 6.1 eV (top panel, experimental) and 6 eV 
(bottom panel, theoretical). PECD calculated using the equation (3.21).
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Figure B.9: comparison of fully-differential PECD for R-TFMOx at 4.1 eV (top panel, experimental) and 4 eV 
(bottom panel, theoretical). PECD calculated using the equation (3.21).
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Figure  B.10: comparison of fully-differential PECD for R-TFMOx at 3.1 eV (top panel, experimental) and 
3 eV (bottom panel, theoretical). PECD calculated using the equation (3.21).
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Figure  B.11:  fully-differential PECD for S- and R-TFMOx at 11.7 eV, top and bottom panel,  respectively.  
Experimental results. Note in each panel for each enantiomer, the mirroring around cos  = 0 upon the changeθ  
of cosθph; the effect is more visible for larger values of |cosθph|. For each light's propagation direction, the 
values of PECD are mirrored around cos  = 0 upon changing enantiomer; tθ he effect is stronger for larger 
values of |cosθph|. PECD calculated using the equation (3.21).
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B.8 Newton plots for multiple photoelectron energies

Figure B.12 shows the Newton plots with side projections for all photoelectron 

energies  for  R-TFMOx,  breakup  CH11,  and  all  sub-breakup  combined.  The 

influence of the energy on the distributions (i.e., definition of MF) is negligible.
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Figure  B.12: Newton  plots  R-TFMOx  for  CH11  all  PIPICO  lines  combined  for  multiple  photoelectron 
energies with projections; note the peaks position remains constant for all five photoelectron energies.
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B.9 Hexanode position calculation

An hexanode delay line (DL) has three-layers. The time value ui for each wire is 

calculated as the time difference of arrival at the two opposite sides of each wire 

time a the conversion factor fi to  convert from time (ns) to position (mm) as 

shown in  the  set  of  equation  (B.14).  The  exact  fi  values  are  unique  for  each 

hexanode and are determined by a self-calibration routine; a shift factor  woffset is 

usually  required  for  the  w layer  in  order  to  obtain  consistent  values  for  all 

equations B.14, and its values is also returned from the self-calibration routine.

u=(u1−u2)⋅f u
v=(v1−v2)⋅f v
w=(w1−w2)⋅f w+woffset

(B.14)

The location of an impinging particle in Cartesian coordinates (x, y) is calculated 

as from the internal coordinate frame u, v, and w, and due to the over-determined 

(redundant) system generated from three layers, any combination of pairs from 

the set of equations (B.15) can be used. Ox and Oy are arbitrary offsets. The third 

layer is redundant and is used for event resorting purposes.

xuv=u+Ox

yuv=
1
√3

(u−2v)+O y

xuw= xuv

yuw=
1
√3

(2w−u)+O y

xvw=(w+v )+Ox

yvw=
1
√3

(w−v)+O y

(B.15)

Thus,  the  x-direction is  defined  parallel  to  the  u-plane;  the  definition  of  the 

direction of the y-coordinate follows from the geometric arrangement of the wire 

windings. The convention used dictates that the detector image corresponds to 

the image of a viewer looking from outside to inside of the experimental chamber.
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B.10 HPLC and NMR Purity analysis

Nuclear magnetic resonance (NMR) spectroscopy is used to verify the purity of 

commercial  samples  (SynQuest  Laboratories):  RS-mixture  and  pure  S-  or 

R-TFMOx enantiomers. The 1H- ,13C- and 19F-NMR-data were recorded with Varian 

VNMRS-500  MHz or  MR-400 MHz spectrometers  at  TR.  Chemical  shifts  were 

referenced to residual protic impurities in the solvent (1H) or the deuterio solvent 

itself (13C), and reported relative to external Si(CH3)4(1H,  13C) or C6H5CF3(19F). 

The  NMR-shifts  were  assigned  based  on  2D-NMR (HSQC)  spectra.  After 

integration of the fluorine NMR signal, the chemical purity is higher than 96% for 

the  RS-TFMOx mixture  and  higher  than  96%  or  98%  for  the  S-TFMOx or 

R-TFMOx enantiomers, respectively. An High-performance liquid chromatography 

(HPLC) CHIRALPAK IG (4.6 mm × 250 mm) chiral analytical column was used to 

estimate  the  enantiomeric  purity  of  the  samples.  The  RS-TFMOx mixture  is 

racemic within margins of error (S-TFMOx :  R-TFMOx = 0.49 :  0.51),  and the 

enantiopure S-TFMOx or R-TFMOx have an enantiomeric excess of approximately 

95%, as shown in Figure B.13.
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Figure  B.13: Ratio  of  enantiomers  present  in  the  samples  of  racemic  RS-TFMOx  (a)  and  its  S-  and 
R-enantiomers (b and c, respectively) as experimentally determined using HPLC. Image reproduced from 
[154].
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