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Résumé
L’évolution de la matière diluée dans les milieux astrophysiques tels que le milieu inter-

stellaire, les atmosphères planétaires ou la coma des comètes, résulte d’une photochimie très
complexe faisant intervenir en particulier un grand nombre d’espèces stables et réactives en
phase gazeuse. Cette photochimie est induite par le rayonnement galactique ou par le rayon-
nement solaire dans le domaine spectral de l’ultra-violet du vide (VUV, longueur d’onde < 200
nm). Une bonne compréhension de cette évolution nécessite une modélisation précise de la
photochimie de ces milieux, en prenant en compte l’ensemble des réactions chimiques et des
processus photo-induits. Dans ce contexte, le travail principal de cette thèse porte sur le pro-
cessus de photoionisation (M + hν→M+ + e−).

Un des buts de cette thèse était de déterminer des paramètres quantitatifs, souvent jamais
mesurés, pour décrire le processus de photoionisation de composés d’intérêt astrophysique, en
particulier d’espèces réactives. Pour ce faire, le montage moyenne – haute résolution (SAPHIRS)
de la ligne DESIRS du synchrotron SOLEIL et le nouveau montage laser VUV haute résolution
(VULCAIM) de l’ISMO basé sur un spectromètre de photoélectrons à énergie cinétique nulle
(ZEKE) ont été utilisés pour mener diverses études expérimentales. Cette thèse présente aussi
le développement de cette nouvelle expérience, unique en France, et la caractérisation de ses
principales performances. Les deux expériences employées dans cette thèse sont comparées et
leur complémentarité est soulignée.

Un paramètre quantitatif important est la section efficace de photoionisation, reliant le nom-
bre d’ions produits au nombre initial d’espèces neutres. Pour les espèces réactives, ce paramètre
est rarement connu à cause des difficultés inhérentes à ce type de mesure. Ce travail présente
deux mesures de sections efficaces de photoionisation (pour les radicaux NH2 et OH). D’autres
résultats préliminaires sur des sections efficaces de radicaux dérivés du méthanol sont égale-
ment présentés et discutés. D’un point de vue pratique et en plus de leur intérêt astrophysique,
ces sections efficaces permettent indirectement de quantifier la présence d’espèces neutres.
Dans le cadre de cette thèse, cela a été utile lors de l’étude d’autres processus de relaxation
(i.e. la photodissociation d’espèces neutres et stables) à travers des expériences pompe VUV –
sonde VUV, qui sont aussi décrites dans le manuscrit.

En plus de l’importance de ces expériences pour les applications, ces études permettent
d’obtenir des informations fondamentales et détaillées sur le processus de photoionisation,
surtout via la spectroscopie de photoélectrons. Au synchrotron SOLEIL, les structures vibro-
niques de différentes molécules astrophysiques (C2 et CH3NCO) ont été étudiées au voisi-
nage de leurs premiers potentiels d’ionisation adiabatiques. Au laboratoire, le nouveau laser
VUV s’est montré très performant pour des expériences de spectroscopie VUV à des résolu-
tions rarement atteintes dans ce domaine spectral (jusqu’à 0.06 cm−1). Ce nouveau montage a
été validée par spectroscopie PFI-ZEKE en étudiant la transition CO+

2 X+ 2Πg ← CO2 X 1Σ+
g .

L’état électronique fondamental du cation est particulièrement intéressant d’un point de vue
spectroscopique puisqu’il présente des couplages spin-orbite et Renner-Teller et également une
résonance de Fermi. Les structures rotationnelles d’un grand nombre de niveaux vibroniques
de cet état ont été étudiées et comprises grâce à des simulations qui s’appuyent sur des hamil-
toniens effectifs. En plus de ce travail spectroscopique, l’utilisation de ce laser VUV pour la
spectroscopie de photoélectron couplée à une technique d’analyse d’images révèle la possibil-
ité d’entreprendre des études de photoionisation à haute résolution avec un meilleur rapport
signal sur bruit par rapport aux méthodes traditionnelles, ce qui permettra la détermination
de nouvelles informations spectroscopiques concernant la structure rovibronique d’un grand
nombre de cations, et en particulier d’espèces radicalaires.
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Introduction

It has been known since the 1920s that light-induced processes can control the abundances
of molecules in Space [1]. In practically all astrophysical media, high UV and VUV (Vacuum
UltraViolet) fluxes, defined by wavelengths situated between 60 and 200 nm (20 - 6 eV), irradiate
molecules found therein, which cause them to fragment. In the vicinity of stars for example,
there are solar fluxes whose wavelength-dependency resembles that of a 4000 K black body
along with absorption and emission features due to elements in the heliosphere. In particular
the Lyman-α hydrogen emission line at 121.6 nm is a dominant spectral feature in the VUV,
several orders of magnitude more intense than the background black body radiation. Far away
from stars and even in dark regions, there are still intense UV and VUV fluxes, in particular
the Draine flux [2], also called the interstellar radiation field. This type of radiation is produced
by the photoelectric emission of interstellar grains following heating by cosmic rays and other
sources.

Following irradiation and absorption of a VUV photon, a number of relaxation channels are
possible for the molecule, namely fragmentation, ionisation, or dissociative ionisation. These
are illustrated on NH2 in Fig. 1.

FIGURE 1: Main relaxation pathways for the amino free radical (NH2) after ab-
sorbing a VUV photon.

As of April 2020 [3], over 200 molecules have been detected in the Interstellar Space Medium
and in circumstellar shells. Even more have been found in cometary or planetary atmospheres
of our solar system. The recent instrumental developments have allowed the detailed analysis
of the composition of cometary environments, both of the coma and even of the surface, notably
using the COSAC experiment of the Philae lander on comet 67P/Churyumov-Gerasimenko [4].
On top of identifying species and quantifying their abundance, chemical reactivities are also ex-
plored. In these cold environments, many chemical networks require the implication of photons
to initiate reactivity [5].
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TABLE 1: Molecules observed in the Interstellar Space Medium and in circumstel-
lar shells, from the CDMS website [3]. Around 30 % of the species are free radicals
or their corresponding ions, noted in bold. Species studied in this thesis are high-

lighted in red. Questions marks label species whose observation is ambiguous.

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms
H2 C3 c-C3H C5 C5H C6H
AlF C2H l-C3H C4H l-H2C4 CH2CHCN
AlCl C2O C3N C4Si C2H4 CH3C2H
C2 C2S C3O l-C3H2 CH3CN HC5N
CH CH2 C3S c-C3H2 CH3NC CH3CHO

CH+ HCN C2H2 H2CCN CH3OH CH3NH2
CN HCO NH3 CH4 CH3SH c-C2H4O
CO HCO+ HCCN HC3N HC3NH+ H2CCHOH (?)

CO+ HCS+ HCNH+ HC2NC HC2CHO C6H−

CP HOC+ HNCO HCOOH NH2CHO CH3NCO
SiC H2O HNCS H2CNH C5N HC5O
HCl H2S HOCO+ H2C2O l-HC4H HOCH2CN
KCl HNC H2CO H2NCN l-HC4N
NH HNO H2CN HNC3 c-H2C3O
NO MgCN H2CS SiH4 H2CCNH (?)
NS MgNC H3O+ H2COH+ C5N−

NaCl N2H+ c-SiC3 C4H− HNCHCN
OH N2O CH3 HC(O)CN SiH3CN
PN NaCN C3N− HNCNH C5S (?)
SO OCS PH3 CH3O MgC4H

SO+ SO2 HCNO NH4
+

SiN c-SiC2 HOCN H2NCO+

SiO CO2 HSCN NCCNH+

SiS NH2 H2O2 CH3Cl
CS H3

+ C3H+ MgC3N
HF SiCN HMgNC
HD AlNC HCCO

FeO? SiNC CNCN
O2 HCP HONO

CF+ CCP MgC2H
SiH? AlOH
PO H2O+

AlO H2Cl+

OH+ KCN
CN− FeCN
SH+ HO2
SH TiO2

HCl+ C2N
TiO Si2C

ArH+ HS2
N2 HCS

NO+? HSC
NS+ NCO

HeH+ CaNC
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Table 1 continued

8 atoms 9 atoms 10 atoms 11 atoms 12 atoms > 12 atoms
CH3C3N CH3C4H CH3C5N HC9N c-C6H6 C60

HC(O)OCH3 CH3CH2CN (CH3)2CO CH3C6H n−C3H7CN C70
CH3COOH (CH3)2O (CH2OH)2 C2H5OCHO i-C3H7CN C60

+

C7H CH3CH2OH CH3CH2CHO CH3OC(O)CH3 C2H5OCH3 c-C6H5CN
C6H2 HC7N CH3CHCH2O

CH2OHCHO C8H CH3OCH2OH
l-HC6H CH3C(O)NH2

CH2CHCHO(?) C8H−

CH2CCHCN C3H6
H2NCH2CN CH3CH2SH(?)
CH3CHNH CH3NHCHO

CH3SiH3 HC7O
H2NC(O)NH2

The 200 plus molecules detected are summarised in Table 1. As this table shows, a wide va-
riety of species have been observed: small and large (complex molecules), neutral and charged,
reactive (free radicals) and stable species. Many contain carbon so can be called organic. The
nature of the molecule tells the story of the environment where it was observed and its past
evolution. In a similar fashion to the molecules of Table 1, these can be very diverse ranging
from cold and icy grains or dust to giant molecular clouds containing young stellar objects and
hot cores.

These observations guide the laboratory experiments [6], which, in turn, yield information
on the photophysics and photochemistry that can be incorporated into models to better de-
scribe the astrophysical media. Dozens of databases (e.g. KIDA [7], LAMBDA [8],...) collect
quantitative information to be used in models. Observations, models, and laboratory-based ex-
periments therefore form a powerful trio of tools for understanding astrophysical environments
and the molecules found therein.

In the context of this PhD, the relaxation channels of astrophysically relevant molecules
have been studied via laboratory-based experiments. The process at the heart of this work is
photoionisation, which can be defined as the process by which a molecule emits an electron as
a means of relaxation following the absorption of a photon. The importance of photon-induced
processes for astrophysical molecules has already been noted. Photoionisation, in particular, is
a means for a neutral stable molecule to become a charged ion, which is often more reactive.
Even neutral but reactive species (e.g. free radicals) can gain in reactivity once ionised in some
cases.

One of the aims of this work is to provide unprecedented quantitative data for describing
photoionisation. This involves the determination of photoionisation cross sections, which relate
the produced quantity of photoions to the initial quantity of neutral species. They are essential
quantitative parameters to be included in models, but seldom available due to experimental
difficulties. Indeed, free radicals are species that are difficult to produce in quantity and in
a reliable fashion. The production of VUV radiation is non-trivial as the corresponding light
sources are not commercially available. Finally, detection methods must be sensitive enough
to probe the low quantities of radicals amongst much more abundant species (e.g. precursor
molecules).

Quantitative measurements are never easy in any case and they often rely on references
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or data from the literature. In addition to providing quantitative results, carefully evaluated
error bars are also needed. They are essential for models using the quantitative data in order to
constrain the predictions.

Other aspects of this work, in particular the use of spectroscopy, give access to other infor-
mation on photoionisation processes. For example, ionisation energies are measured, which are
important for determining thresholds for photoionisation; they also lead to the determination
of key thermodynamic quantities such as enthalpies of formation or even bond dissociation en-
ergies when combined with other thermodynamic data. All of these quantitative parameters
are essential for adequately modelling or simulating the relevant environments.

Spectroscopy also offers more qualitative information. In the VUV range, highly excited
electronic neutral states, even above the ionisation threshold, and cationic states can be studied
including their (ro)vibrational structure; all of which are of great fundamental interest in addi-
tion to their application value. Photoionisation also offers the means of directly producing and
studying simultaneously reactive cations from a stable neutral species without having to first
produce and then conduct studies in the cation.

Fundamental interest and applications in photoionisation have motivated experimental
works to pursue higher and higher resolution for over 50 years. One of the first pioneers in
high-resolution photoelectron spectroscopy was Nobel laureate Kai Siegbahn who used X-ray
sources in the 1950s to analyse the chemical composition of the surfaces of solids (X-ray Pho-
toelectron Spectroscopy: XPS). He then applied this technique to atomic vapours in order to
determine binding energies by photoionising core electrons with accuracies of around 1 eV.
Higher resolution was achieved by the use of UV or VUV sources rather than X-rays. Notably,
David Turner developped the use of He lamps in the 1960s, exploiting the 21.3 eV resonance [9],
giving access to sub-eV resolution when probing valence electron ionisation. Other elements in
lamps were also used to exploit different resonance energies. Turner studied, for example, the
first ionisation potential (IP) of Ar at a resolution of 0.015 eV (121 cm−1) in 1967 [10]. This sort
of resolution is quite sufficient to resolve the vibrational structures.

In this first method of PhotoElectron Spectroscopy (PES), the photon energy of the source
is fixed. The kinetic energy of the emitted photoelectrons is analysed in order to retrieve in-
formation on the cation. In parallel to the development of this fixed-energy technique, another
technique was developped in the 1960s by the group of Mark Inghram with Tomas Baer [11,
12] that used a photon source whose energy is tunable thanks to a monochromator (Hopfield-
continuum source & grating). Their experiments constrain the detection of photoelectrons to
those with vanishing kinetic energy, i.e. threshold electrons. Hence, electrons are only detected
if the incident photon energy corresponds to the transition energy towards a cationic state. This
technique is thus called Threshold PhotoElectron Spectroscopy (TPES) [13]. Initial resolutions
were typically 0.05 to 0.04 eV, but these were improved over time to become competitive with
PES techniques. A major improvement in TPES was the use of velocity map imaging, which
relies on stronger extraction fields. The result was higher resolution, but also the possibility of
extracting the ions instead of electrons. The next step was to detect ions and electrons in co-
incidence: (Threshold) PhotoElectron PhotoIon COincidence ((T)PEPICO spectroscopy), which
allows the production of mass-selective photoelectron spectra [14]. Nowadays, these techniques
can produce mass-selective photoelectron spectra at sub-meV (0.8 meV, 6 cm−1) resolutions [15].
This technique is used extensively in this thesis to produce medium-high-resolution spectra.

With the development of tunable lasers in the 1980s, these became popular photon sources
for conducting high-resolution spectroscopy, especially as the laser line width was below the
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resolution of traditional UV spectrometers. Much of this work was pioneered by Mueller-
Dethlefs et al. who used REsonant MultiPhoton Ionisation (REMPI) and also Pulsed Field Ioni-
sation (PFI) techniques to produce spectra of around 1 cm−1 [16]. In order to further improve the
resolution, PFI setups were coupled to narrow-bandwidth tunable VUV lasers capable of pro-
ducing monochromatic VUV radiation with a bandwidth down to 0.008 cm−1 (10−6 eV) [17].
These setups were developped in the groups of Timothy Softley and then Frédéric Merkt and
respresent a means of accessing the highest photoelectron resolution (0.06 cm−1, 7.10−6 eV) to-
day [18]. This is the sort of setup that I helped develop and characterise during my PhD and
will be described in full in Chapter 1; some first results were also obtained with this setup and
are presented in the manuscript.

All of these developments in photoelectron spectroscopy mean that the rotational structure
can now be studied in detail via photoionisation. The spectroscopic constants that are deduced
have great fundamental value, but are also of interest to scientific areas where these cations
come into play. In astrophysics for example, most molecular detections are made in the Infrared
or Millimetre domain based on the assignments of pure rotational transitions. The cationic
spectroscopic constants determined in VUV photoelectron spectroscopy can therefore guide
the observations and assist the assignments, when pure rotational data are not available.

Although photoionisation is the main focus of this work, other relaxation pathways are
possible for a molecule following the absorption of a VUV photon (see Fig. 1), namely pho-
todissociation (the formation of neutral fragments) and dissociative ionisation (the formation
of a charged and neutral fragments or, in some cases, the production of an ion pair cation / an-
ion). Again in an astrophysical context, these relaxation processes are ways of forming reactive
species from stable species, which go on to react to form more complex molecules.

This manuscript is split into three chapters:

• Chapter 1 details the experimental setups used to study the VUV photoionisation of as-
trophysical molecules. Two setups are distinguished. The first is the DELICIOUS 3 spec-
trometer of the DESIRS beamline at synchrotron SOLEIL. The second is the new VUL-
CAIM laboratory setup of ISMO featuring a new high-resolution VUV laser, which was
developed during my PhD. The experimental development and characterisation of this
new setup are described in this chapter. The experimental techniques used in both setups
are explained. Finally, comparisons are drawn between both setups to highlight their
complementarity.

• Chapter 2 focuses on the relative and absolute photoionisation cross sections of free radi-
cals (OH, NH2, and methanol-derived isotopologues) recorded at SOLEIL.

• Chapter 3 presents photoelectron spectroscopy results. The medium high-resolution pho-
toelectron spectroscopy of CH3NCO and C2, obtained using the SOLEIL setup, are dis-
cussed first of all. The second part of this chapter is dedicated to the first high-resolution
results of VULCAIM using PFI-ZEKE spectroscopy. Finally, this chapter describes a promis-
ing imaging technique that has the capability of recording high-resolution spectra with a
high signal-to-noise ratio in a fraction of the time of that used in traditional PFI-ZEKE
spectroscopy.

In order to ensure constant coherence throughout the three chapters of the manuscript, fo-
cusing on photoionisation, I chose to present in the appendices the work I performed on the
other relaxation channels consecutive to a VUV photoexcitation:

• Appendix A describes exploratory works on the photodissociation of NH3 and CH3OH
using the laboratory setup adapted for a pump-probe study.
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• Appendix B extends the photoionisation study of CH3NCO presented in chapter 3 to
higher energies to study dissociative ionisation.

In addition, Appendix C lists my publication records as co-author. Conclusions and per-
spectives are given at the end of each main section. These are summarised and generalised in a
final conclusion.
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Chapter 1

Experimental tools

In this chapter, I will present the two main experimental setups of this work. Both use a VUV
light source to probe molecules of astrophysical interest in the gas phase:

• The first is a synchrotron-based experiment and will be described in the first section.

• The second is a laboratory setup based around a high-resolution VUV laser as described
in the second section of this chapter. It constitutes a unique laser setup to France and there
are only two others in Europe, and to our knowledge the world, one at Vrije Universiteit
Amsterdam in the team of Wim Ubachs and one at ETH Zurich in the team of Frédéric
Merkt.

As the synchrotron setup has been outlined in previous works, only a brief overview will be
given here with an emphasis on the specificities of its use in the context of this work. As the
VUV laser setup is very recent and was developed during this PhD, a more in-depth presenta-
tion will describe its various elements and characteristics.

A final section will stress the importance and complementarity of these two experiments.

1.1 Synchrotron SOLEIL

1.1.1 The SOLEIL synchrotron facility

A synchrotron is a cyclic particle accelerator. Once accelerated and injected into the storage ring,
particles are deviated by magnetic fields to maintain the cyclic trajectory. Associated to the Uni-
versity of Paris-Saclay is the French synchrotron facility SOLEIL (Source Optimisée de Lumière
d’Énergie Intermédiaire du Laboratoire pour l’utilisation du rayonnement électromagnétique).

As pictured in Fig. 1.1, SOLEIL’s ring, measuring 354 m in circumference, contains several
packets of electrons travelling with an energy of 2.75 GeV at almost the speed of light [19]. It
takes just 1.2 µs for an electron to complete a lap of the ring. Given the extremely high repetition
rate, it is therefore a good approximation to consider this light source continuous.

A closer look at SOLEIL’s ring reveals that it is not exactly a circle, but rather a 24-sided poly-
gon made up of straight sections and small bends. In 1st and 2nd generation synchrotrons used
bending magnets to accelerate electrons around the bends causing the emission of radiation
known as Bremsstrahlung or synchrotron radiation. On 3rd generation rings, such as SOLEIL,
insertion devices (undulatory or wigglers) are used instead of bending magnets, which produce
a sinusoidal magnetic field. This field, via the Laplace force, puts the electron on a sinusoidal
trajectory. Radiation is then emitted at each wiggle. The successive emissions interfere (en-
hanced coherence), leading to a discrete spectrum (fundamental plus harmonics). The resulting
radiation is much more brilliant than bending magnet emission, by a factor N2 where N is the
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FIGURE 1.1: Schematic layout of the Synchrotron SOLEIL [19] along with its var-
ious components.

number of periods of the undulator. The position of the resonant emission wavelength can be
tuned by varying the magnetic fields seen by the electron beam, controlled by the intensity of
electric current fed through the electromagnetic undulator. Even on a given beamline, the un-
dulator is tuned to produce photons at various energies. In the context of this work, we used
the DESIRS beamline whose undulator produces synchrotron radiation in the VUV range (6 to
40 eV). The spectral width for the produced radiation is around 7%. If need be, this radiation
can then be monochromatised using a VUV grating.

1.1.2 The DESIRS beamline

The DESIRS beamline (Dichroïsme Et Spectroscopie par Interaction avec le Rayonnement Syn-
chrotron) is easily tuned over the VUV range at medium high resolution (down to 1 meV) [20].
It is well adapted for photoionisation studies and medium high resolution spectroscopy studies
presented in this work.

FIGURE 1.2: Left: layout of the DESIRS beamline displaying its various compo-
nents and branches, adapted from ref. [19]. Right: simplified layout of the DESIRS

beamline as seen from above;
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A common white-light (spectral width: ≈ 1.5 eV) branch leads the synchrotron radiation
towards the three branches of the beamline (see Fig. 1.2). A gas filter is placed on this common
branch in order to cut high harmonics generated by the undulator (see Fig. 1.2). The principle
behind this filter is to use rare gases (Kr, Ar,...) which will absorb any photons whose energy
is above their first ionisation potentials (IPs), see Table 1.1. Below their IPs, rare gases can also

TABLE 1.1: IPs of rare gases used in the DESIRS beamline gas filter

Rare Gas Xe Kr Ar Ne
IP a / eV 12.12987 13.99961 15.759 21.56454

a Data from NIST [21]

absorb at discrete energies corresponding to atomic transitions thus producing absorption lines
in the final spectra. These lines can be used to calibrate the photon energy scale to within around
2 meV.

Downstream from the gas filter, the beam is fed into one of three branches as pictured in
Fig. 1.2:

• a monochromatised branch containing the SAPHIRS (Spectroscopie d’Agrégats PhotoIon-
isés par le Rayonnement Synchrotron) molecular beam chamber where most studies con-
ducted in this work were carried out (see following paragraphs),

• a second monochromatised branch where users can attach their own chambers, not used
in this work, and

• a non-monochromatised branch leading to the VUV Fourier-Transform Spectrometer (FTS) [22].

Before entering the interaction chamber on the SAPHIRS branch, a calibrated photodiode
(AXUV100, IRD) can be inserted in the path of the beam which allows the measurement of
photon flux. Whilst accounting for the calibrated photodiode response function, the produced
electric current from this device is proportionate to the incident photon flux. Dividing signals
by the photodiode signal enables photon flux fluctuation corrections. VUV generation by the
undulator is wavelength-dependent and the flux can also be modified by beamline optics (grat-
ing, mirrors, etc.) so this correction is important in order to guarantee reliable relative intensities
over the whole scan range.

1.1.3 SAPHIRS

In the context of the synchroton experiments conducted in this thesis, most work was carried
out on the monochromatised branch containing the SAPHIRS molecular beam chamber pic-
tured in Fig. 1.3. It is basically made up of two chambers: the first contains the molecular jet and
potentially the flow tube reactor described later (see paragraph 1.1.3). The molecular beam is
generally twice skimmed before arriving in the interaction chamber containing the DELICIOUS
3 (Dichroism and ELectron/Ion Coincidence in IOnization Using Synchrotron) spectrometer.
Between the two skimmers is a differential pumping stage allowing the pressure to go from
≈ 1 mbar in the reactor to≈ 5× 10−8 mbar in the interaction chamber with a typical intermedi-
ary pressure of ≈ 3 × 10−4 mbar. In the interaction chamber, the molecular beam is irradiated
by the synchrotron radiation thus inducing photoionisation or even dissociative ionisation at
yet higher photon energies.
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FIGURE 1.3: Left: photo of the SAPHIRS molecular beam chamber. Right: Tech-
nical layout of the SAPHIRS molecular beam chamber containing the flow-tube

reactor and the DELICIOUS 3 spectrometer adapted from ref. [23]

The DELICIOUS 3 spectrometer

In the interaction chamber, the application of extraction voltages to electrodes in the interaction
zone sends produced ions and electrons to their relevant detectors. All produced charged parti-
cles are simultaneously detected by the double imaging electron/ion coincidence spectrometer
as illustrated in Figs. 1.3 and 1.4. This versatile experimental setup can be used in various
manners in order to use different data analysis techniques, each yielding a different type of
spectrum. The spectrometer, along with its various modes, are presented in full by Garcia et al.
[24] and Tang et al. [25].

FIGURE 1.4: Illustration of the DELICIOUS 3 spectrometer. Added are example
images of electrons (bottom) and ions (top).

Coupling a Velocity-Map-Imaging spectrometer (VMI) used to picture electron kinetic en-
ergy to a Wiley-McLaren Time Of Flight 3D momentum imaging ion spectrometer, both elec-
trons and ions are detected in coincidence which enables ion mass selectivity. As each electron
hits the detector, this starts a clock against which can be recorded the arrival time of ions. Sta-
tistically, unless the incident ion originates from the same neutral molecule as the electron, the
time at which it hits the detector is random. This hit is accounted for, but only contributes to
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random noise in the mass spectra. However, if the ion and the electron originate from the same
initial molecule, the time between the arrival of the electron and ion will consistently recur for
all fragments of that mass over charge (m/q) thus producing a signal in the mass spectrum.

FIGURE 1.5: Example of ion image treatment. a) Ion image on detector with
red rectangle showing region of interest with ions originating from the molec-
ular beam. b) Raw mass spectrum constructed using all ions in ion image a). c)
Same mass spectrum with ion contributions reduced to region of interest in ion

image c).

In order to improve the mass spectrum resolution, ion images can also be reduced to regions
of interest only containing ions from the molecular beam (see Fig. 1.5). This eliminates, in
particular, contributions from thermal species present in the experiment and whose velocity
distributions are much larger than those contained in the beam and thus widen the mass peaks
in the spectra (see Fig. 1.5 b) and c)).

FIGURE 1.6: Example of electron image treatment for N2 photoionisation adapted
from ref. [25]. a) Mass-selected (from N2) raw electron image on detector for a
photon energy of 19.5 eV and a repeller voltage set to 750 V. b) Inverted electron
image. c) Corresponding mass-selected PES with blue arrows linking spectral

features to areas in the image b).
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On top of the ion image treatments, the electron images can be treated in various ways to
gain access to different information. Thanks to the ion mass selectivity and the electron-ion
coincidence detection, electron images can be reduced to electron contributions from a given
neutral parent mass. It is then possible to construct mass-selective photoelectron spectra, un-
like the case of conventional photoelectron spectroscopy (PES). An example of electron image
is given in Fig. 1.6 for a fixed photon energy of 19.5 eV, the electrons are extracted using a 750 V
repeller voltage.

Extraction fields project the 3D-emitted electrons onto the 2D surface of the detector. As
described in ref. [25], an Abel inversion algorithm is performed on the raw electron image to
make sense of the 3D nature of photoionisation from the 2D image on the detector. The inverted
image presents concentric circles; each circle is made up of electrons carrying the same kinetic
energy. The greater the circle’s radius, the higher the corresponding kinetic energy of those
electrons. This means that these electrons are issued from lower energy states compared to the
photon energy and make up the energy difference by carrying more kinetic energy. From the
inverted image, it is possible to produce a PhotoElectron Spectrum (PES). As shown in Fig. 1.6,
spectral features in the PES can be related to the concentric circles of the inverted image.

By scanning the photon energy and producing electron images at each step in the scan,
photoelectron matrices can be produced. These 3D representations show electron kinetic energy
as a function of photon energy with the number of electron counts as the third dimension. For
a photoelectron stemming from a cationic state at energy E0, produced at photon energy hν and
whose kinetic energy is noted EK, the three characteristic energies are linked in equation (1.1):

EK = hν− E0 (1.1)

Note in this equation that photoelectrons whose kinetic energy is vanishing are produced
by photons whose energy is close to that of a cationic state.

FIGURE 1.7: Photo-Ion Yield and Threshold Photoelectrom Spectrum principle
demonstrated on R + hν→ R+ + e− reaction. If the photon energy hν is equal or
greater than the energy of the cationic vibronic state, photoelectrons can be issued
from that state along with photo-ions. As hν increases, higher energy cationic
states are reached producing yet more electrons and ions. This access to states
manifests itself by the appearance of steps in the photo-ion yield. Photoelectrons
whose kinetic energies are vanishing are recorded in the Threshold Photoelectron

Spectrum for photon energies close to those of cationic states.
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In the context of photoionisation cross section measurements (see chapter 2), a relative
photo-ion yield must first be recorded (see Fig. 1.7). An ion yield is the recording on a relative
scale of the signal of a given ion as a function of the incident photon energy. At this end, the
DELICIOUS 3 spectrometer is used in PEPICO (PhotoElectron PhotoIon COincidence) mode
where contributions from all electrons accross the whole scan range are recorded. This means
applying high repeller voltages to the electrodes to not miss any electrons. The issue is with
fast electrons which are ionised from states well below the photon energy and which carry the
excess energy as kinetic energy. These hot electrons require greater repeller voltages to direct
them towards the detector. For photoion yields, the resulting resolution is that of the photons
only.

All spectroscopic information on cationic states is contained in threshold electrons, i.e elec-
trons whose kinetic energy is near-zero. This is why the TPEPICO (Threshold PhotoElectron
PhotoIon COincidence) mode is used for spectroscopy studies, which only uses threshold elec-
trons for which much lower repeller voltages are used (see Fig. 1.7); the result is a Threshold
PhotoElectron Spectrum (TPES) for which the spectral resolution depends on both that of the
photons and the photoelectrons. Generally, lower signals are achieved in this threshold tech-
nique owing to fewer electrons hitting the detector. In order to improve the signal-to-noise ratio,
slow electrons can also be taken into account in the spectroscopy studies, at increasing loss in
photoelectron resolution as faster and faster electrons are used. This deterioration is caused by
the fact that faster electrons from a given state are shifted according to equation (1.1) and visu-
alised in the diagonals of Fig. 1.8 a); their consideration therefore widens, even shifts, peaks in
the spectra.

The answer is to right the diagonals by rotating the raw PES matrix and then integrate
faster electron signals. This method is called Slow PhotoElectron Spectroscopy (SPES) [26] (see
Fig. 1.8 b), d) and f)). The diagonal shift in energy is no longer a limiting factor for resolution
loss, but only the loss due to spherical aberrations in the electrostatic lens. Such lenses are a
common feature in VMI and are used to focus ions onto the detector. Spherical aberrations in
these lenses, larger for off-axis particles (i.e. faster particles) are known to introduce resolution
losses [27].

Both methods are described in Fig. 1.8 for the case of CH3NCO, which was investigated
during this PhD. Both display tradeoffs between noise and resolution, but SPES ultimately does
generally offer better signal-to-noise ratios for a given resolution.

A phenomenon called autoionisation can present itself in such photoionisation studies. Such
a process denotes the promotion of an electron to a highly excited neutral state, often a Rydberg
state situated above the first IP (ERyd. > IP), which then ionises towards a cationic state at
equal or lower energy (Ecat. ≤ ERyd.), as illustrated in Fig. 1.9. If the neutral and cationic states
have different energies (Ecat. < ERyd.), the energy difference is carried in the electron as kinetic
energy; this process is called non-resonant autoionisation. If the highly excited neutral state is
at the same energy as a cationic state to which it relaxes (Ecat. = ERyd.), the process is called
resonant autoionisation; the ensuing photoelectron does not carry any kinetic energy.

Both types of autoionisation lead to resonances in the ion yield, but only resonant autoion-
isation appears in a TPES as the produced electron does have vanishing kinetic energy. In this
case, threshold electrons from highly excited neutral states add to those from cationic states
which enhances line intensities in the spectra. This is illustrated by the enlargement of the
X+(v+ = 2) resonance in the TPES of Fig. 1.9 in the presence of autoionisation compared with
that of Fig. 1.7. The rotation of PES matrices is not advised if autoionisation is dominant as the
autoionisation vertical lines, once rotated, are simply moved by an unmeaningful quantity and
their x-axis projections therefore do not correspond to any relevant photon energies.
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FIGURE 1.9: Photo-Ion Yield and Threshold PhotoElectron Spectroscopy principle
demonstrated on R + hν→ R+ + e− as in Fig. 1.7, but with autoionisation. R* and
R** are neutral states situated above the first IP and are respectively resonant and
non-resonant with cationic states. Autoionisation leads to resonances in the ion

yield and enhances peaks in the TPES if resonant.

Molecular samples

The molecular sample can be constituted of a supersonic or effusive jet, the advantage of a
supersonic jet being that it cools molecules down to lower rotational temperatures. An effusive
jet does not cool down the molecules as much, but consumes less of the sample which is useful
when working with small quantities. It is preferable to work with smaller samples if they are
dangerous or are hard to synthesize in vast quantities. The use of an effusive jet modifies the
setup presented in Fig. 1.3 as the sample is injected via a needle close to the interaction area, but
from the other side of the vacuum chamber.

When working with gaseous stable species, a gas cylinder can be connected to the setup.
On entering the setup, the sample is seeded in a rare gas using a mass-flow controller before
entering the experiment. In the case of a stable liquid, a vial can be connected to the setup and
used in the same way as with a gas sample if the vapour pressure is high enough. Alternatively,
a rare gas can be bubbled through the sample to increase the amount arriving in the experi-
ment. To a certain degree, we are able to control the vapour pressure by controlling the sample
temperature using a chiller, the vapour pressure increasing with temperature. All samples used
in this PhD work were commercially available except for CH3NCO which was synthesized by
Jean-Claude Guillemin of Rennes University.

In an astrophysical context, but also from a fundamental point of view, more work is needed
on unstable species, notably free radicals. In order to further our understanding of such species,
free radicals feature as the object of study at various points in this work. As they cannot be
stored, they must be produced in situ, within the experiment. This can be acheived using a
number of techniques, each presenting advantages and disadvantages as shown in Table 1.2.

During this thesis, this was achieved by using a flow tube reactor (see Fig. 1.10) designed
by Jean-Christophe Loison from Bordeaux University and the DESIRS beamline scientists in the
framework of the SYNCHROKIN ANR contract. The reactor, based on F-reactivity, is used as
it offers the optimal compromise between selectivity and free-radical productivity. It is made
up of two concentric tubes, the outer is fixed containing the reactor and the inner, referred
to as injector, is mobile through which is fed the precursor. A third tube feeds F atoms into the
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FIGURE 1.10: Schematic of the flowtube reactor where H-abstraction of CH4 by F
atoms produces CH3, CH2, etc. The injector distance is noted d; d can be tuned to

adjust conditions within the reactor.

TABLE 1.2: Free radical production techniques: advantages and disadvantages

Technique Advantages Disadvantages

Pyrolysis High productivity
High production temperature

Bond specificity

Photolysis Internal energy selectivity
Low productivity
Need for a laser

Discharge High productivity Lack of selectivity

F-reactivity
High productivity

Reactivity limitations
High selectivity (tunability)

reactor. The principle behind the flow tube is to inject a hydrogen-bearing stable species (seeded
in He) which will encounter F atoms issued from F2 (seeded in He) dissociated upstream in a
microwave discharge. F atoms react with the stable species along an H-abstraction reaction
producing free radicals. The products of the reactor are probed by mass spectrometry after
ionisation by synchrotron radiation, the means of conducting this spectrometry are detailed in
the following section. The example given in Fig. 1.10 uses CH4 which acted as a precursor to
produce CH3, CH2, etc.

TABLE 1.3: Typical settings for the flow tube reactor

d distance range 10 - 60 mm
typical microwave discharge power 100 - 150 W

typical flow rate 1000 sccm
typical reactor pressure 1.6 mbar

typical free radical density 1011 - 1013 molecules.cm−3

A typical mass spectrum shows in Fig. 1.11 the wide variety of produced free radicals. It is
obtained by summing all mass spectra recorded between 12.4 and 13.6 eV and by using CH4 as
a precursor. The large number of species in the mass spectrum is the result of complex chemical
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reactions taking place in the reactor. Given the low energy range of the mass spectra, the signals
most probably result from direct ionisation rather than dissociative ionisation.
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FIGURE 1.11: Typical mass spectrum obtained by summing all mass spectra
recorded between 12.4 and 13.6 eV when using CH4 as a precursor during the

experiments on C2 (see section 3.1.2).

The adjustment of experimental conditions such as gas flows or injector distance d can pri-
oritise a given reaction while reducing or even eliminating other potentially parasitic reactions
(double H-abstraction, radical-radical reactions,...) if only one reaction is intended or if the pro-
duction of a large number of species is the aim. The basic idea is the increase of the F2 flow
increases the initial radical production and the longer the injector distance, the more time there
is for radicals to react with each other. Increasing radical production would be desired, but
there has to be a balance as increasing radical production can favour radical-radical reactions
and F-addition for high F2 flows, all of which are undesirable if only one reaction is intended.
Table 1.3 summarises typical settings for the flow tube parameters.

1.2 VUV laser setup

Accelerating electrons around bends is not the only way of producing VUV radiation. A com-
plementary VUV light source to the DESIRS beamline is the new high-resolution VUV laser
setup at ISMO which uses non-linear optical processes to generate VUV radiation. This laser
setup was developed and installed in 2018 and its coupling to a new vacuum experiment was
finalised in 2019 as presented in Fig. 1.12. After having recalled the means of generating VUV
laser radiation through four-wave mixing, I will present the various elements of this setup: the
UV light sources (including the high-resolution UV laser chain), visible sources, the vacuum
experimental setup containing VUV generation and spectral-purification stages, and ways the
VUV laser radiation can probe relaxation processes in molecules, mainly photoionisation. Spe-
cial care was taken to characterise the novel VUV laser radiation during my PhD.
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FIGURE 1.12: Rough general layout of the laboratory-based high-resolution VUV
laser setup at ISMO.

1.2.1 VUV laser production

VUV lasers are not commercially available, they have to be built using commercially-available
visible lasers and the VUV range can be reached via non-linear optical processes in rare gases
(Kr or Xe), namely four-wave mixing, as pictured in Fig. 1.13.

FIGURE 1.13: Four-wave mixing resonant scheme combining UV and visible ra-
diation in rare gas. Dashed lines represent virtual states in the rare gas; full lines

represent actual states in the rare gas that are exploited as resonances.

Such non-linear processes can be enhanced by using atomic resonances in the aim of im-
proving efficiencies. In the case of non-resonant VUV generation via four-wave mixing, typical
production efficiencies are of the order of 10−6, but these can be improved to reach around 10−4

with the help of atomic resonances [28]. In our case, the UV photon energy (corresponding to
a wavelength λUV in Fig. 1.13) is tuned to be in a two-photon resonance with an excited state
from the ground state of a rare gas (Kr or Xe); the forbidden single-photon transition prevents
this excited state fluorescing back to the ground state. Once in the excited state, a 3rd photon
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is used to reach a virtual state before relaxing to the ground state by emission of a VUV pho-
ton. This 3rd photon could be the same UV photon as used previously to reach the excited state
(case of third-harmonic generation). In this case, to be at resonance, the UV photon energy is
determined by half the energy of the two-photon transition.

Alternatively, a different colour photon can be used, in particular a photon whose energy
is tunable (from a dye laser in our case, corresponding to λvis). This enables tunability in the
VUV spectral domain (λ+ or λ− of Fig. 1.13). This can be done by selecting various two-photon
resonances in rare gases (see Table 1.4) by adjusting the photon energy of the UV photon. Once
a resonance has been selected, the tuning of λvis allows the continuous tuning of λ+ or λ− over
a certain range (limited by the dye curve of λvis in our case)

TABLE 1.4: Two-photon rare gas transitions used in VUV laser generation via
four-wave mixing.

Resonance* Rare Gas Two-photon transition Wavenumber (2ν̃UV) / cm−1

Kr(1) Kr [29] (4p)6 1S0 → (4p)55p[1/2]0 94 092.86
Kr(2) Kr [29] (4p)6 1S0 → (4p)55p’[1/2]0 98 855.06
Xe(1) Xe [30] (5p)6 1S0 → (5p)56p[1/2]0 80 118.96
Xe(2) Xe [30] (5p)6 1S0 → (5p)56p’[1/2]0 89 860.02

* Referred to in Fig. 1.22.

In order to improve VUV efficiencies, Ar can be mixed with Kr or Xe to improve the phase-
matching. Total and relative pressures can be adjusted to optimise the final VUV intensity. From
one wavelength to another, optimal pressure conditions can substantially vary especially for
non-resonant four-wave mixing. This significantly reduces the scan range in the non-resonant
case.

1.2.2 Implementation of VUV laser production

In practice and due to the need for tunability in order to undertake photon energy studies
by scanning the laser wavelength, the resonant four-wave mixing scheme was mostly imple-
mented in the context of this work. Non-resonant fixed-energy four-wave mixing was only
used in pump-probe studies (see appendix A).

The four-wave mixing scheme of Fig. 1.13 can be realised in a rare gas cell (see appendix A)
or in a free jet. Most of the time a free jet was used during this PhD as it does not impose spectral
limitations present in the case of gas cells due to the transmission range of cell windows. As
illustrated in Fig. 1.14, the rare gas acting as a medium for the non-linear processes is firstly
freely expanded through a gas nozzle (either General Valve or Amsterdam Piezo Valve). The
gas nozzles are pulsed and synchronised with the laser pulses which limits the consumption of
rare (and expensive) gases. The General Valve has a pulse time of about 100 - 200 µs whereas the
Amsterdam Piezo Valve has a pulse time of just a few tens of µs. Both are backed by a pressure
of a few bar. The pressure conditions in the rare-gas jet are varied by changing the release time
of the gas; the VUV radiation is therefore generated at different points in the jet and therefore in
different pressure and density conditions. The release time is tuned to optimise the VUV signal
on the detector.

Using the notations for optics as defined in Fig. 1.12, the incident UV and visible lasers are
superimposed using a dichroic mirror, both laser beams are then focused just beneath the gas
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FIGURE 1.14: Implementation of four-wave mixing scheme in a freely expanded
rare gas used to generated tunable VUV radiation. Reflective VUV grating selects
the intended wavelength for the study to pass through the 1 to 2 mm in diameter

iris. Only 0th and 1st order components from the grating are presented.

nozzle using lens L3. In order to compensate the longer focal distance of the visible radiation
compared to that of the UV, a telescope is inserted on the path of the visible radiation. This
telescope is composed of one divergent (L1) and one convergent (L2) lens, the distance between
the two being adjusted to ensure both the visible and UV lasers focus on the same point just
below the gas nozzle. Following the gas nozzle, all VUV wavelengths of Fig. 1.13 and the initial
UV and visible wavelengths propagate. In order to select one unique VUV wavelength intended
for the experiment, a monochromator is needed.

TABLE 1.5: Horiba TGM300 VUV grating characteristics.

deviation angle 142◦

spectral domain 50 - 300 nm
grooves / mm 275 gr/mm
focal distance 319.9 mm

Except for pump-probe studies (see appendix A), the monochromator consists of a VUV
grating coupled to a small iris. In our case, a TGM300 VUV reflective diffraction grating by
Horiba is used to disperse the polychromatic light [31], its main characteristics are summarised
in Table 1.5. Master VUV gratings are generally made out of Pt- or Au-coated glass, but in our
case a replica (Pt coated epoxy resin) was used. Replicas are not able to handle high photon
fluxes, but in the case of VUV laser radiation are sufficient and are much cheaper ! The toroidal
grating possesses 275 gr/mm, its curvature makes all wavelengths converge to the grating’s
focal point ( f = 319.9 mm) where a � = 1 mm iris is placed. Rotating the grating allows the
selection of only one monochromatic component to pass through the iris which is intended for
interacting with the molecules in the extraction chamber (see Fig. 1.14). In some cases, the non-
dispersive 0th order is selected, the grating then just acts as mirror not separating the various
components.
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FIGURE 1.15: Top: Photo of the high-resolution UV laser chain at ISMO. Bottom:
Illustration of the high-resolution UV laser chain at ISMO with main characteris-

tics.

1.2.3 High resolution tunable UV laser chain

The UV radiation used in the four-wave mixing scheme is produced by a high-resolution UV
laser chain depicted in Fig. 1.15 and whose elements are summarised in Table 1.6. This chain
starts with a continuous-wave, narrow-linewidth tunable ring dye-laser. More specifically, it is
a Sirah Matisse 2 DR series laser pumped at 532 nm and 4 W by a Millennia continuous-wave
diode-pumped solid-state (DPSS) frequency-doubled laser containing a neodymium-doped yt-
trium orthovanadate (Nd:YVO4) crystal. The wavelength of the dye laser can be tuned between
550 and 750 nm (using different dyes) depending on the desired two-photon resonance in the
rare gas. The resulting radiation has a typical power of 0.4 W and an extremely narrow band-
width of typically 7.10−4 cm−1. See Fig. 1.16 for an optical layout of this laser.

In order to efficiently produce UV radiation from the visible range via doubling and tripling
processes in BBO crystals and also due to the nature of the intended experiments, pulsed radi-
ation is required [17]. To achieve this, the continuous-wave laser is used as a seed source for
a Sirah Pulsed Amplifier pumped by an injected Spectra-Physics Quanta-Ray Lab-190 pulsed
Nd:YAG laser at 20 Hz, at typically 300 mJ per pulse. The laser injector is used to offer greater
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FIGURE 1.16: Optical layout of the Sirah Matisse ring dye-laser from ref. [32]

time and frequency stability.

TABLE 1.6: Equipment characteristics on the high-resolution UV laser chain.

Equipment
Pulse duration Exit wavelength Maximum power or Typical power or Bandwidth

/ns / nm energy-per-pulse energy-per-pulse / cm−1

Millenia continuous 532 10 W 4 W < 2.10−4

Matisse continuous 550 - 750 1.8 W 0.4 W 7.10−4

Quanta-Ray Lab-190 6 - 7 532 500 mJ / pulse 300 mJ / pulse 5.10−3

Pulsed Amplifier 6 - 7 550 - 750 50 mJ / pulse 30 mJ / pulse 5.10−3

THU-205 6 - 7 200 - 250 >3 mJ / pulse 1 mJ / pulse ≈ 5.10−3

After the pulsed amplification-stage, the resulting radiation is at approximately the same
wavelength as the incident continuous radiation, but now pulsed at 20 Hz. Each pulse is 6 to
7 ns long and contains around 30 mJ of energy. Because of the pulsing, the radiation is now
FT-limited which amounts to a wider bandwidth of approximately 5.10−3 cm−1. The role of the
SBS cell, within the pulsed amplifier (see Fig. 1.17), is to filter out Brillouin light scattering or
spontaneous emission from the laser radiation. It induces a slight shift in wavelength which
is checked using a HighFinesse WS7-60 Wavemeter [33] placed after the pulsed amplification-
stage.

Following the pulsed amplifier, the pulsed visible laser is then mixed using two BaB2O4
(BBO) crystals in a Sirah THU-205 third-harmonic unit. The first crystal acts as a doubler and
the second a mixer, combining the doubled frequency with the fundamental in order to pro-
duce a tripled frequency at one third of the fundamental visible wavelength. The Nd:YAG
fundamental (λNd:YAG = 1064 nm) can also be mixed with the doubled radiation in the second
crystal (see Table 1.7) if required. The final UV radiation has a wavelength of between 200 and
250 nm, a spectral resolution of ≈ 5.10−3 cm−1, a repetition rate of 20 Hz, a temporal pulse
length of 6 to 7 ns and an energy-per-pulse of between 1 and 3 mJ.

As the previous paragraphs show, a complex setup is required in order to produce the high-
resolution UV laser radiation. This effort is however justified: firstly, in order to generate a
high-resolution VUV laser, there can be no loss in resolution at any point in the radiation pro-
duction process, so the UV must have a high resolution. Secondly, as can be seen in Fig. 1.13,
the VUV production process uses a two-photon resonant transition in a rare gas. Given this, it
follows that the more energy that can be put into this transition, the greater the VUV efficiency.
Mathematically, this can be understood using equation (1.2)
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FIGURE 1.17: Optical layout of the Sirah Pulsed Amplifier from ref. [32]

TABLE 1.7: Two-photon rare gas transitions and corresponding UV generation
processes.

Resonance* Rare Gas Wavenumber (2ν̃UV) / cm−1 UV generation process νUV
Kr(1) Kr [29] 94 092.86 third harmonic 3νfun**
Kr(2) Kr [29] 98 855.06 third harmonic 3νfun**
Xe(1) Xe [30] 80 118.96 mixing after doubling 2νfun** + νNd:YAG
Xe(2) Xe [30] 89 860.02 third harmonic 3νfun**

* Referred to in Fig. 1.22
** Fundamental frequency corresponding to the delivered radiation of the Matisse ring

dye-laser before any mixing processes.

IVUV(ν) ∝ IUV(ν− ν′0)
2 × g(ν− ν0), (1.2)

that relates the produced VUV intensity IVUV(ν) to the incident UV intensity IUV(ν − ν′0)
characterised by its own bandwidth ∆νUV, and spectral profile of the two-photon transition
in rare gas g(ν − ν0) characterised by its width ∆νRG. The width of the rare-gas transition
contains the natural width and potentially other causes of broadening (pressure or power).
Of course the VUV intensity also depends on the third photon intensity, rare-gas density, etc.,
but for motivating the use of a high-resolution UV laser, the proportionality law of equation
(1.2) suffices [34]. In order to efficiently produce VUV radiation, the UV laser has to be centered
around the rare gas transition: ν′0 = ν0.

This implies that the narrower the bandwidth of this radiation, the more energy can be
channelled into this transition (see Fig. 1.18). Furthermore, as it is a two-photon transition, the
VUV radiation intensity scales as the square of the incident UV intensity so any increase in UV
intensity has an even larger impact on VUV intensity.

In trying to increase VUV laser intensity, it is apparent in equation (1.2) that this can be
achieved by increasing the UV laser intensity. Increasing laser intensity however causes the
rare gas transition to widen, an effect called power broadening. If the spectral shape of the
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FIGURE 1.18: Schematic spectra of overlap between UV laser bandwidth and two-
photon transition width in a rare gas. a) Spectrum displaying a narrow UV laser
bandwidth with all spectral components within the rare-gas transition that all
contribute in VUV production (∆νUV < ∆νRG). b) Spectrum displaying a wide
UV laser bandwidth with spectral components outside the rare-gas transition
(∆νUV > ∆νRG). As more laser spectral components in the a) spectrum overlap
with the rare gas transition as compared to the b) spectrum, VUV production will

have a higher efficiency in a).

transition is broadened by the laser intensity, VUV production remains resonant, but over a
wider spectral range. As long as the UV laser is of narrow bandwidth, the produced VUV is
still also of narrow bandwidth (Fig. 1.18 b))
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FIGURE 1.19: Normalised VUV intensity as a function of UV wavenum-
ber. Lorentzian curves fit the data sets whose average UV laser energy are

0.06 mJ/pulse (green line) and 1 mJ/pulse (red line).

In order to probe the effect of UV laser intensity on the width of the rare gas transition,
the produced VUV intensity was recorded as a function of UV wavenumber for two laser pulse
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energies: 1 mJ/pulse and 0.06 mJ/pulse. This study was performed on the 94 092.86 cm−1 Kr
resonance, UV laser power can be adjusted by optimising or deoptimising the phase matching
in the BBO crystals of the THU-205 or by opening and closing an entrance iris. The correspond-
ing data sets, presented in Fig. 1.19, can be modelled by lorentzian functions whose FWHM
are 14 and 0.32 cm−1 respectively. If power broadening was completely absent, the width of the
transition would be Doppler limited, i.e. at worst 0.12 cm−1 at 300 K.

Note that even for a narrow bandwidth laser, too intense a UV laser can generate a plasma in
the rare gas. This is detrimental for VUV production as the plasma can reabsorb the produced
VUV radiation.

1.2.4 High resolution dye laser

FIGURE 1.20: Top: Photo of the Cobra-Stretch double grating dye-laser pumped
by a Spectra-Physics Quanta Ray Nd:YAG laser. Bottom: Optical layout of the

Sirah Cobra Stretch double grating dye-laser from ref. [32]

One of the advantages of using the 4-wave mixing process, depicted in Fig. 1.13, is the
tunability of the produced VUV radiation. The tunable visible laser delivering the last photon
producing λ+ or λ− must offer high spectral resolution if high-resolution VUV radiation is
desired in the end. In our experimental setup, this visible laser is a Sirah Cobra-Stretch dye
laser pumped by a Spectra-Physics Quanta-Ray pulsed Nd:YAG laser (see Fig. 1.20) at 355 or
532 nm. The Cobra-Stretch functions as any dye laser, but is equipped with a double grating
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(1800 & 1800 or 1800 & 3000 gr/mm). It is tunable across from the near-IR to the near-UV (from
900 to 300 nm). The UV range is reached by the means of a BBO crystal acting as a frequency
doubler of visible radiation. Visible radiation wavelength is measured using a High Finesse
WS6-600 series wavemeter [33] placed after the laser or, in the case of frequency doubling, just
before the BBO crystal.

Wavenumber / cm−1

17004 17006 17008 17010 17012 17014 17016 17018

This work
Salami et al.

FIGURE 1.21: I2 laser-induced-fluorescence spectrum resulting from the excitation
of I2 with a Cobra Stretch dye laser (black) compared to FT absorption spectrum

(blue) from ref. [35]

The photon resolution and the wavelength calibration of this visible radiation are checked
by recording a laser-induced-fluorescence emission spectrum of I2 using an I2-cell and compar-
ing it to an I2 absorption spectrum obtained by FT spectroscopy, see Fig. 1.21 [35]. The I2 cell
is irradiated by the tunable visible laser and its fluorescence is collected at a right angle with a
photomultiplier. The spectra are obtained by plotting the fluorescence signal as a function of the
excitation-laser wavelength. A typical linewidth was found to be around 0.05 cm−1. Relative
line intensities cannot be compared as the spectra were recorded using different methods, but
the line positions are in very good agreement after calibration with the wavemeter. This study
therefore confirms that the visible wavelength is correctly calibrated and has a very narrow
bandwidth.

In the four-wave mixing scheme (see Fig. 1.13), the linewidth of the produced VUV radiation
is given in rough terms by that of the implicated photon whose linewidth is the largest. In our
setup, the linewidth in question is that of the photon produced by the Cobra-Stretch laser. We
would therefore expect a VUV linewidth of around 0.05 cm−1.

1.2.5 VUV spectral range

Having shed light on the high-resolution UV laser chain and the high-resolution dye-laser in
the previous sections, it is now possible to give the spectral range of the tunable VUV laser
(see Fig. 1.22). For each resonance, there are two accessible spectral ranges. The lower range
is reached using difference-frequency mixing (λ−). The upper is reached used sum-frequency
mixing (λ+), see Fig. 1.13. Depending on the desired dye laser wavelength, the Cobra-Stretch
can be pumped at 355 or 532 nm.

As Fig. 1.22 shows, the VUV laser can be tuned continuously to any photon energy between
6 and 16 eV except for a narrow hole around 11 eV. Introducing an IR pulsed-laser (able to reach



1.2. VUV laser setup 27

Xe(1)(2νUV − νvis)

Xe(1)(2νUV + νvis)

Xe(2)(2νUV − νvis)

Xe(2)(2νUV + νvis)

Kr(1)(2νUV − νvis)

Kr(1)(2νUV + νvis)

Kr(2)(2νUV − νvis)

Kr(2)(2νUV − νvis)

0e
+

00

110 100 90 80200 180 160 140 120

6 8 10 12 14 16

Wavelength / nm

Photon energy / eV

FIGURE 1.22: VUV laser spectral range for each rare gas resonance (same nota-
tions as Tables 1.4 and 1.7). Green (blue) zones represent spectral regions using

νvis produced by the Cobra-Stretch pumped at 532 nm (355 nm).

5000 nm) instead of the Cobra-Stretch would bridge this gap. Alternatively, a metallic vapour
could also be used with the current setup as a medium to generate VUV radiation around 11 eV.

1.2.6 VUV photon flux monitoring

At any photon energy, after interacting with the molecules, the laser beam continues to a VUV
detector (see Fig. 1.12). More specifically the detector is a R5150-10 electron multiplier tube
from Hamamatsu [36]. Relative VUV intensity must be measured for various reasons.

Before being able to record any scan, the great number of elements involved in VUV pro-
duction described in previous paragraphs must be optimised. This can be done by monitoring
the VUV signal in real time and adjusting parameters to increase the signal.

Once the VUV signal is sufficient, a study can begin and will last for between a few minutes
and several hours. During this time, the VUV signal can vary; the mass-spectra intensities,
being proportional to the VUV photon flux, vary accordingly. Variations can be corrected by
renormalising spectra by the VUV detector signal.

There are several sources of VUV intensity variations. Firstly, and in the case of a photon
energy scan, the four-wave mixing process pictured in Fig. 1.13, is very wavelength (λvis) de-
pendent. At some wavelengths, VUV production is very difficult. Even at fixed wavelength, the
VUV signal can vary slowly due to the deoptimisation of the experimental settings. Amongst
many things, a common cause is the BBO crystal phase-matching loss over time as the crystal
expands through the heating by the laser, this requires adjusting the position of the crystal to
reoptimise the phase matching every so often.

On a much shorter time scale are laser fluctuations. In non-linear optical processes, the
intensity I1 of a beam made up of photons generated using p lower energy photons whose
beam intensity is noted I0 is ruled by the proportionality relationship (1.3):

I1 ∝ Ip
0 . (1.3)
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This power law dictates that any fluctuation in the first photon’s intensity is then amplified
in the final intensity I1. In the laser setup described in this chapter, 3 visible photons are used
to produce the high-resolution UV photons and 2 UV photons are used in the VUV generation
process to produce 1 VUV photon (see section 1.2.3). In total, 6 visible photons are used to
reach the excited state in the rare gas. On top of these 6, and once in the excited state, one more
photon is implicated in the final step to produce a VUV photon which brings even more fluctu-
ations. These non-linear processes therefore make the produced VUV radiation very sensitive
to fluctuations in the initial laser sources.

This shows that VUV intensity fluctuations do exist, but they are accounted for and cor-
rected accordingly, by renormalising the recorded signals by the VUV photon flux.

1.2.7 Vacuum experimental setup

As its name suggests and due to O2 absorption below approximately 200 nm, VUV radiation
does not travel through air. This means that the experiment, from the VUV production onwards,
must be under vacuum as shown in Fig. 1.12. A primary pumping system relying on rotary
vane pumps brings the pressure down from atmospheric pressure to around 10−2 mbar. A
secondary pumping system further lowers the pressure to around 10−7 mbar using turbo or
diffusion pumps, which is the usual operating pressure. Each chamber is equipped with a
secondary pump; those containing gas nozzles are connected to higher capacity systems.

*********

The various forms of the VUV laser, as described previously, were used in order to probe re-
laxation processes of molecules in the gas phase. Initially coupled to the Time-Of-Flight (TOF)
mass spectrometer Icare, the experimental setup underwent substantial changes throughout
my PhD leading to the final version renamed VULCAIM. I took part in the experimental de-
velopments. The coupling of a VUV laser to the experimental setup is detailed in the following
sections along with the motivations behind the setup modifications.

Gas-phase sample and molecular beam generation

Roughly speaking, in all setup versions, molecules expand supersonically through a pulsed gas
nozzle at 20 Hz, into the vacuum chamber before being skimmed and encountering monochro-
matic VUV radiation in an interaction chamber (see Fig. 1.12). The gas nozzle is mounted on the
end of a rod whose position is adjustable in three directions. Initially, a General Valve pulsed
plunger valve was used, equipped with a handle allowing the tightening of the plunger whilst
under vacuum. A typical opening time for such a valve is around 100 µs. This valve was re-
placed by an Amsterdam Piezo Valve whose opening time is of the order of a few tens of µs [37].
The new valve does not require a handle for tightening as the opening of the valve is completely
controlled electronically, notably by changing the voltage applied to the piezoelectric crystal
which is responsible for the release mechanism.

When studying stable species, the inital gas sample can be seeded in a rare gas (Ar or Ne)
or in the case of liquid samples, the rare gas can be bubbled through the liquid or simply over
the liquid to induce the sample flow towards the experiment.

After entering the first vacuum chamber by expanding through a gas nozzle, the molecules
pass through a skimmer which selects the coolest, most central part of the expanding gas, thus
generating a molecular beam. This selectivity can be understood in terms of relative velocities
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in the center-of-momentum frame and by referring to Fig. 1.23: after the skimmer, the veloc-
ity distribution is reduced which leads to a lowering of temperature. The hole diameter of the
skimmer varies from a few mm to a few hundred µm. The larger the skimmer hole, the larger
the probed sample size and resulting ion signal, but this comes at an increase in temperature.
The temperature is not solely controlled by the skimmer diameter, but also the gas nozzle char-
acteristics (e.g. plunger tightness), backing pressure (typically a few bar) or even the molecular
beam alignment (if it is slightly off-axis with the skimmer, a warmer part of the jet will be se-
lected).

FIGURE 1.23: Schematic drawing of a gas expanding through a nozzle followed
by a skimmer which selects the innermost part of the jet. A reduction of the veloc-
ity distribution (black arrows) leads to lower translational temperatures after the

skimmer.

In supersonic jets, it is known that translational and rotational degrees of freedom are gen-
erally at equilibrium, whereas the vibrational degrees of freedom are much more difficult to
cool. Vibrational cooling was not studied, but the rotational temperature was measured down
to ≈ 5 K (see N2 study of section 1.2.8), but this does depend on the sample and carrier gas.

Time Of Flight mass spectrometer

The molecular beam enters the interaction chamber where it is irradiated at a right angle by
laser radiation. The various methods employed to probe the molecules are detailed in the fol-
lowing chapters of this thesis, but the final step must be ionising as only charged particles can be
detected. The detection stage relies on micro-channel plates (MCP) supplying a voltage signal
as a function of time to the oscilloscope and the data-acquisition interface.

In a similar way to the synchrotron experiment, the application of voltages to electrodes
sends the produced charged particles towards a detector, which they hit after a Time-Of-Flight
(TOF). Unlike the synchrotron however, this setup only allows the separate detection of elec-
trons or ions and is pulsed, not continuous. This means that the extraction voltages can be
applied after the laser pulse, the irradiation of molecules therefore happens in the absence of an
applied electric field which should prevent Stark broadening and any field-induced shift of IPs
(see Fig. 1.24).

After irradiation, the application of voltages (typically 500 – 1000 V) to electrodes constitutes
the start time for the synchronisation clock of the experiment. It is well known in classical
mechanics that an initially immobile particle, characterised by its mass m and charge q, makes
an energy gain of qU when accelerated by a voltage U. On exiting the vicinity of the electrodes,
the gained potential energy translates into kinetic energy following the classical equation
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1
2

mv2 = qU. (1.4)

If the ensuing TOF is free from any interactions, the velocity is maintained until the particle
hits the detector at time t, typically a few microseconds, after having travelled over a distance
noted dTOF. From equation (1.4) and given all produced particles are accelerated by the same
voltage, it is possible to derive the quadratic relationship between time and mass over charge:

t = dTOF

√
m

2qU
. (1.5)

In all cases in this work, q = e as only singly charged species are produced; this means that mass
over charge quantities will often be referred to as simply masses, the charge implicitely equal
to one positive elementary charge. Equation (1.5) means that heavier fragments arrive after
lighter ones which is quite intuitive. For different m/q values, ions arrive at discrete intervals
on the detector. This enables ion signal mass-selectivity in the time domain. Furthermore, the
assignment of ion signals to known fragments (usually precursors, carrier gas or impurities)
allows the determination of constants in equation (1.5) and the transformation of the arrival
time distribution into a mass spectrum.

Temporal synchronisation of the setup

FIGURE 1.24: Temporal synchronisation of the various elements of the experi-
mental setup.

It is worth noting that, given the number of lasers and molecular beams implicated in the
experiment, there is not only a complex spatial optimisation of the various elements to provide
a spatial overlap, but is also complexity in the time domain as all laser beams and all the molec-
ular beams must be synchronised. This is achieved using an electronic interface which controls
all the trigger times of the various elements (see Fig. 1.24).

As a molecular jet travels at around 1000 m/s, a lot slower than the speed of light, the gas
sample must be released well before the laser firing time (Q-switch). This is especially true for
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the gas sample whose nozzle is around 50 cm from the interaction zone; the rare gas for the
four-wave mixing scheme is not released as early as the UV and visible lasers focus just below
the corresponding gas nozzle. Furthermore, the laser flash-lamps must be turned on at the
correct time to allow sufficient population inversion in the laser gain-medium by the time the
laser fires. Finally, extraction voltages must be applied after the laser has irradiated the sample,
not before as the presence of electric fields in the interaction zone generates Stark shifts.

Laser times can be checked by the means of photodiodes and the gas nozzle release times
are set directly by optimising the ion signals on the MCP detector

1.2.8 First VUV laser experiment with Icare on N2
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FIGURE 1.25: Left: Two-photon, two-colour ionisation scheme to probe at rota-
tional resolution the c’4 1Σ+

u (v = 3) state of N2. Right: Rotationally resolved
spectra of the c’4 1Σ+

u (v = 3)← X 1Σ+
g transition in N2 with a 1 mm (top) and 2

mm (bottom) in diameter skimmers. These experimental spectra (black) are sim-
ulated using PGOPHER software (blue).

Following the installation of the VUV laser chain in 2018, N2 was selected as a suitable test-
species in a preliminary study. Experimentally, N2 molecules are excited from their ground state
along the c’4 1Σ+

u (v = 3) ← X 1Σ+
g transition using hν+ photons, which is not expected to be

Doppler-limited. Once in the excited state, N2 is then ionised by a UV photon (λUV = 212 nm).
The ensuing cation is collected by mass spectrometry. In this study, the grating of the VUV laser
was turned to allow the 0th order into the extraction zone; this has the effect of using the grating
as a mirror. Using the notations of Fig. 1.13, the polychromatic radiation contains in particular
the tunable VUV radiation at photon energy hν+ and the initial UV radiation used to produce
it.

Fig 1.25 displays an almost textbook example of a rovibronic transition. Following conven-
tional notations, noting J′′ and J′ the rotational quantum numbers for the ground and excited
electronic states respectively, and ∆J = J′ − J′′. One can identify the transitions within the P
branch (∆J = -1) at lower energies and the R branch (∆J = +1) at higher energies. Because both
electronic states in the c’4 1Σ+

u (v = 3) ← X 1Σ+
g transition have a vanishing orbital angular
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momentum projection along the internuclear axis (Λ = 0), no Q branch (∆J = 0) is present in
the spectra.

In blue are represented simulations of these experimental spectra. Using the PGOPHER soft-
ware, assigning the various experimental lines to given rovibronic transitions provides inputs
used in order to fit the model parameters, namely the rotational constants of both states (Bv=0(X)
and Bv=3(c’4)) and the origin energy (E0) between the two. Not all experimental lines are repro-
duced by the simulations, these unassigned lines could be attributed to sequence bands, but
their assignment was not pursued any further.

The relative line-intensities of the simulations account mainly for the rotational temperature
of N2 in its ground state, which governs the population of the various rotational levels accord-
ing to Boltzman’s law. The choice of temperature in the simulation that best reproduces the
experimental spectrum gives the value of the experimental rotational temperature. As Fig. 1.25
shows, the 5 K spectrum, recorded using a � = 1 mm skimmer, is cooler than the 15 K spectrum,
recorded using a � = 2 mm skimmer. This can be understood as the smaller the skimmer hole,
the more restrictive the skimmer is in selecting only the central part of the molecular jet. The
distance between the gas nozzle and the skimmer (adjustable between 1–15 cm) also has an
influence on the temperature, but was kept constant (≈ 10 cm) for both spectra.

Independent of the Boltzman factor, there is an alternating intensity between even and odd
J values. This is due to spin statistics owing to the 14N nuclear spin being 1. One can show that
the spin statistics yield a 2:1 intensity ratio in favour of rovibronic transitions from even J as
compared to those from odd J [38]. Concerning the line shape, the width of the lines is adjusted
manually (to 0.3 cm−1) to reproduce the experimental linewidth. It is worth noting here that
the N2 Doppler widening due to a 15 K translational temperature is around 0.05 cm−1 and thus
does not constitute the main contribution to linewidths.

As the resolution is given in this study by the linewidth of the first photon enabling the c’4
1Σ+

u (v = 3)← X 1Σ+
g transition, this study already points towards a spectral-resolution problem

when coupling the VUV laser to the Icare setup.

1.2.9 From Icare to VULCAIM

The larger-than-expected resolution, observed in the previously described N2 study (see para-
graph 1.2.8), was a clue indicating an intrinsic resolution loss in the experiment. If Doppler
broadening is not limiting, the spectral resolution should be given by the VUV linewidth. In
the case of sum- or difference-frequency mixing, that should be more or less the tunable dye
laser bandwidth, i.e. 0.05 cm−1 (the UV laser being much narrower). In the aim of measur-
ing the bandwidth of the new VUV laser setup, Rydberg series of rare gases were studied as
described in the following paragraphs.

Theoretical reminders on Rydberg states

Rydberg states are highly excited electronic states. A Rydberg series is a collection of Rydberg
states converging towards an ionic state. For higher and higher energy states, an electron ven-
tures out onto wider and wider orbits, the ionic core increasingly resembling the ionic state to
which the Rydberg series converges.

Using conventional notations when describing a polyelectronic atom: n and l respectively
the principal and orbital quantum number describing the excited electron, IP the ionisation
potential and δnl the quantum defect, the energy of a given Rydberg state Enl can be expressed
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as

Enl = IP−
Ry

(n− δnl)
2 (1.6)

in which Ry represents the Rydberg constant of an atom of mass M, a quantity that can be
written as a combination of fundamental constants and the reduced mass µ:

Ry =
µe4

8ε0h3c
(1.7)

with µ =
meM

me + M
.

In polyelectronic atoms, as the Rydberg electron penetrates the ionic core, the screening of the
highly positively charged nucleus weakens as fewer core electrons are between it and the core.
In simple terms, the quantum defect δnl accounts for this penetration and loss of screening. The
defect is therefore greatly l-dependent as the shape of the Rydberg electron’s orbital affects the
way the electron interacts with the ionic core. At the first order, the defect does not depend on
n; this approximation will be used throughout this work. The defect will thus be noted δl . Note
that as n is an integer, the quantum defect can be defined plus or minus any integer as this just
causes a shift in the origin of the Rydberg series.

Throughout this manuscript, Rydberg series notations will follow Racah notation: nl[K](J),
with

• J, the total angular momentum for the whole atom combining orbital momentum and
spin (J = L + S), and

• K = J1 + l, with J1 the total angular momentum for the unexcited part of the atom. So
J = K + s, with s = 1/2 the electron spin.

So far, the above results are applicable to isolated Rydberg atoms in the absence of electric
fields. In the presence of electric fields, a degeneracy is lifted within the Rydberg states which
implicates new quantum numbers. Using perturbation theory to the fourth order on the field-
atom interaction Hamiltonian, the effect of a field F on Rydberg states can be seen as follows in
equation (1.8) [39], valid for weak fields:

E(n, m, n1, n2, F) = − 1
2n2 +

3
2

n(n1 − n2)F− 1
16

n4[17n2 − 3(n1 − n2)
2 − 9m2 + 19]F2

+
3

32
n7(n1 − n2)[23n2 − (n1 − n2)

2 + 11m2 + 39]F3 − 1
1024

n10[5487n4 + 35182n2

− 1134m2(n1 − n2)
2 + 1806n2(n1 − n2)

2 − 3402n2m2 + 147(n1 − n2)
4 − 549m4

+ 5754(n1 − n2)
2 − 8622m2 + 16211]F4

(1.8)

with:

• n, the principal quantum number,

• m, the magnetic quantum number,
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• n1 and n2, parabolic quantum numbers, positive integers obeying n1 + n2+ | m | +1 =
n; given this relationship, it is numerically easier to work with one quantum parabolic
number p = n1 − n2 obeying −(n− 1− | m |) ≤ p ≤ n− 1− | m | in steps of 2,

• F, the electric field, and

• E(n, m, n1, n2, F), energy values for the the degeneracy-lifted Rydberg states.

Probing Rydberg states using Pulsed-Field-Ionisation spectroscopy

Using a VUV laser, atoms can be excited from their ground state to Rydberg states very close to
the IP. Once excited, the atoms can be ionised, this can be done employing pulsed electric fields
using the Stark shift of the IP. As a function of applied electric field F (in V/cm), the shift in IP
as compared to the absence of electric field, ∆IP (in cm−1), follows the quadratic relationship

∆IP = IP(F > 0)− IP(F = 0) = −A
√
|F| (1.9)

where A is a constant ranging between 2 and 6 V−1/2.cm−1/2 depending on the character of
the given Rydberg state and the characteristics of the applied field [18]. Importantly, equation
(1.9) shows that the drop in IP due to the Stark effect is proportionate to the square root of
the applied electric field. This Stark shift is used in the context of Pulsed-Field-Ionisation (PFI)
spectroscopy as demonstrated in Fig. 1.26.

FIGURE 1.26: Simplified 2D schemes of an electron (green dot) in a potential well
(V) representing the bound nature of an electron within the atom. a) Arrival of
a VUV laser pulse to excite the atom and promote an electron to a highly excited
Rydberg state. b) The laser pulse has passed, the Rydberg atom has been formed.
c) PFI: Application of electric field F which deforms the potential well allowing

the electron to escape.

Experimentally, the scheme of Fig. 1.26 uses the tunable high-resolution VUV laser de-
scribed previously within the experimental setup Icare. Static electric-fields can be applied to
electrodes within the interaction zone to ionise atoms and then send ions towards the detector
which they hit after a time-of-flight. Typical voltages are of the order of 1kV which translate
into electric fields of a few hundred V/cm.



1.2. VUV laser setup 35

Probing rare gas Rydberg states using Pulsed-Field-Ionisation (PFI) spectroscopy with Icare

PFI spectroscopy was used to characterise the new VUV laser chain coupled to the TOF mass
spectrometer Icare mainly via the study of Rydberg series of Ar and Kr. Experimentally, the
VUV laser was scanned just below the IP exciting the rare gas from the ground state to highly
excited Rydberg states. Voltages of the order of several hundred volts were applied to electrodes
to ionise the Rydberg states. The corresponding ions were collected after a time-of-flight using
mass spectrometry. The integration of the corresponding mass peaks constitutes the ion signal
which is plotted against VUV photon energy in Fig. 1.27. In the case of Ar, one main isotope
was detectable and identified as 40Ar, whereas the five most naturally abundant isotopes of Kr
were detected (80Kr, 82Kr, 83Kr, 84Kr, and 86Kr). The mass resolution of the TOF spectra was
greater than 1 a.m.u. meaning that all isotope signals were distinguishable and separable in the
integration. Kr spectra in this section use the 84Kr isotope.

These sort of experiments are similar to those conducted at ETH Zurich in the group of
Frédéric Merkt. Differences in their setup with ours explain that they can achieve higher res-
olution (down to 0.008 cm−1 [17]), but their results still provide excellent benchmarks against
which we can compare our own results.

The resulting Ar spectrum of Fig. 1.27 shows a dominant, apparently single series along
with a second much weaker one both converging to the first IP of Ar: the 2P3/2 ground state of
Ar+. According to Merkt et al. [40], who conducted a similar experiment, this dominant series
is actually made up of two practically degenerate series (nd[3/2](J = 1) and ns[3/2](J = 1))
which are not distinguishable in our spectrum.

In the same work, Merkt et al. assigned the secondary peaks to a nd[1/2](J = 1) series.
Their work on DC fields showed that the relative intensity of this weaker series compared to the
dominant series was increased in the case of greater DC fields. Ar quantum defects from Merkt
et al. were used to assign Rydberg states using equation 1.6 and are summarised in Table 1.8.
In our Ar spectrum, Rydberg states are visible up to n ≈ 55 and exhibit a typical linewidth of
0.3 cm−1. Merkt et al. observed states with n > 100 and measured a record resolution for the
VUV of 0.008 cm−1 [17].

TABLE 1.8: Quantum defects of Ar Rydberg series from ref. [34]

Series Quantum defect δl
nd[3/2](J = 1), ns[3/2](J = 1)* 2.1258

nd[1/2](J = 1) 0.512

* As these Rydberg series overlap, their quantum defects are the same to within one or two
units.

The Kr spectrum displays three Rydberg series also converging to the first Kr IP (Kr+(2P3/2)).
Comparing our results to those of ref. [41] and using quantum defects from ref. [34] (sum-
marised in Table 1.9), the Rydberg series in Fig. 1.27 could be assigned. Again, the observation
of Rydberg states is limited to n ≈ 55 and the resolution is the same as with Ar whereas Merkt
et al. observed states above n = 200, again under 10−2 cm−1 in resolution.
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FIGURE 1.27: Icare PFI spectra of Rydberg series of Ar (top) and Kr (bottom)
converging to their first IPs, the ground states of their respective ions (noted in
pink). Rydberg states are resolved and visible for up to n ≈ 55 in both Ar and Kr.

TABLE 1.9: Quantum defects of Kr Rydberg series from ref. [34]

Series Quantum defect δl
nd[3/2](J = 1) 1.16787
ns[3/2](J = 1) 3.07523
nd[1/2](J = 1) 1.46047

The birth of VULCAIM

These results, achieved with the Icare setup, were very encouraging. They display high resolu-
tion spectroscopy capabilities in the VUV range. Although satisfactory, a higher resolution was
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expected. Ar and Kr are even heavier than N2 so the spectra should not be Doppler-limited.
Typically, a resolution of the same order as the least resolved photon used in the VUV gen-
eration scheme was expected, i.e. the Cobra Stretch visible photon at around 5.10−2 cm−1. It
was also hoped that higher-n Rydberg states could have been observed, but the limitation to
just n ≈ 55 points towards the presence of stray electric fields. With the scheme of Fig. 1.26 in
mind, if an additional electric field is present, the atom’s IP is always lowered and it therefore
directly ionises on the irradiation by the VUV laser. In some cases, the resulting ions can be
collected, but will hit the detector at different times compared to the ions produced by PFI and
the application of voltages to electrodes after irradiation.

The presence of stray fields also causes a loss in resolution due to Stark broadening, which
is quantifiable. The effect of electric fields on Rydberg states was explained in paragraph 1.2.9,
mainly via equation (1.8). Fig. 1.28 shows the degeneracy lifting within a n = 40 Rydberg state
as a function of electric field F (arbitrarily m = 0). The emerging states can be described by p
ranging from -(n-1) to n-1. Compared to the single state at F = 0, some states are shifted to
lower energies (red shifted), some are shifted to higher energies (blue shifted). Experimentally,
it is not possible to resolve each component, but rather the resulting envelope of all of these
states combined, convoluted by the experimental resolution. If the envelope of states is the
main factor determining resolution, it is possible to extrapolate the field intensity given the
width of the envelope. In Fig. 1.28, the 0.3 cm−1 bandwidth measured on Icare is reached for a
1.5 V.cm−1 electric field.
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FIGURE 1.28: Degeneracy lifting of n = 40 Rydberg state with electric field F. Ob-
servation of blue and red shifted states. Black arrow at F ≈ 1.5 V.cm−1 represents

the 0.3 cm−1 experimental resolution

Various sources of stray fields are experimentally possible. Firstly, the use of a diffusion
pump on the jet source chamber of Icare risks the contamination of the vacuum chambers with
oil. This oil can encapsulate ions which in turn produce stray electric fields. In addition, pres-
sure gauges containing permanent magnetic moments were used on some vacuum chambers
and no precautions were taken as to shield the experiment from external magnetic fields. There
are therefore a number of possible sources of stray electric and magnetic fields present within
the experiment that could have been responsible for a loss in resolution.

In 2019, new vacuum chambers to replace the existing jet source and interaction cham-
bers were designed. All diffusion and oil pumps were replaced by dry pumps (scroll or turbo
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pumps). Pressure gauges were replaced by gauges without permanent magnetic moments. The
interaction area at the intersection of the VUV laser and the molecular beam containing the
extraction electrodes was placed within two concentric µ-metal cylinders with small holes to
allow the laser and the molecules in and out. µ-metal is a nickel–iron ferromagnetic alloy with
very high permeability that is able to channel magnetic field lines around the interaction area. It
therefore acts as shielding for the electrons from Earth’s magnetic field and any other magnetic
field present. This piece of equipment is lent to us from the team of Christian ALCARAZ (Insti-
tut de Chimie Physique, Orsay) and was developped within the context of the PhD of Barbara
K. CUNHA DE MIRANDA [42, 43].

On the coupling of this new setup to the recent high-resolution VUV laser, the experiment
was baptised VULCAIM (VUv Laser for Considering Astrophysical and Isolated Molecules)
and is shown in Fig. 1.29.

FIGURE 1.29: Top left: Photo of the VULCAIM setup with the various laser
sources in the background. Top right: Close-up photo of the VULCAIM vacuum

chambers. Bottom: Schematic layout within VULCAIM.

Probing rare gas Rydberg states using Pulsed-Field-Ionisation (PFI) spectroscopy with VUL-
CAIM

The previous Rydberg study was repeated using the same laser setup, this time on VULCAIM.
The corresponding spectra are presented in Fig. 1.30.

Compared to the same study on ICARE (see Fig. 1.31), much higher energy states can be
observed with VULCAIM (up to n = 80 in Ar and n = 130 in Kr) and the typical resolution
is now around a few 10−2 cm−1. The secondary peaks in the spectra are also a lot less visible
than before. All of these observations point towards the reduction of stray fields in VULCAIM
compared to Icare. As the resolution (see Fig. 1.32) is close to the resolution of the Cobra-Stretch
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FIGURE 1.30: VULCAIM PFI spectra of Rydberg series of Ar (top) and Kr (bottom)
converging to their first IPs, the ground states of their respective ions (noted in
pink). Rydberg states are resolved and visible for up to n ≈ 80 in Ar and n ≈ 130

in Kr.

visible dye laser (see Fig. 1.21), the ultimate resolution would appear to be reached for this laser
setup. Stray fields no longer appear to be limiting the resolution.

The highest resolution recorded on VULCAIM is 0.06 cm−1 and was measured using the
39d[3/2](J=1) Rydberg State of 82Kr (see Fig. 1.32). The resolution was measured by placing a
gaussian line over an experimental peak in the spectrum and adjusting the Full Width at Half
Maximum (FWHM) to fit the experimental width. As previously stated, the spectrum is not
Doppler-limited and as Rydberg states have very long life times, meaning that their natural
bandwidths are very narrow and no other sources are responsible for resolution, the width
of the total experimental spectral resolution is given by the photon resolution. Finally, given
this maximum resolution, it is possible to deduce the maximum resolving power of VULCAIM
which is greater than 4.106, very impressive in any spectral domain, but especially so in the
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FIGURE 1.31: Comparative PFI spectra of Rydberg series of 84Kr (top) and 40Ar
(bottom) recorded using Icare (blue) and VULCAIM (black). In the case of the
Icare experiment, higher extraction fields were used which explains why Rydberg

states of lower n are observed.

VUV.
This ultimate VUV resolution is strongly linked to the bandwidth of the visible laser used

in the four-wave mixing scheme (see Fig. 1.13). Any deterioration in this laser has a direct and
detrimental effect on the final resolution of the VULCAIM setup.

In a similar way to as presented previously using Icare in Fig. 1.28, it is possible to explore
the effects of parasitic electric fields in VULCAIM. With Icare, the Stark broadening was taken
as the main factor responsible for the experimental resolution. In the case of VULCAIM, the
field does not appear to produce a loss in resolution as the resolution is close to that of the
Cobra-Stretch. It is therefore only possible to set an upper limit for the electric field which is
the electric field responsible for causing a Stark broadened envelope of Rydberg states at the
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FIGURE 1.32: Maximum resolution measurement of photon resolution of VUL-
CAIM using the 39d[3/2](J=1) Rydberg state in 82Kr. A red dashed gaussian line

whose FWHM=0.06 cm−1 is superimposed on the experimental spectrum.

experimental spectral resolution. As shown by the black arrow in Fig. 1.33, the maximum field
is around 0.2 V.cm−1.
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FIGURE 1.33: Simulated degeneracy lifting of a n = 40 Rydberg state with electric
field F. Observation of blue and red shifted states. Black arrow at F ≈ 0.2 V.cm−1

represents the upper limit for parasitic electric fields in the experiment.

Detecting electrons using VULCAIM

By simply inversing the polarity on the electrodes and the MCP detector, it is possible to detect
electrons instead of ions. As electrons and ions cannot be collected simultaneously, the resulting
photoelectron spectra are not mass-selective unlike with photoelectron spectra produced using
the DELICIOUS 3 spectrometer at SOLEIL. This is not an issue as VULCAIM is only used in a
reduced spectral range, to finely probe a transition whose energy is known, at least roughly; the
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chance that a transition of another species occurs at the same energy is minimal. In any case,
as the polarity can be switched back easily, it is always possible to record a mass spectrum to
check which species are present in the setup.

Like the ions of the previous section, electrons are also collected using PFI, but these electric
fields are applied in a manner so only electrons with ZEro Kinetic Energy (ZEKE) are recorded.
The experimental techniques (PFI-ZEKE spectroscopy) involved in detecting electrons will be
developed in chapter 3. The resulting spectral resolution will not only be given by the VUV pho-
ton linewidth, but also the photoelectron resolution; it remains, nevertheless, a high-resolution
technique.

1.3 Complementary VUV light sources on the Saclay Plateau

In this chapter, two experimental setups have been presented, both in the VUV spectral domain
and both able to probe similar molecular relaxation processes. They do however have very
different characteristics which make them complementary as summarised in Table 1.10

TABLE 1.10: Characteristics of VUV light sources on the Saclay Plateau

SAPHIRS branch of
VULCAIM (ISMO)

DESIRS (SOLEIL)
Range / eV 6 - 40 , continuously 6 - 17, by ranges of ≈ 1000 cm−1

Photon flux 1010 - 1014 ph/s 109 - 1010 ph/pulse*
Resolution / cm−1 1 0.06
Resolving power 104 106

Typical acquisition time 1 h / 1 eV 1 h / 0.001 eV
Access time / yr a few days unlimited

*For ≈ 7 ns pulses at 20 Hz

The synchrotron setup presents itself as a medium high-resolution setup capable of scanning
over a wide range quite quickly. It can therefore be used to study how observables continuously
vary over a greater energy range. It can also be used to pinpoint much narrower spectral re-
gions of interest that warrant a much higher resolution study which can be undertaken with
VULCAIM. The exploration of large spectral ranges with VULCAIM is unrealistic due to the
times involved. As it is a laboratory setup however, it offers unlimited access and time for
instrumental developments, unlike the synchrotron whose access is granted for typically just
a few days a year. Note also that the VULCAIM acquisition time does not take into account
the time needed for changing spectral regions for the scan (laser dyes, different two-photon
resonances in rare gases, reoptimisation from one sample to another, etc.).
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Chapter 2

Ion yields and absolute photoionisation
cross section measurements

In this chapter, I will present results concerning the measurement of ion yields on the DESIRS
beamline (see chapter 1) and their absolute scaling to provide an important quantity: a pho-
toionisation cross section. The photoionisation cross section of species A (σion

A ) quantifies pho-
toionisation (A + hν→ A+ + e−) and can be defined using the ionisation probability per species
per unit time (Wion

A ), such that

Wion
A = σion

A × φ, (2.1)

with φ, the photon flux representing the number of photons irradiating the sample per unit area
per unit time.

The definition stated in equation (2.1) implies that the cross section has the dimension of an
area and can be interpreted as the ionisation probability per species per unit time, renormalised
by a given photon flux. Another way of looking at it is: if NA species are available,

dNA+

dt
= Wion

A × NA (2.2)

= σion
A φNA , (2.3)

which therefore represents the quantity of produced A+ ions per unit time. Typical photoioni-
sation cross section values are around 10−18 cm2, which is why the megabarn (Mb) unit is often
used with 1 Mb = 10−18 cm2.

Motivations

From a fundamental perspective, photoionisation cross sections are of great interest. Measur-
ing them against incident photon energy highlights fundamental information on the species of
study.

In an astrophysical or atmospheric context, photoionisation can be a pathway through which
a neutral stable species can produce a much more reactive charged species, which can in turn
be implicated in complex photochemical networks. Photoionisation cross sections are impor-
tant parameters that are used in astrophysical and atmospheric models to determine the initial
quantity of reactive species. Despite their importance, they are not always well known due to
measurement difficulties, especially when dealing with free radicals, which are the main focus
of this chapter. When experimental data are not available, models rely on crude estimations,
theoretical values, or even omit specific photoionisation processes.
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Photoionisation cross sections are also of particular interest to the combustion chemistry and
plasma physics communities. Quantitative measurements in these fields of research are often
performed using photoionisation to probe quantities of neutral species in their experiment by
mass spectrometry. Photoionisation cross sections are then required to relate the number of
produced ions to the quantity of neutral species in the probed environment.

The lack of data mainly concerns free radicals, as they are difficult to produce and quantify;
to date, only a handful of free radical photoionisation cross sections are known. As summarised
in Table 2.1, the free radicals in photoionisation cross section studies are generally produced by
chemical reactivity, pyrolysis or by photodissociation of a stable species using a UV laser. The
ionising step relies often on VUV laser or synchrotron radiation [6].

During this PhD, in the context of cometary or planetary photophysics, such experiments in-
volving mass spectrometry were performed in the aim of determining photodissociation branch-
ing ratios for NH3 photolysis, (see Appendix A). To extract branching ratios for the fragmenta-
tion channels from mass spectra, VUV photoionisation cross sections for the pertinent radical
fragments are essential and had to be measured first.

This chapter will deal with previously unknown photoionisation cross sections of free rad-
icals. I will begin by describing the general method for determining cross sections, before pre-
senting two case studies: OH and NH2 (expected fragment of NH3 photodissociation). The final
section of this chapter will deal with relative ion yields that are not yet set to an absolute scale.
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TABLE 2.1: Summary of all known experimental photoionisation cross section
measurements for free radicals

Species Radical production method Ionising probe
Energy range for

Ref.
cross section value(s) / eV

NO Commercially available HeI and H2 lamps 9.2 - 21.4 [44]

OH
O(1D) reactivity

synchrotron 10.8 - 15.0 [45–47]
or F flow tube

SH F flow tube synchrotron 10.4 - 15.0 [48]
ClO laser photodissociation VUV laser 10.85 - 15.74 [49]

OClO laser photodissociation VUV laser 10.35 - 13.33 [49]
HO2 CH3OH oxidation synchrotron 10.5 - 12.0 [50]

HCO
laser photodissociation VUV laser 10.257, 10.304, and 10.379 [51]

O + C3H6 reactivity synchrotron 8.0 - 12.5 [52]
NH2 F flow tube synchrotron 10.8 - 15.7 a

CH3
laser photodissociation, VUV laser or

9.0 - 11.6 [53–55]
pyrolysis or NO2 reactivity synchrotron

C2H3 laser photodissociation synchrotron 8.0 - 11.0 [56, 57]

C2H5
laser photodissociation, VUV laser or

8.0 - 12.1 [58, 59]
pyrolysis or F flow tube synchrotron

c-C3H2 pyrolysis synchrotron (8.8 - 9.8) [60]

C3H3 laser photodissociation
VUV laser or

8.4 - 10.6 [56, 61, 62]
synchrotron

C3H5 laser photodissociation synchrotron 7.75 - 10.75 [63]
C4H5 F flow tube synchrotron 7.9 - 11 [64]
C6H5 laser photodissociation synchrotron 7.8 - 10.8 [65]

C6H5O laser photodissociation VUV laser 10.486 [66]
Cl2S(CH3)2 Cl2 flow tube HeI lamp 21.22 [67]

a To be published (see section 2.3).
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2.1 Absolute photoionisation cross section determination: general method

2.1.1 Absolute photoionisation cross section measurement

In this work, as in many others, free radical photoionisation cross sections are measured in ref-
erence to known photoionisation cross sections of other species. Typically, the reference species
is a stable molecule, i.e. the precursor leading to the radical. In this paragraph, aimed at ex-
plaining the general principle for such measurements, a precursor species noted P will be used
to produce a radical noted R. In order to extract the unknown photoionisation cross section,
ionisation experiments are conducted following the injection of species in two experimental
conditions:

• situation 1: radical species are not produced from the precursor, only the precursor cation
appears in the mass spectrum after ionisation (Fig. 2.1 a)),

• situation 2: radical production is induced from the precursor. The radical cation appears
alongside the precursor cation in the mass spectrum (Fig. 2.1 b)).

FIGURE 2.1: Illustration of mass spectra recorded in two experimental conditions.
a) Only the precursor P is present in situation 1. b) Free radical species R are pro-
duced from the precursor in situation 2. c) The lowest spectrum is the difference

spectrum b) - a).
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The R photoionisation cross section determination lies in the analysis of the difference spec-
trum of Fig. 2.1 c).

Because of matter conservation and because only one reaction takes place, the quantity of
formed radicals ∆NR equals the quantity of consumed precursor molecules ∆NP. This can be
expressed mathematically as (2.4)

∆NR = ∆NP. (2.4)

After encountering the ionising radiation (with photon energy hν0 above their IP), neutral
species produce cations, which are subsequently detected. In mass spectrometry, the ion signal
of a given species is taken as the temporal integration of the corresponding peak in the mass
spectrum and is proportionate to the number of ion hits (see chapter 1). Relating the num-
ber of ionised species to the initial quantity of neutral species using the photoionisation cross
section of equation (2.1), the ion signal (SR+) of the free radical cation in the mass spectrum is
proportionate to the quantity of produced radicals

SR+ = σion
R (hν0)× NR × φ(hν0)× f (mR/q), (2.5)

with:

• σion
R (hν0), the R photoionisation cross section at photon energy hν0,

• φ(hν0), the photon flux,

• f (mR/q), the apparatus response function [68].

A similar relationship to equation (2.5) exists for any species detected in the mass spectrum.
Using matter conservation (equation (2.4)), the equality governing ion signals (equation (2.5))
and by measuring spectral differences, it is possible to deduce the radical photoionisation cross
section σion

R (hν0) as a function of known or measurable quantities

σion
R (hν0) = σion

P (hν0)×
∆SR+

∆SP+
× f (mP/q)

f (mR/q)
, (2.6)

with:

• σion
P (hν0), the known precursor photoionisation cross section,

• ∆SR+ , the R+ signal difference comparing spectra obtained in the two aforementioned
conditions (∆SR+ = Ssit.2

R+ − Ssit.1
R+ ); Note that as no radical is produced in situation 1, Ssit.1

R+ =
0,

• ∆SP+ , the P+ signal difference comparing spectra obtained in the two aforementioned
conditions (∆SP+ = Ssit.1

P+ − Ssit.2
P+ ). The order is inverted compared to ∆SR+ as the precur-

sor is consumed rather than produced; this is also reflected in the change of sign in the
schematic difference mass spectrum of Fig. 2.1 c),

• the same photon flux irradiates precursor and radical species and therefore simplifies in
the fixed energy measurements.

2.1.2 Uncertainty determination

After measuring the photoionisation cross section following the procedure described above, it
is important to determine reliable error bars. This is an important step as the cross section will
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be used in various atmospheric and/or astrophysical models, as well as in the determination of
photodissociation branching ratios, that also require uncertainties on their input values in order
to provide meaningful and reliable results.

Referring to equation (2.6), there are various possible sources of error. Firstly, the precursor
photoionisation cross section values are often used from the literature along with their error
bars. Conventionally, these are given at 2σ, i.e. a 95% confidence interval that the actual value
is within the error bars.

FIGURE 2.2: Block diagram of the Monte Carlo uncertainty propagation proce-
dure generating the R photoionisation cross section distribution, whose mean
value is taken as the final cross section value and two standard (2σ) deviations

constitute the error bars

As for the uncertainties on experimentally measured values, multiple mass spectra are recorded
in order to perform statistical analysis. The series of mass spectra can be recorded in varying ex-
perimental conditions. Typically around 10 values are recorded for one absolute measurement
determination, this means recording 10 spectra in situation 1 (precursor alone) and 10 in situa-
tion 2 (with radical production) allowing the determination of 10 ∆SR+ and ∆SP+ values. The
dispersion of experimental data is approximately equal to or less than the uncertainty on the
precursor cross-section in order to maintain a gaussian distribution in the radical cross-section.

The radical photoionisation cross section error is achieved by using a Monte-Carlo uncer-
tainty propagation procedure. It is true that equation (2.6) is simple enough to obtain error bars
using the typical uncertainty calculations with partial derivatives, but the analysis is sometimes
more complicated in some cases (parasitic reactions, apparatus function,...). The Monte-Carlo
uncertainty propagation procedure is then convenient.

Firstly, a gaussian distribution of precursor cross section values is generated, whose central
value is the reported cross section value from the literature and the standard deviation equates
to half the reported uncertainty value (given supposedly at 2σ). The number of points in this
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distribution is derived through trial and error: too few and the distribution is not evenly gaus-
sian, too many and the computational time is too long. Around 1000 points is typical. A loop
is then implemented, selecting one precursor value at random from the distribution and one
experimental couple of ∆SR+ and ∆SP+ values from the table; this allows the determination of
one radical photoionisation cross section value. This process is repeated during the 1000 loop
cycles (again determined by trial and error) and all generated radical cross section values are re-
grouped in a distribution, which can be modelled as a gaussian distribution. Taking the median
value and the standard deviation yields a final cross section value and associated uncertainty
taken as two standard deviations. This Monte-Carlo procedure is summarised in Fig. 2.2.

The energy uncertainty (of the absolute measurement and of the relative spectrum) is ac-
counted for when scaling the cross section over the whole scan range. This procedure will be
described at the end of paragraph 2.1.5.

2.1.3 Ion yields

Before measuring a photoionisation cross section value, an ion yield for the studied radical must
be recorded. The means of recording an ion yield were explained in section 1.1.3 of chapter
1. An ion yield is the same curve as a photoionisation cross section except that the y-axis is
completely arbitrary. This means that the intensity of each point of the spectrum is only known
relatively to the others.

Ion yields are corrected for the incident photon flux which is energy-dependent. The un-
certainty on this correction, mainly related to the beamline photodiode response function is
neglected. This is justified as the statistical error on the photodiode is less than 2% even if the
spectral response can vary over time, due to carbon pollution for example, in an unquantifiable
manner.

Measuring a photoionisation cross section at one fixed photon energy (hν0) within the range
of the ion yield allows the absolute scaling of the ion yield, thus producing photoionisation cross
section values over the whole range; fixing one point in the spectrum fixes all remaining points
in the spectrum. After recording an ion yield, the next step is then choosing the photon energy
(hν0) for the absolute measurement. The photoionisation cross section can also be recorded at
several photon energies to increase overall reliability.

2.1.4 Choosing the photon energy for the absolute measurement

In rough terms and referring to Fig. 1.7 of chapter 1, an ion yield can be represented as a step
function or a series of step functions punctuated by resonances which appear as sharp and
sometimes imposing peaks. When probing resonances, much care must be taken as the mea-
sured height and width of these resonances are extremely resolution-dependent as illustrated
in Fig. 2.3. In this figure, a simulated pair of resonances is convoluted by a gaussian line shape
whose FWHM (Full Width at Half Maximum) is 0.5, 2 and 5 times the natural FWHM of the
resonance. This simulates the measurement of the resonance experimentally by gradually lower
resolved setups. Note the changes in height, width, but the peak areas remain constant from
curve to curve.

In order to correctly sample the doublet of resonances, the experimental spectral resolution
must be less than the resonance’s natural width. If the spectral resolution exceeds the width of
the desired resonance, the width and height (i.e. intensity) are distorted. In extreme cases, this
can result in structure loss; e.g. the transition of a pair of closely-spaced resonances to a wide
single-resonance (red trace in Fig. 2.3). If the spectral resolution is negligible compared to each
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FIGURE 2.3: Effect of experimental resolution on measured resonance (schematic
illustration). A simulated pair of resonances (black line) corresponding to the
energy difference between energy states is measured using apparatus whose res-
olution is 0.5 (green), 2 (blue) and 5 (red) times the natural width of the resonance.

resonance’s natural width, the real widths of the resonances can be measured (green trace in
Fig. 2.3).

In order to measure intensities that are not resolution-dependent, it is important to identify
regions in the ion yields that do not present resonances. It is in these regions that absolute
measurements will be made. In addition and when possible, absolute measurements and ion
yields will be recorded at the same resolution. This means that if absolute measurements are
inadvertently conducted on a resonance, the recorded resonance is deformed, but in the same
manner in both the ion yield and the absolute measurement, which renders both measurements
compatible.

Furthermore, it is also important to conduct absolute measurements at energies away from
electronic cationic state thresholds. In particular, the energy should be chosen outside regions
presenting non-negligible FCF (Franck-Condon Factors) values in both the precursor and the
radical. The main reason for this is the internal energy dependency of the ion yield in these
regions.

In short, the photon energy for the absolute measurement should be chosen in a spectral
region that is neither temperature-dependent nor resolution-dependent.

The main steps for recording photoionisation cross sections of free radicals are summarised
in Table. 2.2:

2.1.5 Specificities to our experimental setup

In our setup, the precursor corresponds to a H-bearing molecule. Injected into the flow-tube
reactor (see section 1.1.3), it undergoes F-induced H-abstraction reactions to produce radicals.
The two situations described previously are realised by switching the microwave discharge
producing F atoms on and off :

• situation 1: microwave discharge off, no F atoms are produced, which means no radical
species are produced either; only the precursor cation appears in the mass spectrum after
ionisation (Fig. 2.1 a)), and
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• Ionise R and record R+ ion
yield,

• Measure absolute value for R
photoionisation at a given en-
ergy hν0,

• Set previously measured ion
yield on absolute scale cross
section.

TABLE 2.2: Summary of the photoionisation cross section determination method

• situation 2: microwave discharge on, F atoms are produced, which induce radical produc-
tion from the precursor. The radical cation appears alongside the precursor cation in the
mass spectrum (Fig. 2.1 b)).

As the produced radicals only differ from the precursor by 1 or 2 atomic mass units, the
apparatus response function, f (m/q), can be assumed constant in this reduced m/q range. This
particular radical source hence presents a great advantage for cross section measurements over
other experiments (in which the precursor and radical have very different masses), since there
is no need to perform measurements of f (m/q).

The focus on the uncertainties so far has been on errors on the y-axis (cross sections, ion
signals...), but there are also errors on the x-axis, related to energy, noted δE. Two sources of
error can be identified:

• the error on the ion yield energy scale calibration, using absoprtion lines from the beam-
line gas filter or known autoionisation features in the ion yield. This error is evaluated on
a case-by-case basis, and

• the error on the delivered photon energy (hν0) for the fixed-energy measurements. The
position of the DESIRS beamline monochromator indicates the photon energy to within
10 meV.

These errors are accounted for when setting the relative ion yield using the absolute fixed-
energy (E0 = hν0) measurement to a cross section scale. This is achieved once more using a
Monte Carlo procedure. The scaling factor is determined a number of times, each time varying
the point within an interval E0 ± δE in the ion yield at which the scaling takes place. The
dispersion of scaling factors yielded through this process transforms the error on the x-axis
to an error on the y-axis. This error is combined with the previously discussed y-axis error
obtained using the Monte-Carlo procedure of section 2.1.2.
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2.2 The absolute photoionisation cross section of the hydroxyl (OH)
free radical

An application of the above procedure led to the determination of the hydroxyl (OH) free radi-
cal absolute photoionisation cross section [46, 47].

2.2.1 The OH free radical: current state-of-the-art

In atmospheric chemistry, the OH radical, thanks to its strong oxidising properties, has been
called "the Ajax of the atmosphere" for its role in cleansing the atmosphere as a sort of detergent
[69]. In a wide variety of astrophysical media, OH is implicated in chemical cycles and in par-
ticular the water regeneration cycle [70, 71]. The OH + H2→H2O + H reaction has a significant
activation barrier, which means that OH mainly reacts with C-, N- and O-bearing compounds
yielding CO, NO or O2 for example rather than H2O. However, the OH+ cation readily reacts
with H2 producing H2O+ which in turn can react with H2 generating H3O+. The dissociative
recombination of H3O+ can then form H2O, see Fig. 2.4.

FIGURE 2.4: Typical astrophysical water regeneration cycle featuring the pho-
toionisation of OH (pink arrow)

Before starting the experiments, there was no experimental value for the OH photoionisa-
tion cross section. Experimentally, only relative ion yields had been recorded from 13 to 18.2 eV
at around 1 meV resolution. These were undertaken by Dehmer followed by Cutler et al. [72,
73] who assigned spectral features to autoionising Rydberg states converging to excited elec-
tronic states of the cation. Models relied on theoretical values [74, 75] or completely ignored
OH photoionisation. For example, OH photoionisation does not feature in the Meudon PDR
(Photon-Dominated-Region) code [76] or in the Leiden database [8].

Whilst analysing our data, the first experimental photoionisation cross section measurement
was published by Dodson et al. [45]. Unlike our means of producing free radicals via F-induced
H-abstraction, their OH radicals were produced through the O(1D) + H2O reaction, the O(1D)
being itself produced from ozone flash-photolysis. The setting to an absolute scale was less
obvious in their study because the OH production occurred in a complex chemical network
involving 18 reactions (see Table II of ref. [45]). The comparison between their findings and
ours will be discussed in paragraph 2.2.4.
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2.2.2 The OH+ photoion yield

Implementing the procedure described in section 2.1, the OH radical was produced in the flow-
tube reactor by H-abstraction initiated by F atoms on H2O. An ion yield was recorded from 12.8
to 15 eV at 4 meV resolution (see Fig. 2.5) which compares well with those previously men-
tioned. Slight differences in resonance widths and intensities exist, but these can be attributed
to differences in spectral resolution (see Fig. 2.3 for explanation). Known autoionisation reso-
nances [72, 73] in the OH+ ion yield were used to calibrate the energy scale to within 3 meV.
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FIGURE 2.5: OH+ ion yields from Cutler et al. (top) [73], Dehmer (middle) [72]
and this work (bottom) taken from ref. [46, 47].

From these ion yields, it is necessary to find an energy (hν0) for the absolute measurement
in a spectral region that is:

• free of OH resonances,

• located above all vibrational levels of the OH+ electronic ground state with non negligible
FCF upon ionisation [77], and

• located between the transitions towards the two lowest electronic states of H2O+.

The last two criteria guarantee that no internal energy in OH (and possibly H2O) can affect
the ion yield at the fixed-energy of the absolute measurement (see for instance the discussion
in ref. [55] on CH3). 13.800 eV was selected as a suitable photon energy for the fixed energy
absolute measurements. At this photon energy, several O-bearing compounds pertinent for the
flow-tube operating mode can be ionised, as shown in Table 2.3.

2.2.3 The fixed energy measurement of the OH photoionisation cross section

Mass spectra recorded at hν0 = 13.800 eV are presented in Fig. 2.6 for discharge on and dis-
charge off conditions. The production of OH is clear from the presence of mass 17 assigned to
OH+, only visible when the F producing discharge is on. However, conditions could never be
adjusted to eliminate mass 16, assigned to O+ produced by double H-abstraction of H2O before
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TABLE 2.3: Ionisation Potentials (IP) of species implicated in the OH photoioni-
sation cross section determination of this work.

Species IP / eV m/q (a.m.u.)
O 13.61806 [78] 16

OH 13.0170 [79] 17
H2O 12.62656 [80] 18

ionisation. The O+ signal is not caused by the dissociative ionisation of O2; the threshold for
this relaxation channel is reported to be above 17 eV in many works [21]. It is unlikely to stem
from the dissociative ionisation of OH at photon energies within 2 eV of the IP, although the
threshold for dissociative ionisation of OH is not known to our knowledge.

The production of O in addition to OH by H abstraction means that the matter conservation
equation (2.4) must be modified as follows:

∆NH2O = ∆NOH + ∆NO (2.7)

and then
∆SH2O+

σion
H2O(hν0)

=
∆SOH+

σion
OH(hν0)

+
∆SO+

σion
O (hν0)

, (2.8)

assuming the same f (m/q) function for all three masses. This slightly complicates the radical
cross section expression:

σion
OH(hν0) =

∆SOH+

∆SH2O+

σion
H2O(hν0)

− ∆SO+

σion
O (hν0)

(2.9)

Despite the complication, equation (2.9) still only contains measurable quantities (signal differ-
ences) or parameters available in the literature (O and H2O photoionisation cross sections at
hν0).

Concerning the atomic oxygen cross section, the corresponding curve (see Fig. 2.7, bottom)
resembles a step function (≈ 3 Mb on the plateau) punctuated by very intense resonances at
14.1 eV as described by Angel and Samson [82]. These data were independently found to be
the most reliable in an independent review [83]. The value at 13.800 eV can be extracted by
interpolating data which plateau in this region: σion

O (13.8 eV) = 3.08 ± 0.25 Mb. Noting this low
photoionisation cross section value and bearing equation (2.5) in mind, despite a very small
mass signal, a considerable quantity of atomic oxygen is produced and should not be neglected.

As for the H2O photoionisation cross section, it was determined by Fillion et al. [81] by sep-
arately recording the absorption cross section and the ionisation quantum yield ηion defined as
the ratio between ionisation and absorption cross sections (σion

R = ηion× σabs
R ). The photoionisa-

tion cross section presents oscillations which originate from the photoabsorption cross section.
Fillion et al. assigned these structures to vibrational progressions of Rydberg series converging
to the two lowest excited states of H2O+. As their spectra were recorded at 25 meV photon
resolution and ours at 4 meV, these structures may not have the same widths and intensities
if they depend on their spectral resolution. In order to test this dependency, we measured the
H2O photoabsorption cross section at the ion yield resolution of 4 meV. This was done on the
VUV FT branch of the DESIRS beamline [22]. The ionisation quantum yield does not present
any visible features so was not remeasured. The newly measured photoionisation cross section
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FIGURE 2.6: Mass spectra recorded at 13.800 eV with the F-atom-producing dis-
charge off (top) and on (middle) and the difference spectrum (bottom). The same

arbitrary unit is used in all spectra.

presents the same resonances as those reported by Fillion et al. (see Fig. 2.7, top), which con-
firms that Fillon et al.’s measurement was not limited by the spectral resolution. Their cross
section values can be used in our data treatment despite resolution differences. In particular at
13.800 eV, σion

H2O = 8.7 ± 0.8 Mb.
Alongside the OH+ ion yield presented in the lower panel of Fig. 2.5, the integration of

mass peaks at m/q = 16 and 18 a.m.u. over the scan range produces O+ and H2O+ ion yields.
These ion yields can be set to an absolute scale using the previously mentioned literature values
yielding photoionisation cross section values over the whole scan range. All of these cross
sections are summarised in Fig. 2.7.

20 experiments were performed yielding 10 mass spectra with the radical source on and 10
others with the radical source off (see Fig. 2.6). These were used in the Monte Carlo procedure of
Fig. 2.2 to determine an OH photoionisation cross section value at 13.800 eV: σion

OH = 9.0± 2.7 Mb
(with a 2σ confidence level). To justify the importance of the atomic oxygen correction, we can
recalculate the cross section neglecting O. This leads to a cross section of only 7.1 Mb, over 20%
lower than the corrected value. Although the O+ signal is quite weak, its non-negligible impact
is explained by the low photoionisation cross section of O at 13.800 eV.

2.2.4 The OH photoionisation cross section from threshold up to 15 eV.

Using the value at 13.800 eV, the OH+ ion yield can be set to an absolute scale thus producing
photoionisation cross section values from 12.8 to 15 eV (see Fig. 2.8). Error bars can also be
carried over the whole range by maintaining the relative uncertainty constant (blue area in
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FIGURE 2.8: Absolute photoionisation cross section of OH from this work [46, 47]
(black curve) as a function of photon energy; the blue area represents the error
bars presented with a 2σ confidence level. They take into account both the error
bar on the cross section value, and the uncertainty on the photon energy value
(absolute measurement as well as scaling of the photoion yield). The red cross
at 13.800 eV constitutes the absolute fixed energy measurement and associated
uncertainty. The green points represent the absolute measurements from Dodson

et al. [45] performed at 13.346 and 14.193 eV.

Fig. 2.8). During this scaling process, error bars on the x-axis (energy scale) are also accounted
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for, following the procedure described in paragraph 2.1.5. There is a 10 meV uncertainty on the
energy of the absolute measurement and 3 meV accuracy for the ion yield spectrum. There is
no overlap between the values from this work and those of Dodson et al. [45] or the respective
error bars (green dots in Fig. 2.8).

The discrepancy between both results is not understood. We investigated potential causes
within our method and data as discussed in the supplementary material of ref. [46], but no
sources of error could be found. In fact, in many cases, the possible sources of error (other
parasitic reactions, wall effects, etc.) would actually increase our values, thus further distancing
the two values rather than uniting them.

As for comparison to theoretical works, Stephens and McKoy [74] found non-resonant con-
tinuum values at around 4 Mb so in good agreement with Dodson et al. More advanced cal-
culations employing many body perturbation theory yielded higher values (around 12 Mb at
14 eV) which are in better agreement with our findings [75].

Finally, this study shows that, because of both experimental and theoretical disagreements,
more work is needed on the OH photoionisation cross section. It also highlights the challenge
of such measurements and explains why they are so scarce in the literature.

2.2.5 A follow-up study

The OH photoionisation cross section results presented so far were achieved during experimen-
tal campaigns undertaken in 2018; the results were published in early 2019 [46] followed by an
erratum in 2020 due to a slight correction on the calibrated photon energy scale [47]. The results
of the previous section use the corrected energy scale.

In order to settle the disagreement with Dodson et al., more absolute measurements were
undertaken in the summer of 2019 during a second experimental campaign. Unlike the first
injector used in 2018 (and in all other absolute measurements presented in this manuscript)
presenting a single exit hole into the reactor, a different injector was employed in this follow-up
study presenting multiple exit holes into the reactor similar to a shower head. This increases
the mixing of species within the reactor. The downside to this injector is the increase of wall
effects on the produced radicals. We observed these effects as a drop in free radical ion signals
at greater injector distances. For this reason, we only use mass spectra recorded at minimum
injector distances to minimise these parasitic effects. As only one injector distance is used, it is
not easy to derive cross section uncertainties, which is why no error bars will be provided in
the follow-up study measurements.

A photon energy of 14.505 eV was firstly selected for a first measurement as it corresponds
to a zone free of resonances in the OH+ ion yield and is above the ionisation potential of atomic
oxygen still present in the spectra. A second absolute measurement was carried out in the
same experimental conditions at 13.250 eV, in a flat region in the OH+ ion yield, but below the
atomic oxygen IP. In order to account for the formation of O atoms at this lower energy, the
proportion of H2O consumed to produce atomic oxygen was extrapolated from the 14.505 eV
measurement.

Mass spectra, presented in Fig. 2.9 and recorded at both energies, are very similar, except
for the presence of O+ only at 14.505 eV. Another feature in both sets of mass spectra is the
O+

2 signal, present notably in the difference spectra of panels c) and f). This shows that O2 is
not only present in the experiment, but actually produced by the discharge. Molecular oxygen
can be produced either by self-reaction of atomic oxygen (2O → O2) or with the OH radical
(O + OH→O2 + H). In any case, its production must be accounted for in the matter conservation
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equation:
∆NH2O = ∆NOH + ∆NO + 2× ∆NO2 . (2.10)

The O+
2 signal is related to the produced quantity of neutral O2 via the known photoion-

isation cross section [84]. Apart from this correction and the O production extrapolation at
13.250 eV, the OH photoionisation cross section is determined as in the original study. Cross
section values are deduced at 14.505 and 13.250 eV and compared to values obtained using our
previous work and also the work of Dodson et al. [45], as summarised in Table 2.4.

TABLE 2.4: OH photoionisation cross section values.

Measurement σion
OH (13.250 eV) / Mb σion

OH (13.800 eV) / Mb σion
OH (14.505 eV) / Mb

Harper et al. [46, 47] 5.9 ± 1.8 9.0± 2.7 6.7 ± 2.0
Follow-up study 5.9 - 8.6
Dodson et al. [45] 3.0 ± 0.8 * 4.6 ± 1.2 * 3.4 ± 0.9 *

* value achieved by setting our OH+ ion yield to an absolute scale using both data points and
error bars of Dodson et al.

These new values (see Table 2.4) are compared with our previous results and those of Dod-
son et al.’s at 13.250 and 14.505 eV achieved by setting our ion yield to an absolute scale using
their two absolute measurements (the procedure for scaling an ion yield using multiple fixed-
energy cross section points will be detailed in paragraph 2.3.4). The new value at 13.250 eV is in
excellent agreement with our previous work. The value at 14.505 eV however is situated above
the two previously published results, but both points are within the error bars of the original
study.
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FIGURE 2.10: Absolute photoionisation cross section of OH from this work (black
curve) as a function of photon energy from ref. [46, 47]; the blue area represents
the error bars presented with a 2σ confidence level. The red cross at 13.800 eV
constitutes the absolute fixed energy measurement and associated uncertainties
on both x- and y-values from ref. [46, 47]. The green points represent the absolute
measurements from Dodson et al. [45]. Red triangles represent cross section values

determined in this follow-up study at 13.250 and 14.505 eV.

In the light of this follow-up study, it would seem that our previously published results
have been verified and reproduced. As Dodson et al.’s values do not intercept our error bars,
but only narrowly, the question may still not be settled. Once again, more work is needed to
be able to decide. In particular, an experiment relying on an OH radical production method
not used within this work or that of Dodson et al. would be of great interest to independently
solve the disagreement. More tests are also required to better understand the behaviour of the
shower-head injector and way it modifies kinetics compared to using the single-hole injector.



60 Chapter 2. Ion yields and absolute photoionisation cross section measurements

2.3 The absolute photoionisation cross section of the amino (NH2)
free radical

Another free radical cross section of great astrophysical interest and determined in this work is
that of NH2. No absolute cross section of this free radical has been reported in the literature to
our knowledge.

2.3.1 The NH2 free radical: current state-of-the-art

The amino radical or amidogen (NH2) is a molecule of great astrophysical interest. In a simi-
lar way to ammonia, NH3, it constitutes a building block from which more complex N-bearing
species can derive (polycyclic nitrogen-containing hydrocarbons, amino acids, proteins, etc.).
Additional reactivity can be expected from neutral NH2, an open-shell species, and even more
from the NH+

2 cation which is a double radical, isoelectronic to the methylene radical CH2.
NH2 is present in many astrophysical media in the gas phase [85–87] and within or in the close
vicinity of solids (grains and ices) [88, 89] and is implicated in chemical reactions therein. Sand-
ford et al. [88] reported, for example, the formation of pyrimidine in ices containing H2O, NH3,
CH3OH, and CH4 following UV photolysis. They went on to expose the major role that neutral
NH2 then plays in reacting with pyrimidine to form cytosine, a nucleobase.

At the time of writing, no absolute photoionisation cross section of NH2 has been published
to our knowledge. Only a relative NH+

2 ion yield from threshold up to 16.6 eV has been mea-
sured by Gibson et al. [90]. In their study, NH2 was produced by H-addition onto N2H4 which
initiated a set of reactions finally producing NH2.

In addition, NH2 is one of the major fragments formed in the UV/VUV photolysis of am-
monia (see Appendix A). Ammonia is an important constituent of many astrophysical environ-
ments, including the comae of comets such as Churyumov-Gerasimenko, recently probed by
the ROSINA spectrometer [91]. Understanding the photochemistry of NH3 is essential to con-
strain the nitrogen chemistry in these media. In the laboratory, its photodissociation fragments
can be probed by photoionisation coupled to mass spectrometry to derive photodissociation
branching ratios (see preliminary study of Appendix A). In this context, determining the pho-
toionisation cross section for NH2 is an important step to gain insight into such photochemical
processes.

Implementing the procedure described in section 2.1, the NH2 radical was produced during
this PhD in the flow-tube reactor by H-abstraction initiated by F atoms on NH3. Commercially
sourced NH3 (> 99.96% purity) was used as the gas sample, seeded in He. This method of
producing NH2 was also employed by Holzmeier et al., also on the DESIRS beamline, in order
to study the vibrational structure of NH+

2 via TPES. They compared this production method to
the pyrolysis of methyl hydrazine or diphenylmethylamine.

2.3.2 The NH+
2 ion yields

Firstly, an ion yield for m/q = 16 a.m.u. was recorded from 10.8 to 15 eV at 4 meV resolution, see
Fig. 2.11. The photon energy was calibrated to within 4 meV using Ar absorption lines present
in the gas filter. Our ion yield compares well with that of the literature [90] with some slight
exceptions for photon energies above 14 eV. Both rise characteristically slowly from the first IP
to around 12.5 eV, i.e. the first excited state (ã+ 1A1) of NH+

2 . During this increase, resonances
punctuate the spectrum attributed to autoionising Rydberg states converging to the ã+ 1A1 state
[92]. Above 12.5 eV, the ion yield is practically flat, but rises slightly at higher energies. In our
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spectrum, dominant resonances are present at around 14.1 eV, the same resonances as in the
O+ ion yield recorded in the previous OH study. This observation shows that the O+ signal
contaminates our NH+

2 ion signal, both cations being recorded in the same m/q = 16 a.m.u.
mass channel. This contamination must be accounted for (see following paragraphs) at photon
energies above the IP of O (i.e. 13.61806 eV [78]).
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FIGURE 2.11: a) NH+
2 ion yield from Gibson et al. [90]. b) Ion yield measured dur-

ing this PhD for m/q = 16 a.m.u. attributed mainly to NH+
2 . Sharp and imposing

resonances at 14.1 eV are attributed to atomic oxygen autoionisation resonances.
Purple asterisks mark Ar absorption lines from the beamline gas filter used to cal-
ibrate the photon energy. Both panels feature dot-dashed blue lines pinpointing
the three lowest electronic states of NH+

2 [92]. Panel b) contains dashed red verti-
cal lines pinpointing the energies of the absolute measurements at 12.700, 13.200,

and 14.000 eV.

TABLE 2.5: Ionisation potentials of species implicated in the NH2 photoionisation
cross section determination of this work.

Species IP / eV m/q (a.m.u.)
NH 13.48 [77] 15
O 13.61806 [78] 16

NH2 11.1690 [93] 16
NH3 10.186386 [94] 17
HF 16.03 [95] 20
N2 15.5809 [96] 28
NO 9.26431 [97] 30
O2 12.0697 [98] 32
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2.3.3 Fixed energy absolute measurements

Three photon energies were selected for absolute photoionisation cross section measurements
at 12.700, 13.200, and 14.000 eV. They all belong to the flat plateau region visible in Fig. 2.11
above 12.5 eV. Note that these fixed-energy measurements were recorded at the same spec-
tral resolution as the NH+

2 ion yield, but with a 10 meV precision imposed by the beamline
monochromator.

Conditions in the flow tube reactor are optimised to favour the production of NH2, via single
H abstraction, whilst quenching parasitic reactions: double H abstraction (producing NH) and
radical-radical reactions (producing NxHy). Small signals of NH+ can feature in some mass
spectra, but are barely observable and are therefore neglected. The origins of signals around
m/q = 30 a.m.u. are investigated as described in the following paragraphs.

A typical mass spectrum recorded at 13.200 eV is given in Fig. 2.12 b). The left-hand panels
(panels a) to c)) show a healthy production of m/q = 16 a.m.u. assigned to NH+

2 when the F-
atom-producing discharge is on, i.e. when H-abstraction reactions can be initiated. Worryingly,
water seems to be present as an impurity, its cation is visible when the discharge is off (panel a)),
but no longer present when the discharge is turned on (panel b)). As seen in the previous OH
study, H2O is known to produce OH by F atom induced H-abstraction; OH+ would contaminate
the NH+

3 signal at m/q = 17 a.m.u. In order to determine how water is consumed when the
discharge is turned on, mass spectra were recorded in both discharge on and off configurations,
but without injecting any ammonia. Typical mass spectra are reported in the right-hand panels
of Fig. 2.12 recorded at a high photon energy (17.500 eV) so as to be able to ionise all species
(see Table 2.5).
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FIGURE 2.12: Left-hand panels a) to c): mass spectra recorded at 13.200 eV in NH2
study. Spectra recorded with F-atom-producing discharge off (panel a)), on (panel
b)) and difference spectrum (panel c)). Right-hand panels d) to f): mass spectra
recorded at 17.500 eV in NH2 study without injecting any NH3. Spectra recorded
with F-atom-producing discharge off (panel d)), on (panel e)) and difference spec-
trum (panel f)). Mass peaks are assigned to various ionic fragments as indicated in
the middle panel. The bottom panel shows which species are consumed (negative

peaks) and which are formed by switching the F producing discharge on.



2.3. The absolute photoionisation cross section of the amino (NH2) free radical 63

The ammonia-free spectra of Fig. 2.12 d) to f) show that H2O is consumed by switching the
discharge on, this means that the water contamination is situated upstream from the microwave
discharge on the F2 gas line. Focusing on the difference spectrum of Fig. 2.12 f), species whose
peaks are negative are consumed by switching the discharge on and those with positive peaks
are produced. It appears that H2O is consumed producing O and HF (H2O + 2F→ O + 2HF)
and that O goes on to self-react producing O2 (2O→O2). There also seems to be some reactivity
with N2 producing NO. All other species signals cancel out by performing spectrum differences
which means that they are neither consumed nor produced by the discharge. In particular, OH
does not exit the reactor (it is possible that OH is consumed by oxygen: O + OH → O2 + H).
In the context of the NH2 study, the main problem is the production of O which in turn contami-
nates the NH+

2 signal after ionisation. This contamination was already noted in the m/q = 16 a.m.u.
ion yield of Fig. 2.11.
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FIGURE 2.13: Top: ion yield of m/q = 30 a.m.u. of our study (black line) com-
pared to the NO+ ion yield of Watanabe et al. [44] (green line). Bottom: ion yield
of m/q = 32 a.m.u. of our study (black line) compared to the O+

2 ion yield of
Holland et al. [84] (green line)

Another potential problem is the observation of mass signals at m/q = 30 and 32 a.m.u.,
that could be assigned to N2H+

2 and N2H+
4 , respectively. This would be a problem as these

species would be the result of radical-radical reactions, consuming NH2 and thus falsifying the
matter conservation ∆NNH3 = ∆NNH2 . However, the 17.500 eV mass spectra (of Fig. 2.12 e))
reassuringly also contain m/q = 30 and 32 a.m.u. signals despite no NH3 being injected into
the setup. These signals were therefore assigned to NO+ and O+

2 , respectively. On top of this,
m/q = 30 and 32 a.m.u ion yields were recorded and compared to known NO+ [44] and O+

2
[84] ion yields (see Fig. 2.13). The excellent agreement between the ion yields, mainly the po-
sition and width of autoionisation resonances, confirms m/q = 30 and 32 a.m.u as NO+ and
O+

2 . Comparatively, there is no increased baseline in our ion yields either, which would indi-
cate underlying N2H+

2 or N2H+
4 signals. Thus, this verification allows us to rule out any NH2
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consumption in forming the N2H2 and N2H4 species, and to secure our data treatment taking
into account the contamination by atomic O only.

2.3.4 NH2 photoionisation cross section determination

Along with the mass spectra recorded at 17.500 eV, the dominant resonances at 14.1 eV in our
m/q = 16 a.m.u ion yield (see Fig. 2.11 b)) are proof of O+ contamination of the channel con-
taining the NH+

2 signal; the same resonances were observed in the O+ spectrum recorded in the
OH study, see Fig. 2.7. Spectra in both the OH study and this study were recorded at the same
4 meV photon resolution.

Firstly, matter conservation dictates that the consumed quantity of NH3 corresponds to the
produced quantity of NH2: ∆NNH3 = ∆NNH2 . Relating the neutral quantities to ionic signals
and remembering the m/q = 16 a.m.u signal has contributions from both O+ and NH+

2 for
photon energies above IP(O), the photoionisation cross sections can be expressed as a function
of mass signals in equation (2.11):

∆SNH+
3

σion
NH3

(hν0)
=

∆(S m
q =16 − SO+)

σion
NH2

(hν0)
. (2.11)

The ammonia photoionisation cross section is well known, in this work we used the values of
Samson et al. [99]. S m

q =16 is the total ion yield of m/q = 16 a.m.u. Below IP(O), this expression
is simplified to the usual form:

∆SNH+
3

σion
NH3

(hν0)
=

∆SNH+
2

σion
NH2

(hν0)
. (2.12)

This means that the NH2 photoionisation cross section can be reliably determined below IP(O).
This was done using two measurements at 12.700 and 13.200 eV yielding NH2 photoionisation
cross sections (see Table 2.6) using the usual general method (see paragraph 2.1). These absolute
measurements allowed the scaling of the NH+

2 ion yield from threshold to IP(O) following the
same scaling procedure and uncertainty determination (on x- and y-values) as with the OH
cross section of paragraph 2.2.

TABLE 2.6: NH2 absolute photoionisation cross section values

Photon energy / eV σion
NH2

/ Mb
12.700 7.8 ± 2.2
13.200 7.8 ± 2.0
14.000 7.7* ± 2.8

* given as an indication, see text for details

The scaling above IP(O) contains O+ contributions and can be written as follows:

σm
q =16 = σion

NH2
+ p× σion

O . (2.13)
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The coefficient p represents the fraction of m/q = 16 a.m.u. signal stemming from O+ hits. It can
be evaluated by comparing the 14.1 eV resonances in the m/q = 16 a.m.u ion yield and those in
the O+ ion yield of the OH study (see Fig. 2.7). In the O+ photoionisation cross section measured
with a 4 meV photon resolution (see Fig. 2.7), the most intense resonance had a maximum height
of 275 Mb. Subtracting the underlying continua in both spectra and integrating the resonances,
p is simply given as the ratio between the integral of the resonance in the m/q = 16 a.m.u ion
yield of this study and that in σion

O of the previous OH study. This procedure yields p = 13 %.
Above IP(O), σion

NH2
is achieved by subtracting p × σion

O to the previously scaled NH+
2 ion

yield (see Fig. 2.13). The O+ contamination is actually quite low as the continuum values for
σion

O are very low, around 3 Mb [82], compared to typical continuum values for σion
NH2

, around 8
Mb. This is why no step was observed in the m/q = 16 a.m.u. ion yield around IP(O) which
would correspond to the appearance of O+. The minor O+ correction can be extended over
the whole spectrum at photon energies above IP(O). The cancellation of the 14.1 eV resonance
could not be achieved by this subtraction as the resonance was not sampled at the same points,
the overall integral is vanishing, but the corrected peak presents positive and negative values.
For this reason, the final spectrum is cut at this energy (see Fig. 2.14 a)).

The two fixed-energy values at 12.700 and 13.200 eV are also used to scale the ion yield of
Gibson et al. [90] over the whole range producing photoionisation cross section values from
threshold up to 15.7 eV. Although the ion yield of Gibson et al. extends to 16.6 eV, they report
that the NH+

2 signal above 15.7 eV contains contributions from NH3 dissociative ionisation. We
therefore limit the scaling to the region below 15.7 eV (see Fig. 2.14 b)).

A third absolute measurement of the NH2 photoionisation cross section was performed at
14.000 eV, so above the IP for O (i.e. 13.61806 eV [78]): σion

NH2
(14.000 eV)= 7.7± 2.8 Mb (orange

cross in Fig. 2.14). At this energy, the m/q = 16 a.m.u. mass channel signal contains contribu-
tions from O+ so this cross section value is derived using the same O+ correction procedure as
with the ion yield. Nevertheless, since the ion yield and this absolute measurement were not
recorded in exactly the same experimental conditions, especially concerning H2O or O2 con-
tamination, the O+ contribution may not be the same as previously. For this reason, this cross
section is just given as an indication and not used to scale the NH+

2 ion yield. It is still in ex-
cellent agreement with the scaled cross section at 14.000 eV, which supports the validity of the
two previously determined points. It also indicates that O+ contributions do not have too big
an impact on NH2 photoionisation cross section values.

It is noteworthy here, as in the OH follow-up study, that the good agreement between ab-
solute measurements recorded at different fixed energies and the resulting scaled ion yield also
indicates that the photon flux is successfully corrected, and that uncertainties on the photon
flux correction can indeed be neglected.

These newly achieved cross section values can be compared to those available in databases
intended to be used in models. The Leiden database [8], for example, proposes NH2 photoioni-
sation cross section values using the NH+

2 ion yield of Gibson et al. [90] set to an absolute scale
using the arbitrarily chosen value of 20 Mb at 15.5 eV. These values are compared to our own
in Fig. 2.15. The arbitrary scaling factor used in this database overestimates cross section values
by around a factor 2 and thus leads to the overestimation of NH2 photoionisation processes
in models relying on this database. This work is therefore an example of the importance of
measuring the photoionisation cross sections of molecules of astrophysical interest, especially
of free radicals, in order to refine models.

The first experimental determination of the NH2 photoionisation cross section presents
new experimental possibilities for deriving the NH photoionisation cross section, which has
never been determined experimentally. Compared to the NH2 study, flow-tube conditions will
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FIGURE 2.14: NH2 photoionisation cross section as a function of photon energy.
Panels a) and b) display our ion yield and the ion yield of Gibson et al. [90]), re-
spectively, set to an absolute scale using our fixed-energy values at 12.700 and
13.200 eV, noted in red along with their respective error bars (see Table 2.6). An
orange cross marks a fixed-energy cross section value at 14.000 eV, corrected for
O+ contributions, but not used in the scaling of the ion yield. The blue area de-
notes error bars extended over the whole range. A grey area in the top panel
around 14.1 eV masks the O+ resonance that could not be corrected, cross section
values could not be determined in this narrow area. Drops in the spectrum due to
gas filter absorption lines also constitute points where cross section values cannot

be determined (purple asterisks).

be modified to allow two H-abstraction reactions on NH3 whilst preventing radical-radical re-
actions forming N2H4, N2H2, etc., but the method is the same.
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FIGURE 2.15: NH2 photoionisation cross section as a function of photon energy.
All values and notations are the same as in Fig. 2.14 a) with in addition a green

line representing NH2 cross section values from the Leiden database [8].
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2.4 Preliminary study on the carbonated fragments of methanol

2.4.1 Context and motivation

The knowledge of photoionisation cross sections is not only important for astrophysical and at-
mospheric applications, but also for all quantitative experiments when the produced quantity
of ions needs to be determined with reference to the initial quantity of neutral species (using
equation (2.6) in particular). Within the context of this PhD, the link between neutral and ionic
products was needed when studying photodissociation processes probed by single-photon ion-
isation and mass spectrometry (see Appendix A). As the dissociation products are often free
radicals, the corresponding photoionisation cross sections, enabling the quantification of the
ionisation process, are generally not known.

In the case of methanol (CH3OH) photodissociation, at the Lyman-α radiation wavelength
(121.6 nm) for instance, the following fragmentation channels are thermodynamically allowed
and have to be considered (see also Appendix A):

CH3OH + hν → CH3O + H
→ CH2OH + H
→ H2CO + 2H or H2
→ CHOH + 2H or H2
→ HCO + H + 2H or H2
→ COH + H + 2H or H2
→ CO + 2H2 or H2 + 2H
→ CH3 + OH

Except for CH3 [53–55] and OH [45–47] the photoionisation cross section values for all the
other free radical carbonated products are unknown. The HCO photoionisation cross section
has only been determined at three discrete energies (not at the Lyman-α photon energy) [51], or
using very large energy steps (≈ 0.5 eV) [52]. All photoionisation cross sections of the stable or
atomic species featuring in the above channels are known (CH3OH [100], H2CO [50], CO [101],
H2 [102] and H [103]). Hence, in connection with the study of photolysis processes undertaken
during this PhD, an experimental campaign was conducted at SOLEIL in 2019 to tentatively
measure the missing photoionisation cross section values, using a similar procedure to that
exposed previously in this chapter. The free radicals were produced by F-induced H-abstraction
reactions in the reactor source from the methanol precursor.

In this particular case, there is an increased difficulty with the production of isomer species,
i.e. CH3O/CH2OH, CH2O/ HCOH, and HCO/CHO. Indeed, the two isomer products, once
ionised, are undistinguishable by their m/q value in a mass spectrum. In photolysis experi-
ments, the isomers can potentially be discriminated by tuning the ionising probe photon en-
ergy to in between the IP values of each isomer, thus selectively ionising one of them (if each
ion yield (and/or cross section) is well known individually).

To get around this problem for cross section measurements, deuterated isotopologues can
be used as the photoionisation cross sections are expected to be the same, at least in a first
approximation, and the ionised products fall into different m/q channels. The d3-deuterated
isotopologue of methanol, CD3OH, was thus used in the same way as methanol, as a precur-
sor in the flow-tube reactor to yield free radicals. Indeed, Deuterium (2H), noted D, reacts in
the same way with F atoms as H (1H), with similar efficiency [104]. Table 2.7 summarises the
expected products for the two studied isotopologues and their corresponding m/q values.



2.4. Preliminary study on the carbonated fragments of methanol 69

2.4.2 Specific experimental details

TABLE 2.7: m/q values and IPs of methanol isotopomers and their flow-tube
products

Isotopologue m/q (a.m.u.) IP /eV Isotopologue m/q (a.m.u.)
CH3OH 32 10.846 [105] CD3OH 35
CH3O 31 10.72 [106] CD3O 34

CH2OH 31 7.55 [106] CD2OH 33
CH2O 30 10.8887 [107] CD2O 32
CHOH 30 8.86 [108] CDOH 31
HCO 29 8.14 [109] DCO 30
COH 29 not reported COH 29

The means of producing and probing free radicals were exposed in section 1.1.3 of chap-
ter 1. In this study, CD3OH (purchased from Sigma-Aldrich, 99.8% D purity [110]) was used as
precursor in addition to standard methanol. Deuterium rearrangements are possible, but the
sample was delivered just before the beamtime and was only opened just before conducting
the experiments, which lasted for under 5 hours. Rearrangement is also conceivable once in
the experiment with impurities (e.g. H2O), but such processes are more likely with O-bonded H
rather than C-bonded H which should not affect CD3OH [111]. Both samples were carried into
the reactor source using a helium flow. The flow tube injector distance was set to 10 mm, and
medium F2 flow rates were used.
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FIGURE 2.16: Typical mass spectrum obtained by summing all mass spectra
recorded between 7.4 and 11.4 eV when using CD3OH as a precursor.

Conditions in the reactor could never be adjusted to favour only one reaction (see mass
spectrum of Fig. 2.16). Hence the precursors and their corresponding successive H-abstraction
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products were ionised simultaneously, and their ion yields were recorded within the same ex-
perimental conditions and similar scan parameters, mainly:

• extraction voltage: 750 V,

• range: 7.4 - 11.4 eV,

• photon resolution: 6 meV,

• step scan: 5 meV for CH3OH and 100 meV for CD3OH.

Larger scan steps were used for CD3OH as a compromise between available quantity (5 g)
and scan duration. The photon energy of the CH3OH scan is calibrated using Kr absorption
lines due to the beamline gas filter. This calibration is not possible for the CD3OH scan as the
scan steps are too large. It is worth noting that CO+ was never observed as the photon energies
in this study were much below its IP (IP(CO) = 14.01339 eV [112]).

2.4.3 Ion yields

As conditions in the flow-tube reactor could not be adjusted to only allow one reaction, abso-
lute photoionisation cross section values could not be determined as too many unknowns are
present in the matter conservation equation. The following results compare the ion yields of the
two isotopologues and their flow-tube products.

As shown in Table 2.7, the IPs of the precursors and flow-tube products lie between 7.5
and 11 eV. Their ion yields are presented by series in order to compare isotopologue products
from the two precursors. The appearance energies of the various fragments in the ion yields
are compared to reported IP values and to dissociative ionisation thresholds when available in
order to determine if the fragment is produced by direct ionisation or dissociative ionisation.

Only the dissociative ionisation of the precursor can be checked. To this end, a mass spec-
trum was recorded at 11.4 eV using CD3OH as a precursor and with the mirowave discharge
off. As shown in Fig. 2.17, no fragment except for the direct ionisation product of the precursor
is observed in the mass spectrum. Dissociative ionisation of methanol (or its isotopologue) is
thus not present within the scope of this study.

The dissociative ionisation of flow-tube products is more challenging to study because this
would imply the recording of mass spectra of each product isolated from the others. Unfor-
tunately, this was not possible with our experiment. Another possibility would be to use the
DELICIOUS 3 spectrometer in a dedicated mode which allows the discrimination of ions with
excessive kinetic-energy. Indeed, dissociative ionisation often produces ions with extra kinetic
energy due to the fragmentation process. In our case, this may still be difficult considering the
low mass of the neutral by-products (H and H2), expected to carry most of the excess kinetic
energy.

Precursor ion yields (CH3OH+)

The first ions in the series result from the direct ionisation of the methanol isotopologue precur-
sors: CH3OH+. Their ion yields are presented in Fig. 2.18.

As expected, the ion yields from the two precursor isotopologues are practically identical,
with the same apparent IP. As an indication, a TPES of CH3OH is displayed in Fig. 2.18. It
was obtained using the SPES technique (see section 1.1.3) from the same scan as the ion yield.
The first peak corresponds to the rise in ion yield and the IP of CH3OH, thus confirming the
assignment.



2.4. Preliminary study on the carbonated fragments of methanol 71

0

29 30 31 32 33 34 35
m

q
 / a.m.u

Io
n
 s

ig
n
al

CD3OH+

FIGURE 2.17: Typical mass spectrum at 11.4 eV when using CD3OH as a precursor
and the microwave discharge turned off.
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FIGURE 2.18: Ion yields resulting from the direct ionisation of CH3OH (black line)
and CD3OH (red line). A TPES of CH3OH is also presented in grey. A purple

dashed line at 10.846 eV locates the IP(CH3OH) [105].

Single H-abstraction product ion yields

Figure 2.19 displays the products ion yields for single-H abstraction. The m/q = 31 a.m.u. ion
yield (black line of panel c)) from the CH3OH study is compared to m/q = 34 (panel b)) and
33 a.m.u. (panel a)) ion yields from the CD3OH study, respectively assigned to CD3O+ and
CD2OH+. In panel c), the m/q = 31 a.m.u. ion yield is compared to a linear combination 40/60
of CD3O+ and CD2OH+ ion yields.

Figure 2.19 shows that two regions can be distinguished in the m/q = 31 a.m.u. ion yield
of the CH3OH study. The first displays a fragment appearing at an energy close to the IP of
CH2OH (7.55 eV [106]). Above this energy, the ion yield varies as the m/q = 33 a.m.u. ion
yield from the CD3OH study, assigned to CD2OH+. This trend is broken at around 10.7 eV by
a marked increase. This energy is comparable to the IP of CH3O (10.72 eV [106]). In a similar
fashion to the m/q = 34 a.m.u. ion yield from the CD3OH study, assigned to CD3O+, the ion
yield continues to increase from 10.7 eV until the end of the scan. Given how well the red line
fits the black line in Fig. 2.19 and the appearance energies of CD3O+ and CD2OH+ correspond
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FIGURE 2.19: Single H-abstraction product ion yields. a) The m/q = 33 a.m.u.
ion yield from the CD3OH study assigned to CD2OH+ with a dashed vertical line
at 7.55 eV locating the IP of CH2OH [106]. b) The m/q = 34 a.m.u. ion yield
from the CD3OH study assigned to CD3O+ with a dashed vertical line at 10.72 eV
locating the IP of CH3O [106]. c) The m/q = 31 a.m.u. ion yield (black line) from
the CH3OH study is compared to a linear combination (red dashed line) of panels
a) and b) with a 60/40 ratio. The same y-axis arbitrary unit is used in all panels.
Purple asterisks locate Kr absorption lines caused by the beamline gas filter used

to calibrate the photon energy for all non-deuterated scans of this section.

to the IPs of the non-deuterated equivalents, it seems clear that the m/q = 31 a.m.u. ion yield
from the CH3OH study is composed of both CH3O+ and CH2OH+ isomer products. This means
that the single F-induced H-abstraction reaction on CH3OH is located on both the methyl and
the hydroxyl groups producing CH2OH and CH3O, respectively.

We are not able to quantify the relative production ratio of these two isomers as their pho-
toionisation cross sections are not known and because dissociative ionisation of CH2OH (at
8.61 eV [113]) and CH3O (at 8.73 eV [114]) is likely to occur, yielding HCO+, thus depleting the
direct ionisation signals. CH3O+ can be produced by dissociative ionisation of CH3OH, but the
reported threshold for this process is 11.67 eV [115] so is not present here.

Although not quantified, the observation of both CH3O+ and CH2OH+ is however in agree-
ment with the results of a F + CH3OH reactivity study, which set the CH3O / CH2OH produc-
tion ratio by F-induced H-abstraction on methanol at 50.3(1.3)/49.7(1.3), i.e. in roughly equal
proportions [116]. If CH2OH and CH3O are produced in equal proportions, the coefficients
of the linear combination of CD3O+ and CD2OH+ ion yields of Fig. 2.19 c) give the ratio of
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the respective photoionisation cross sections in very rough terms in this energy region. This is
assuming that isotopologues share common photoionisation properties. Using equation (2.5):

σion
CH3O

σion
CH2OH

=
2
3

. (2.14)
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FIGURE 2.20: Double H-abstraction product ion yields. a) The m/q = 32 a.m.u.
ion yield from the CD3OH study assigned to CD2O+. b) The m/q = 31 a.m.u.
ion yield from the CD3OH study assigned to CDOH+. c) The m/q = 30 a.m.u.
ion yield (black line) from the CH3OH study is compared to a linear combination
(red dashed line) of panels a) and b) with a 95/5 ratio. This panel also features a
H2CO+ ion yield from Dodson el al. [50] in green. Vertical purple dashed lines at
8.86 and 10.72 eV locate the ionisation potentials of CHOH [108] and CH2O [107],

respectively. The same y-axis arbitrary unit is used in all panels.

Reaction products resulting from a double H-abstraction on CD3OH are also observed in
the mass spectrum of Fig. 2.16. Their corresponding ion yields are displayed in the panels a)
(CD2O+) and b) (CDOH+) of Fig. 2.20 and compared to the ion yield of m/q = 30 a.m.u. of the
CH3OH study in panel c). As with the single H-abstraction products, the comparison relies on a
linear combination of the ion yields of panels a) and b) using a 95/5 ratio, but also a H2CO+ ion
yield from the literature [50] used in a H2CO photoionisation cross section study (green trace).



74 Chapter 2. Ion yields and absolute photoionisation cross section measurements

The red and black lines of Fig. 2.20 c) are almost identical which would indicate that H2CO+

is 95% responsible for the m/q = 30 a.m.u. ion yield in the CH3OH study. In addition, the
H2CO+ ion yield from the literature is also comparable to our m/q = 30 a.m.u. ion yield;
some intensity differences can be explained by differences in sample temperatures between the
two works. The formation of H2CO over CHOH is more intuitive in the flow-tube reactor as
H2CO (formaldehyde) is a much more stable species. H2CO+ can be produced by dissociative
ionisation of CH3OH, but the reported threshold for this process is 12.05 eV [117] so is not
present here. This is confirmed by the mass spectrum of Fig. 2.17.

In the CD3OH study, the m/q = 31 a.m.u. signal assigned to CDOH+ of Fig. 2.20 b) rises
very slowly from around 8.8 eV (it is hardly visible in the figure). This appearance energy is in
agreement with the IP of CHOH at 8.86 eV [108]. This ion signal then increases markedly from
10.8 eV, which could be due to dissociative ionisation of a single H-abstraction product. The
m/q = 30 a.m.u. signal in the CH3OH study may therefore have contributions from CHOH+

above 10.8 eV, but these ion signals may not stem from direct ionisation. In any case, these
contributions are small given the excellent agreement between the solid lines of Fig. 2.20.

Triple H-abstraction product ion yields
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FIGURE 2.21: Triple H-abstraction product ion yields. The m/q = 29 a.m.u. ion
yield (black line) from the CH3OH study is compared to the m/q = 30 a.m.u. ion
yield (red line) from the CD3OH study. A vertical purple dashed line at 8.14 eV

locates the IP(HCO) [109].

In the case of HCO+ and COH+, the isotopologue study is seemingly easier as no m/q = 29 a.m.u.
signal in the CD3OH study corresponding to COH+ is present (see Fig. 2.16), which would
mean that the third H-abstraction is always on the hydroxyl rather than the methyl group. The
knowledge of IP(COH) is needed to confirm this statement, but it is not reported in the litera-
ture. In our experiment, if IP(COH) > 11.4 eV, COH could be formed, but is just not ionised at
our photon energies. This IP is not known, but a rough estimate can be given as the difference
between formation enthalpies of COH and COH+ [118]: 7.4 eV. COH is therefore expected to
ionise in the energy range of this study.

Fig. 2.21 compares the m/q = 29 a.m.u. ion yield from the CH3OH study to the m/q = 30 a.m.u.
ion yield (assigned to DCO+) from the CD3OH study. The ion yields are very similar especially
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for the marked rise from 10.8 eV, which is in agreement with the assignment of the previous
paragraph. There is some difference before this increase, which is difficult to explain.

In both experiments, the corresponding ions do not appear at IP(HCO) = 8.14 eV, but around
9.5 eV. There is no step in the ion yield, but rather a gradual rise so this threshold is difficult to
evaluate. It has been reported that HCO+ is produced by dissociative ionisation from CH2OH
and CH3O at 8.61 [113] and 8.73 eV [114], respectively. It is also conceivable that it stems from
the dissociative ionisation of H2CO. The HCO+ (or DCO+) signal may therefore not be pro-
duced by direct ionisation of triple H-abstraction products, but by dissociative ionisation of
single or double H-abstraction products. We are not able to distinguish both types of processes.

Methanol isotopologue summary

It was assumed, and this was confirmed by strong likeliness between ion yields, that methanol
isotopologues and their H/D-abstraction products would have similar if not the same photoion-
isation properties. As conditions in the flow-tube reactor could not be adjusted to selectively
favour only single, double or triple H/D-abstraction at any given time, absolute measurements
could not be made meaning that photoionisation cross sections could not be deduced.

Following the single F-induced H/D-abstraction reaction, it would seem that both products,
CH2OH and CH3O, are formed based on the similarities between spectra in Fig. 2.19. This is in
agreement with recent findings, which actually report production of each radical at 50/50 [116].
We are not able to measure this ratio in our experiment as the photoionisation cross sections for
both radicals are required and these are not yet known.

The species resulting from the double F-induced H-abstraction reaction of methanol would
appear to be the most intuitive product H2CO (formaldehyde). The presence of CHOH+ cannot
be ruled out, but could be explained by dissociative ionisation of single H-abstraction products
rather than the direct ionisation of CHOH.

The triple F-induced H-abstraction product is not COH as no m/q = 29 a.m.u. signal was
observed in the CD3OH experiment. DCO+ ions were detected in the CD3OH experiment and
the corresponding ion yield matches that of m/q = 29 a.m.u. in the CH3OH experiment. These
observations would indicate that triple H-abstraction reactions on methanol produce HCO.
However, these ion signals do not necessarily stem from the direct ionisation of HCO (DCO),
but maybe from the dissociative ionisation of single H-abstraction products so there actually
may not be any triple H abstractions. We are not able to distinguish direct ionisation from
dissociative ionisation in this case.

These experiments constitute important preliminary work on the determination of pho-
toionisation cross sections of carbonated free radicals, which are of important for astrophysical
applications and all quantitative experiments using photoionisation to probe neutral species
(see Appendix A).

2.5 Photoionisation cross section and ion yield conclusions

The quantitative description of photoionisation processes for free radicals is rarely reported
in the literature and given the experimental difficulties exposed in this chapter, it is easy to
understand why. The results presented in this chapter do however offer new information on
such processes. The new photoionisation cross section values of OH and NH2 provide reli-
able parameters for adequately modelling astrophysical and atmospheric phenomena. With
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the knowledge of the NH2 photoionisation cross section and by adapting experimental condi-
tions, we should be able to determine, for the first time experimentally, the NH photoionisation
cross section in future experimental campaigns.

FIGURE 2.22: Schematic representation of a photoionisation cross section as a
function of incident photon energy. The plateau value is reached at photon en-
ergies above vibrational levels of the cationic electronic ground state with non-

vanishing FCF, but below the first excited state.

In the absence of known photoionisation cross sections of free radicals, they can however
be evaluated using a simple model as described in more detail in ref. [62] that focuses on the
molecular orbital from which is emitted the photoelectron. The main idea behind this model is
based on the simplest molecule: the hydrogen atom, containing only one electron. Just above
threshold, the photoionisation cross section of the H atom is around 6 Mb [103]. The next step
is to consider the number of electrons in the molecular orbital that issues the photoelectron in
the species of interest. The photoionisation cross section, in the energy region situated above
all non-vanishing FCF for the X+ ← X transition (see Fig. 2.22), is then given, in very rough
terms, by the orbital occupancy times 6 Mb. If the orbital is over half full, it is given by the
orbital vacancy times 6 Mb. In the case of free radicals, one lone unpaired electron is often
the ejected photoelectron, so the photoionisation cross section for most free radicals should be
around 6 Mb. Of course, this simple model does not consider autoionisation or more complex
aspects of photoionisation, but can be used as a rule of thumb especially when no other data
are available. This order of magnitude is verified experimentally as shown in Table 2.8.

The ion yields of the carbonated fragments of methanol are also a first step towards cross
section determination. The assignment of masses was facilitated by the use of the CD3OH iso-
topologue. Future experiments will aim to clarify these results regarding dissociative ionisation
contributions (determine thresholds to be able to distinguish direct ionisation and dissociative
ionisation signals) and to favour only one type of reaction to measure photoionisation cross sec-
tions. This selectivity could be reached by substituting F2 with Cl2 in the discharge for example.
Cl atoms can have a different reactivity to F atoms.
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TABLE 2.8: Photoionisation cross section evaluation using a simple model.

Species
σion / Mb typical Photoelectron σion / Mb

plateau valuea molecular orbital model prediction
OH 6± 2 (1π)3 6
NH2 8± 2 (1b1)1 6
NH 7.5b [119] (1π+)1 or (1π−)1 6
CH3 7± 2 [53–55] (1a2”)1 6
C2H3 12± 3 [56, 57] (a”)2 12

a Typical photoionisation cross section plateau value just above the Franck-Condon envelope
for the X+ ← X transition, see Fig. 2.22.

b Theoretical value, no experimental value has been reported to our knowledge.
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Chapter 3

Photoelectron spectroscopy, from
medium to high resolution

In this chapter, I will present spectroscopic results on photoelectron spectroscopy. This tech-
nique offers both quantitative and qualitative information on cations of molecules, whether
they be stable or free radicals.

Quantitatively it constitutes a means of accessing the (ro)vibronic structure of cations with-
out needing to produce them in the first place. The resulting spectroscopic parameters can
predict, for example, IR or microwave spectra, which are of great interest to astrophysicists to
guide new discoveries. From a fundamental perspective, it also offers information on neutral
and cationic state geometries and their changes when undergoing photoionising processes. The
use of VUV spectroscopy over UV or visible REMPI spectroscopy offers the advantage of not
relying on intermediate neutral states.

FIGURE 3.1: Scheme illustrating the difference between vertical and adiabatic IPs
(pink arrows). Projections of the neutral (X) and cationic (X+) potential energy
surfaces along an internal coordinate are drawn along with vibrational energy
levels. The internal coordinate can be a bond length, an angle, or a function of

several geometric parameters.

Quantitatively, the vertical and adiabatic ionisation potentials (IPvert and IPadia, respec-
tively) can be determined (see Fig. 3.1), which in turn provide thermodynamic quantities. The
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ionization energy of a molecule is a fundamental quantity which is often involved in thermo-
chemical cycles aimed at determining parameters such as heats of formation, bond energies
and proton affinities. These quantities are then important to be included in calculations and
simulations modelling the environments where such species are present.

Focusing mainly on molecules of astrophysical interest, I will start by presenting the medium
high resolution photoionisation spectroscopy of a molecule, CH3NCO, and then a diradical, C2,
recorded at SOLEIL on the DESIRS beamline. This will be followed by a section on the first
PFI-ZEKE spectroscopy experiments undertaken with VULCAIM at ISMO on rare gases and
CO2. I will conclude this chapter by describing a new PFI-ZEKE analysis technique inspired by
SPES image treatments (see chapter 1).

3.1 Photoelectron spectroscopy with synchrotron radiation

The methods used for performing mass-selective photoelectron spectroscopy on the DESIRS
beamline were described in chapter 1: TPES, SPES, etc. They were employed on several occa-
sions during my PhD when studying the photoionisation of CH3NCO and C2. A third study,
similar to that of C2, was conducted on the CH2NC radical (isocyanomethyl). The results are
reported in ref. [120].

3.1.1 Threshold photoelectron spectroscopy of CH3NCO

Astrophysical context

On Earth, methyl isocyanate, CH3NCO is widely used in the production of pesticides, rubbers
and adhesives. It is an infamous molecule and mainly associated to the Bhopal disaster in India
in 1984.

It has attracted a lot of interest recently having being observed in Space. Halfen et al. [121],
in 2015, were the first to report on the occurence of CH3NCO in the interstellar medium, more
precisely in the Sgr B2 giant molecular cloud. It was then found to be one of the most abundant
molecules after water and formamide on the surface of the comet 67P/Churymov-Gerasimenko
[4]. Cernicharo et al. documented the abundance of CH3NCO in very diverse interstellar media
and extensively characterised its rotational spectrum, as rotational spectral lines are the current
detection method of CH3NCO in Space [122].

Spectroscopic context

CH3NCO is a non-rigid quasi-symmetric top as illustrated in Fig. 3.2. In its ground electronic
state, the NCO part is almost linear with an angle of 172.9◦ and the CNCO structure lies in
the same plane, but the methyl group fully breaks linearity with a 44.3◦ angle from the NCO
chain (see Table 3.1). The CH3 group is almost a free rotor as the corresponding barrier is only
16.2 cm−1 [123] and the CNC bending mode presents large amplitude motion [124].

Since its first laboratory observation in 1963 [125], many studies in the microwave and IR
regions have characterised its low energy properties [124, 126] and CH3NCO has often been
compared to its isomers (methyl cyanate and methyl fulminate) and thiocyanate substitutes
[127, 128].

Higher energy studies are much scarcer. For example, photoelectron studies do exist, but the
lack of mass selectivity and low resolution in these works make assignments difficult [129–132].
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FIGURE 3.2: Sketch of the CH3NCO molecule (geometry adopted in the neutral
ground electronic state X̃ 1A’). White, grey, blue, and red spheres represent hydro-
gen, carbon, nitrogen, and oxygen atoms, respectively. The coordinates of the two

large amplitude motions are marked (angles τ and ρ).

TABLE 3.1: Summary of internal coordiantes of CH3NCO in the three electronic
states of interest extracted from the ab initio calculations.

Coordinate X 1A’ X+ 2A” A+ 2A’
τ /◦ 0 0 60
ρ /◦ 44.3 48.1 1.9

∠ NCO /◦ 172.9 170.4 179.8
d(C-N) / Å 1.206 1.263 1.209
d(C-O) / Å 1.176 1.145 1.165

d(Cα-N)* / Å 1.447 1.436 1.417

* Cα is the carbon atom bound to the H atoms.

This means that very little information is currently available on the cation CH3NCO+, a reac-
tive species which could be involved in photochemical processes in molecular clouds or comet
surfaces. The cation could act as a reaction intermediate, being formed by photoionisation from
neutral CH3NCO, that would in turn participate in complex photochemical networks.

Specific experimental details

The experimental work was carried out on the DESIRS beamline at the SOLEIL synchrotron
facility using the DELICIOUS 3 spectrometer (see chapter 1).

Specifically to this CH3NCO study, a few grams of the sample, synthesised by Jean-Claude
Guillemin (Rennes University), were placed in a vial attached to the experiment. The relevant
physical properties of CH3NCO are summarised in Table 3.2. Due to high room-temperature
vapour-pressure, the vial was plunged into a chiller set at - 40◦C which lowered the pressure.
This step was necessary to avoid too great a build up of the sample in the experiment, which
could lead to polymerisation or blockages, but also to limit the consumption of the sample,
which is not commercially available. Maintaining the sample at a constant temperature also
provided pressure stability.

A high-resolution scan was recorded between 10.3 and 12.5 eV. Photoelectrons were ex-
tracted using a 53 V/m DC field, which induces a Stark shift of photoionising transition ener-
gies by 5.4 meV. The TPES was obtained using the SPES technique producing a spectrum with
a total resolution of 11 meV. A CH3NCO+ ion yield was also recorded in a different scan (see
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TABLE 3.2: Summary of physical properties of CH3NCO

Molecular mass 57 a.m.u.
Melting point - 45◦C a

Boiling point 38.3◦C a

vapour pressure at 20◦C 540 mbar a

vapour pressure at 0◦C 280 mbar b

vapour pressure at -40◦C ≈ 0.1 mbar b

a from chemistry handbook [133],
a measured during our study.

Appendix B). It does not present any visible autoionisation features, which justifies the SPES
treatment. The beamline gas filter was filled with Ar to enable spectral purity. Absorption lines
from this gas filter, present in the ion yield, are used to calibrate the photon energy scale.

Theoretical model

The theoretical model used to simulate our experimental spectrum was developed by Laurent
Coudert, a theoretician from our team at ISMO, and is discussed in detail in ref. [134]. Using ab
initio calculations of the neutral X̃ 1A’ and cationic X̃+ 2A” and Ã+ 2A’ states provided by Jean-
Christophe Loison of Bordeaux University, this model accounts for the two large amplitude
motion (internal rotation of the CH3 group and the CNC bending mode) along with five small
amplitude vibrational modes implicating atoms of the NCO group.

The full description of the model is available in ref. [134] so only a brief overview is provided
here. The ab initio calculations yield equilibrium structures for the 3 electronic states of interest
here: X̃ 1A’, X̃+ 2A” and Ã+ 2A’. Along with the two large amplitude coordinates, 13 small
amplitude coordinates describe the geometry of CH3NCO and CH3NCO+. The first step is to
compute harmonic expansions describing the behaviour of the small amplitude coordinates as
functions of the large amplitude coordinates (further ab initio calculations are used for these out-
of-equilibrium geometries). The expansions are used in the FG method [135] to derive normal
modes and fundamental vibrational frequencies. Anharmonicity is accounted for in the part of
the potential depending on the large amplitude coordinates. Vibration-bending-torsion energy
levels are then computed using the harmonic adiabatic approximation [136]. Finally, Franck-
Condon factors (FCF) are determined for the X̃+ 2A”← X̃ 1A’ and Ã+ 2A’← X̃ 1A’ transitions
in order to simulate the spectra including spectral intensities.

Results and discussion

The experimental TPES of CH3NCO is compared to the calculated spectrum resulting from
the previously described theoretical model in Fig. 3.3. It is made up of X̃+ 2A” ← X̃ 1A’ and
Ã+ 2A’ ← X̃ 1A’ photoionising transitions. The 10 visible peaks are labelled in the figure and
their corresponding energies are reported, once Stark-shift corrected, in Table 3.3. When pos-
sible they are also assigned to vibrational modes of the neutral (νi) and cationic (ν+i ) species,
guided by the theoretical model. The peaks at around 10.6 eV and above are mainly vibrational
progressions belonging to the cation ground state X̃+ 2A” since the geometry change between
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FIGURE 3.3: Experimental TPES (black) of CH3NCO with the peak labelling re-
ferring to Table 3.3 compared to a calculated spectrum (blue) using a vibrational
temperature of 300 K. The ab initio calculated spectrum is shifted -0.133 eV to
fit the experimental spectrum. Assignments in the calculated spectrum refer to
vibrational bands of the X̃+ 2A” ← X̃ 1A’ photoionising transition. The labels
correspond to vibrational mode numbers (see Table 3.3) followed by cationic (su-

perscript) and neutral (subscript) vibrational quantum numbers.

the neutral and the cation ground states is moderate. On the contrary, the change is much more
pronounced for the A+ cationic state and the broad feature, from 10.6 to 11.8 eV, is assigned
to transitions to the Ã+ 2A’ state. Our ab initio calculations found the CNC angle to go from
44.3◦ for the X̃ 1A’ equilibrium geometry to 1.9◦, i.e. almost linearity, for the Ã+ 2A’ equilibrium
geometry. Such a marked change in geometries produces long FC vibrational progressions in
the Ã+ 2A’← X̃ 1A’ transition, which is reproduced theoretically. This long progression results
in a broad feature in our experimental spectrum at our spectral resolution. There is a good
agreement in general between experimental and calculated results, including the vibrational
frequencies.

Pasinszki et al. [130] observed a strong main peak in their PES, but at 10.630(15) eV, i.e.
34 meV higher than our own 00

0 band (peak 2 of Fig. 3.3). They also reported vibrational fre-
quencies for the ν+1 , ν+2 , and ν+3 modes at 2150, 1290, and 800 cm−1, which differ from our
values.

Finally, they report excited states above 12 eV, mainly around 14 and 18 eV, but these were
never observed in our higher energy experiments (see Appendix B). As Pasinszki et al.’s spec-
tra are not mass-selective, this discrepancy can be explained by contamination of the spectra
by other species, notably CHNCO+. States at higher energies than the Ã+ 2A’ are therefore
suspected to be dissociative.

With these results, it is possible to extract the first adiabatic ionisation potential of CH3NCO
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TABLE 3.3: Peak energiesa and assignments.

Peak E /eV ∆E / cm−1 Involved
ν̃cal. / cm−1

vibrational modeb

1 10.521 -604 ν4 621c

2 10.596 0 origin band
3 10.648 420 ν+4

d ?
4 10.665 555 ν+4 541
5 10.719 986 ν+3 920
6 10.743 1186
7 10.767 1374 ν+2 1338
8 10.846 2011 ν+1 2104
9 10.898 2430 2ν+2 2658
10 11.015 3376

a The Stark-shift corrected ionization energy is given in the column labelled E; the energy dif-
ference with respect to the main peak, peak 2, is given in the column labelled ∆E.
b Vibrational mode assignment. The νi (ν+i ) denotes those of the neutral molecule (cation). The
mode numbering is consistent with the labelling of the calculated spectrum of Fig. 3.3.
c Hot band originating from an excited vibrational state of neutral CH3NCO.
d Peak 3 could be assigned to the ν+4 mode even though peak 4 is closer to the theoretical vibra-
tional energy.

corresponding to the X̃+ 2A”← X̃ 1A’ transition: 10.596(6) eV. This value is lower than that of
Pasinszki et al. [130]: 10.630(15) eV. Despite no spectroscopic assignments being made for the
Ã+ 2A’ ← X̃ 1A’ transition, ab initio calculations yield an IP of 10.759(50) eV by adjusting the
calculated spectrum on the experimental one and computing the energy difference between the
two states.

Conclusion

This TPES work on CH3NCO offers a better understanding of this species and the photoion-
isation transitions. As it is a complex system, a theoretical model was developed to describe
the species and simulate the experimental spectrum. In particular, this model accounts for the
two large amplitude motions and some small amplitude vibrational modes. The agreement be-
tween the calculated and experimental spectra is satisfactory. The calculated and experimental
frequencies are in good agreement also. The first adiabatic IP for CH3NCO was determined
experimentally: 10.596(6) eV. The ionisation potential corresponding to the photoionisation to
the first excited electronic state of the cation (Ã+ 2A’ ← X̃ 1A’) was also extracted from our
simulations: 10.759(50) eV. Additional work on the dissociative ionisation channels of methyl
isocyanate was also carried out, and the corresponding resuts are presented in Appendix B.
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3.1.2 First single-photon ionisation study of C2

Although not a free radical, the C2 carbon dimer has a tendancy to polymerise in standard
pressure and temperature conditions which is why it is not found in abundance on Earth; its
high reactivity therefore means it can be classified as a transient species. This study constitutes
the first photoionisation study of C2 relying on single-photon ionisation to our knowledge.

Astrophysical context

The C2 molecule is present on Earth in exotic environments such as carbon vapour, flames and
plasmas [137, 138]. In Space, it is remarkable at being one of the first reactive species to have
been observed in a comet’s coma in 1864 [139] and is omnipresent in some types of diffuse
interstellar clouds. Absorption features in these clouds, Diffuse Interstellar Bands (DIB’s), are
even named C2-DIB’s in reference to the high column densities of C2 observed therein [140].

As for the C+
2 cation, it is actually more reactive with H2 than neutral C2 [70, 141]. Noting

the important UV photon fluxes in such media, it is important to quantify the photoionisation
of C2 as it could constitute a first elementary step in a series of chemical reactions.

Spectroscopic context

Neutral C2 has been extensively studied using absorption and emission spectroscopy. In par-
ticular, a great number of low lying electronic states can be identified by visible and even IR
transitions from the ground state 1Σ+

g [142]. However, studies on the C+
2 cation are rarer and in

fact photoionisation studies are mostly theoretical [143, 144]. Until recently, reported IP values
ranged from 10.9 to 13 eV. This was until 2016, when Krechkivska et al. reported the first ex-
perimental determination of the ionisation energy of C2 corresponding to the X+ 4Σ−g ← a 3Πu

transition [145]. Since the direct transition from the neutral 1Σ+
g ground state to the cationic

4Σ−g is spin-forbidden within the electric dipole approximation, they produced the C2 molecule
in the metastable a 3Πu state using an electric discharge and performed resonant two-photon
threshold-ionisation spectroscopy to excite C2 to X+ 4Σ−g via the neutral 4 3Πu state.

They experimentally determined the X+ ← a ionisation energy at 11.788(5) eV. They then
combined this value with the X – a energy difference (613.650(3) cm−1, i.e. 76 meV) measured
by Chen et al. [146] to find the ionisation energy of the X 1Σ+

g ground state. During my PhD, we
applied another experimental approach employing VUV single-photon transitions and the pro-
duction of neutral C2 in its two lowest electronic states. Indeed, using single-photon transitions,
the neutral ground state can give access to excited doublet cationic states of the cation (corre-
sponding to a spin change of ∆S = 1/2); the cationic quartet ground state can be accessed from
excited triplet neutral states, the a 3Πu metastable state in particular. Observing transitions be-
tween these states of various spin-multiplicities allows the adiabatic IP of C2 to be determined
by energy differences from the very same experiment.

Specific experimental details

This work was carried out on the DESIRS beamline at the synchrotron SOLEIL. The main de-
scription of the setup and the experimental techniques were described in chapter 1 and only the
specificities of the C2 study are presented here.

As C2 is a transient molecule, it must be produced in situ. This was achieved using the flow
tube reactor as described in paragraph 1.1.3 of chapter 1 and using CH4 as a precursor, high F2
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flow rates (to increase radical production) and medium injector distances (for high reactivity
whilst still retaining transient species). These parameters are adjusted by optimising the C+

2
signal in the mass spectrum. A typical mass spectrum recorded during this study is presented
in Fig. 3.4. As this mass spectrum shows, many species are produced in the flow tube reactor, in
particular m/q = 24 a.m.u. assigned to C+

2 , the ionised product of C2 formed in the flow tube
reactor, but the complete reaction scheme is not known. The production mechanism of C2 from
CH4 must involve multiple F-induced H abstractions and radical-radical reactions:

CH4 + F → CH3 + HF
CH3 + F → CH2 + HF
... → C2 + ...
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FIGURE 3.4: Typical mass spectrum obtained by summing all mass spectra
recorded between 12.4 and 13.6 eV using CH4 as a precursor.

As H-abstraction reactions are exothermic, the reaction products are often generated with
excess energy that can be distributed among internal degrees of freedom, or can lead to elec-
tronic excitation. As the a 3Πu metastable neutral state is only 76 meV above the electronic
ground state [146], C2 produced in the flow tube is formed in this triplet state along with the
singlet electronic ground state. Excitation of vibrational states in the neutral species is also
expected from this production scheme.

Photon energy scans were performed between 11.5 and 14 eV at a photon resolution of
9 meV. After irradiation by the synchrotron radiation, the ensuing photoelectrons were ex-
tracted using a 88 V/cm electric field and analysed in order to form a TPES spectrum whose
final resolution is 25 meV (see Fig. 3.5). The extraction fields induce a 7 meV Stark red shift
which is accounted for in the reported threshold values. The spectrum was obtained using the
SPES technique (see section 1.1.3 of chapter 1) and displays many peaks, with the most intense
located at around 12.43 eV. At the same time, the m/q = 24 a.m.u. photoion yield was recorded
and is also represented in Fig. 3.5. Dips in the ion yields of fragments featuring in Fig. 3.4 due
to Ar absorption lines from the gas filter can be used to calibrate the photon energy to within
7 meV. The calibration can be undertaken using a more intense ion yield of a different fragment
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FIGURE 3.5: Experimental TPES (red line) and PIY (black) of C2. Purple asterisks
locate Ar absorption lines visible in the PIY and used to calibrate the energy scale

of the spectrum.

to C+
2 (e.g. CH+

3 ). All in all, the overall accuracy of the energy values given in this section is
around 10 meV (2σ confidence level).

Ab initio calculations

In order to support the analysis and assigments of the experimental spectra of Fig 3.5, our col-
laborator, Jean-Christophe Loison from Bordeaux University, performed ab initio calculations
on C2 and C+

2 . The first step was to produce potential energy surfaces of both species. This
was achieved by employing the internally contracted multireference configuration interaction
method with Davidson correction (MRCI+ Q) with complete active space self-consistent field
(CASSCF) wavefunctions using the MOLPRO 2012 package. As shown in Fig. 3.6, potential
energy curves of the two lowest states of neutral C2 and the seven lowest states of C+

2 were
determined with respect to the bond length d(C-C). The two lowest neutral electronic states lie
very close to each other. In the vicinity of the cationic electronic ground state (less than 3 eV
from the X+ state), several electronic states are also present.

Using a series of VnZ (n=T, Q, 5 and 6) basis sets, extrapolations were carried out to evaluate
complete basis set (CBS) energy values for each equilibrium geometry. More precisely, CASSCF
and dynamical correlation (EMRCI+Q − ECASSCF) energies were respectively extrapolated using
the functions ECASSCF(CBS) + A× exp(−B × n) and ECorr(CBS) + C × n−3. The final theoretical
energies given combine the two: E(CBS) = ECASSCF(CBS) + ECorr(CBS).

Harmonic vibrational frequencies were determined using the standard MOLPRO procedure
using normal and Hessian modes. The theoretical energy values are summarised in Table 3.4
along with the main configurations for each electronic state.

In addition to the spin-selection rules, only transitions between states whose configurations
differ by the ejection (from an orbital) of one electron are possible at the first order. Transitions
are possible between states whose configurations change by more than one electron by configu-
ration mixing (also called shake-up processes), but they are expected to be much weaker [144].
In total, between the states listed in Table 3.4, only one direct photoionising transition should
be possible from the neutral ground state, i.e. a+ 2Πu ← X 1Σ+

g . However two more are made
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FIGURE 3.6: Theoretical potential energy curves of C2 and C+
2 from ref. [147]

possible by shake-up processes [144]: c+ 2Σ−g ← X 1Σ+
g and d+ 2Σ+

g ← X 1Σ+
g . All states are

accessible from the metastable a 3Πu state except for the e+ 2Πu state which is not reachable
from the ground state either.

Assignment of the Threshold-Photoelectron spectrum of C2

The previously described ab initio calculations were used as input data in the PGOPHER soft-
ware program to determine Franck-Condon factors (FCF) and to simulate each possible vibronic
transition between states listed in Table 3.4. The stick spectra obtained by these means were
convoluted by a gaussian line shape profile whose FWHM was set to 25 meV to reproduce
the experimental spectrum bandwidth (corresponding to the rotational structure convoluted
with the instrumental resolution). A vibrational temperature of 1500 K was used to account
for the internal energy of the formed C2 species. These simulations are reported in Fig. 3.7 and
compared to the experimental spectrum.

Only the three following transitions were unambiguously assigned and used to reproduce
most of the spectral features of the experimental spectrum:

• X+ 4Σ−g (v+)← a 3Πu(v), with 0 ≤ v ≤ 2 and 0 ≤ v+ ≤ 3,
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• a+ 2Πu(v+ = 0)← a 3Πu(v = 0), and

• a+ 2Πu(v+)← X 1Σ+
g (v), with 0 ≤ v ≤ 2 and 0 ≤ v+ ≤ 3.

The simulated spectra from these three transitions were combined, adjusting manually the
relative intensities between the a+ 2Πu ← X 1Σ+

g , X+ 4Σ−g ← a 3Πu, and a+ 2Πu ← a 3Πu transi-
tions to 1.00, 0.60 and 0.42, respectively. The ab initio origin energy values were slightly shifted
in order to better fit the experimental spectrum. The resulting complete simulated spectrum is
directly compared to the experimental TPES in Fig. 3.8. The agreement between simulations
and experiments is very good, both for the vibrational spacings and for the relative intensities.
Some bands around 13 eV and above are missing from the simulation though. They are no
doubt due to transitions towards higher excited states in C+

2 (see panels 3, 4, 7, 8, 9 and 10 of
Fig. 3.7), but the number of states and their close vicinity prevents unambiguous assignments.

TABLE 3.4: C2 and C+
2 electronic state energies extrapolated to the CBS limit (see

text) as presented in ref. [147].

Species State Main configurationsa E(CBS) / Ha Eb
I,calc. / eV

C2 X 1Σ+
g

71% (2σu)2(1πu)4
-75.811535 0.000

+14%(2σu)0(1πu)4(3σg)2

a 3Πu
88% (2σu)2(1πu)3(3σg)1

-75.809599 0.053
+5%(2σu)1(1πu)2(3σg)2(1πg)1

C+
2 X+ 4Σ−g

86% (2σu)2(1πu)2(3σg)1
-75.377781 11.803

+ 7%(2σu)1(1πu)1(3σg)2(1πg)1

a+ 2Πu
72%(2σu)2(1πu)3

-75.356565 12.381
+13%(2σu)0(1πu)3(3σg)2

A+ 4Πg
86%(2σu)1(1πu)3(3σg)1

-75.333358 13.012
+6%(2σu)2(1πu)2(1πg)1

b+ 2∆g 88% (2σu)2(1πu)2(3σg)1 -75.332633 13.032
c+ 2Σ−g 88% (2σu)2(1πu)2(3σg)1 -75.322311 13.313
d+ 2Σ+

g 82% (2σu)2(1πu)2(3σg)1 -75.316892 13.460
e+ 2Πu 85% (2σu)2(1πu)1(3σg)2 -75.308704 13.683c

a Main contributing configurations calculated at the optimised geometry of each state. For the
sake of clarity, the common part of the configuration, i.e. (1σg)2(1σg)2(2σg)2, is omitted, and the
configurations contributing to less than 5% are ignored.
b Calculated ionization energy with respect to the X 1Σ+

g neutral ground state.
c Unreachable state from the two neutral lowest electronic states due to configuration changes.

Confronting the theory and experiment, the adiabatic IPs for the three aforementioned tran-
sitions can be determined experimentally. These are summarised alongside the theoretical IP
values of the other transitions in Table 3.5. Notably, the adiabatic IP for the X+ 4Σ−g ← a 3Πu
transition in our work (11.873(10) eV) agrees well with that reported by Krechkivska et al.
(11.791(5) eV) [145]. As for the a+ 2Πu ← X 1Σ+

g and a+ 2Πu ← a 3Πu transitions, this is the
first time that the IP for these transitions has been reported. As the ionising transitions are vi-
bronically resolved, the vibrational harmonic frequencies can be determined for the two lowest
states X+ 4Σ−g and a+ 2Πu, respectively:

• ν̃0(X+) = 1460(80) cm−1, and
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• ν̃0(a+) = 1590(80) cm−1.
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FIGURE 3.7: Experimental TPE spectrum of C2 (upper panel) compared to FCF
simulations of vibronic transitions (other panels) from ref. [147]. The same colour
code as in Fig. 3.6 is used for the final state of the transition. Full line spectra
correspond to transitions from the neutral metastable a 3Πu state and those with
dashed lines correspond to transitions from the neutral ground state X 1Σ+

g . Black
stick spectra in the simulated spectra correspond to FCF, the resulting spectra
result from convoluting the FCF by a gaussian function whose FWHM = 25 meV.

As the a 3Πu and a+ 2Πu states have similar C-C bond lengths at equilibrium and their po-
tential energy surfaces are similar at least at low energy (see Fig. 3.6), it is normal that no vibra-
tional progressions are observed in the a+ 2Πu ← a 3Πu transition of Fig. 3.8, FCF are expected
largely to favour ∆v = 0 transitions.

These three main transitions can be combined to determine ∆E(a - X) and ∆E(a+ - X+) corre-
sponding to the singlet-triplet and quadruplet-doublet energy differences in C2 and C+

2 , respec-
tively. Their combination also allows the determination of the adiabatic IP of the spin-forbidden
X+ 4Σ−g ← X 1Σ+

g transition between ground states noted ∆E(X+ - X). Note that, unlike in the
work of Krechkivska et al., the ∆E(X+ - X) is retrieved from ionisation energies measured within
the same spectrum and does not use other values determined independently. These energy dif-
ferences are reported in Table 3.6.
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a+ 2Πu(v+) ← X 1Σg
+(v)

0 1 2 3∆v= − 2 − 1

X+ 4Σg
−(v+) ← a 3Πu(v)

a+ 2Πu(v
+=0) ← a 3Πu(v=0)

FIGURE 3.8: Experimental TPE spectrum of C2 (upper black trace) com-
pared to a simulated spectrum (lower red trace) which combines the simulated
a+ 2Πu ← X 1Σ+

g , X+ 4Σ−g ← a 3Πu, and a+ 2Πu ← a 3Πu vibronic transitions
from ref. [147]. The red stick spectrum represents FCF values and the red trace,

their convolution by a gaussian function whose FWHM is 25 meV.

TABLE 3.5: Adiabatic ionization energies of C2.

Transition EI,calc. / eV EI,calc.corr.ZPE / eV EI,exp. / eV
Ref. [143]a this workb this workb Ref. [145]c this work

X+ 4Σ−g ← X 1Σ+
g

d - 11.803 11.771 11.866(5) 11.873(10)
a+ 2Πu ← X 1Σ+

g 12.40 12.381 12.365 - 12.440(10)
c+ 2Σ−g ← X 1Σ+

g - 13.313 13.275 - -
d+ 2Σ+

g ← X 1Σ+
g - 13.460 13.413 - -

X+ 4Σ−g ← a 3Πu 11.75 11.750 11.733 11.791(5) 11.795(10)
a+ 2Πu ← a 3Πu 12.29 12.328 12.326 - 12.361(10)
A+ 4Πg ← a 3Πu - 12.959 12.974 - -
b+ 2∆g ← a 3Πu - 12.979 12.953 - -
c+ 2Σ−g ← a 3Πu - 13.260 13.236 - -
d+ 2Σ+

g ← a 3Πu - 13.404 13.374 - -

a CCSD(T) values.
b Derived from the complete basis set (CBS) limit extrapolations.
c Resonant two-photon threshold ionization spectroscopy.
d Forbidden transition.

As evoked in the introduction to this chapter, the final quantity that can be extracted from
the measurement of such ionisation energies is the enthalpy of formation of C+

2 in its doublet
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TABLE 3.6: Energy differences between C2 and C+
2 states.

Energy difference Value from this work Literature value Literature technique
∆E(a - X) 79(10) meV 76.0829(4) meV [146] Rotational analysis [146]

∆E(a+ - X+) 567(10) meV / * / *
∆E(X+ - X) 11.873(10) eV 11.866(5) eV [145]** REMPI [145]

* No value is available in the literature,
** Value derived from a combination of two values determined by two different groups.

ground state (a+ 2Πu). This is achieved by adding the ∆E(a+ - X+) energy difference to the 0 K
gas-phase enthalpy of formation of C+

2 (i.e. ∆fH0(0K)(C+
2 (

4Σ+
g )) = 1965.2 kJ.mol−1) [118]. This

summation yields ∆fH0(0K)(C+
2 (

2Πu)) = 2019.9(10) kJ.mol−1
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FIGURE 3.9: C+
2 ion yield adapted from ref. [147]. The vertical lines mark the

transition energies (EI,calc.corr.ZPE) from the a 3Πu state (full line) or X 1Σ+
g state

(dashed line). Triangles locate the position of autoionising features. The grey area
represents the statistical error on the C+

2 ion signal. A purple line represents the
integrated experimental TPES.

In addition to the TPE analysis presented above, the experimental scan allowed the produc-
tion of a C+

2 ion yield as featured in Fig. 3.9. The ion yield is gradually increasing with photon
energy from threshold. As more and more excited electronic states become accessible, there are
no marked steps in the curve at the corresponding transition energies.

On top of this general trend, several features are identifiable (marked by triangles in Fig. 3.9)
and are attributed to autoionising Rydberg states. Such states have been identified before, but
only above 13 eV [144]. Due to the dense electronic landscape, there must be a multitude of
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Rydberg series in this energy region which means it is not straightforward to assign the Rydberg
states to a given series. It is not trivial to state which states the Rydberg states are reached from,
nor if the autoionising processes are electronic or vibrational. More work is needed to make
the assignments unambiguously. For example, similar experiments could be carried out with
state-selected C2 (in either the X 1Σ+

g or a 3Πu state) which would facilitate assignments.
It is interesting how the integrated experimental TPES of C2 (purple line in Fig. 3.9) repro-

duces the C+
2 photoion yield with the exception of the autoionisation resonances. This com-

parison can be generalised for any species undergoing photoionisation and is found to be often
verified.

Conclusion on the C2 study

From this C2 study, we identified a high density of electronic states in both the neutral and
cationic species. Single-photon ionisation explored transitions between these states, some of
which could be identified with the help of ab initio calculations. From a single TPE spectrum,
a+ 2Πu ← X 1Σ+

g , X+ 4Σ−g ← a 3Πu, and a+ 2Πu ← a 3Πu were vibronically analysed. Using
energy differences, the adiabatic IP for the spin-forbidden X+ 4Σ−g ← X 1Σ+

g transition between
ground states was determined and the enthalpy of formation of the C+

2 cation in its lowest dou-
blet electronic state was retrieved. All of these results are compared to, and are in good agree-
ment with, literature values when available. Hence, this study illustrates how much qualitative
and quantitative information can be gained from photoelectron spectroscopy measurements,
even from one spectrum.

It is interesting to note at the end of this section how much information could be extracted
out of a single scan on C2. Coming back to the mass spectrum of Fig. 3.4, a great number of
other species are present. Some of these have already been studied, not necessarily from this
scan, such as CH [148], CH2 [149], CH3 [55], C2H [150], and C3Hn (1 ≤ n ≤ 3) [151]. Others have
yet to be studied. This goes to show the power and the multiplex character of the DELICIOUS
3 spectrometer coupled with the DESIRS beamline of SOLEIL and the flow tube reactor.
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3.2 High-resolution photoelectron spectroscopy

The synchrotron-based photoelectron studies presented so far in this chapter have focused on
ionising transitions which could be vibrationally resolved. In order to produce rotationally-
resolved spectra in the VUV range, the laboratory laser-based setup VULCAIM was used. As
the setup was developed over the course of my PhD, the work presented in this section was
intended to better understand and characterise the new setup. The main technique used to
produce these rotationally-resolved spectra is Pulsed-Field-Ionisation - ZEro Kinetic Energy
(PFI-ZEKE) spectroscopy. I will start by describing this technique, before presenting an example
of its use when studying the photoionisation of CO2. Finally, the last part of this chapter is
dedicated to a new approach for performing Pulsed-Field-Ionisation inspired by the treatment
procedure of SPES described in chapter 1.

3.2.1 Pulsed Field Ionisation - ZEro Kinetic Energy (PFI-ZEKE) spectroscopy

Introduction

FIGURE 3.10: Illustration of PFI-ZEKE scheme. Left: Rydberg states, reached
using a VUV photon (pink), converging to IP. Right: voltage scheme applied to
electrons in interaction zone after laser excitation; an electron signal on the MCP
is detected for each voltage step after a time-of-flight. Each section of Rydberg
states (colour code) is ionised at each successive voltage step (same colour code).

The basic idea behind PFI-ZEKE spectroscopy is the VUV excitation to neutral Rydberg
states just below an ionisation threshold (see left panel of Fig 3.10). Once in the excited states,
pulsed voltages are carefully applied, to induce the Stark effect, as illustrated in Fig. 1.26 of
chapter 1, in order to allow the selective ionisation of given Rydberg states. Indeed, application
of a static electric field F results in a drop in ionisation potential (∆IP), following the quadratic
law of equation (1.9) (∆IP ∝

√
|F|).
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Application of sequences of voltage steps to electrodes in the interaction zone with the VUV
laser where the excited electronic states have been created allows a deeper probing of Rydberg
states (colour code) at each votage step (same colour code), as illustrated in the right panel of
Fig 3.10. This high-resolution photoelectron spectroscopy was employed using the laboratory-
based setup VULCAIM. The ensuing electrons are detected after a time-of-flight. Unlike the
synchrotron setup which uses electron-ion coincidences to produce mass-selected photoelec-
tron spectra or the VULCAIM setup when detecting ions, the detection of electrons with VUL-
CAIM is not mass-selective. In general only one species is injected into the experiment, but
impurities do exist. Nevertheless, if the IPs of the impurities are not in the same energy range,
the measurment is not affected. Mass selectivity can be achieved using a similar technique,
but by detecting ions instead of electrons. This is known as MATI (Mass Analysed Threshold
Ionisation) spectroscopy [152], but this was not investigated in this PhD. High-resolution MATI
spectroscopy does exist, but it is not clear if this technique is capable of the same high resolution
as PFI-ZEKE.

Ionisation rates of Rydberg states
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FIGURE 3.11: Simulated degeneracy lifting of a n = 180 (m = 0) Rydberg state
with electric field F, only states with n2 a multiple of 10 are represented for clarity
(except for n2 = 179) adapted from ref. [18]. Black dots locate field thresholds for
which the ionisation rate is high enough for detection. States represented by light
pink lines are ionised under a 65 V.m−1 field. States represented by green lines
are ionised under a -65 V.m−1 field. In grey are states ionised by neither voltage.

Before presenting the experimental implementation of ZEKE spectroscopy, a final theoretical
aspect of Rydberg states must be considered, that is ionisation rates (noted Γ), i.e. the number of
ionisation events per unit-time. This dynamical aspect must be considered in PFI experiments
as only ionisation processes occurring fast enough with respect to the experimental time scale
can be detected [18]. Experimentally, a given voltage is applied for up to 1 µs and ionisation
processes can be detected for our setup if they occur at a rate greater than around 107 s−1.
Using the same notations as in equation (1.8) of chapter 1, noting R′ = (−2(E− IP))3/2/F and
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according to Damburg and Kolosov [153], Γ can be written

Γ =
(4R′)2n2+m+1

n3n2!(n2 + m)!
exp{−2

3
R′ − 1

4
n3F(34n2

2 + 34n2m + 46n2 + 7m2 + 23m +
53
3
)}, (3.1)

which was achieved using fourth order perturbation theory. This equation can be solved nu-
merically to determine the experimental ionisation threshold field. The threshold field for each
state of the n = 180 manifold is represented as black dots in Fig. 3.11 and was determined nu-
merically from equation (3.1). Values could not be determined for the most blue-shifted states
within the context of equation (3.1), problems within this theory for the description of blue-
shifted states have already been reported [18]. The notion of blue or red-shifted states is relative
to the sign of the applied field: if the field changes sign, blue-shifted states become red and vice
versa. This is apparent in Fig. 3.11.

If the applied electric field F intensity is greater than the threshold field, ionisation can occur
on a detectable scale. For F = 65 V.m−1 this is true for states with parabolic number n2 . 50
(light pink lines in Fig. 3.11). For F = −65 V.m−1 this is true for states with parabolic number
n2 & 130 (green lines in Fig. 3.11). For the other states (grey lines in Fig. 3.11), their ionisation is
not detected for either voltage step.

Figure 3.11 demonstrates how the application of a first positive voltage followed by a second
voltage still ionises Rydberg states on a detectable scale. This is true even if the second voltage
is no more intense (in terms of absolute amplitude) than the first.

Experimental implementation

When implementing the PFI-ZEKE scheme of Fig. 3.10, the first voltage step (red) is positive
(typically +1V). It is used to get rid of the prompt electrons directly produced by the laser and
to pulse ionise the higher Rydberg states. Prompt electrons contain kinetic energy and are not
of interest here as this technique focuses on electrons whose kinetic energy is vanishing.

The second voltage step (orange) is negative and generally of the same absolute amplitude
as the first. Based on equation (1.9) of chapter 1, no extra products are ionised compared to the
first step, but with the knowledge of paragraph 3.2.1, ionised products will be detected if the
first voltage step induced detectable ionisation. Pushing the theory of paragraph 3.2.1 further,
it is possible to detect ionised products by applying a negative voltage step less intense than the
first. This comes at a cost in signal, but an increase in resolution as fewer states are selectively
ionised.

As shown in Fig. 3.10, at each negative voltage step, a thin slice of lower energy Rydberg
states is ionised. These subsequent voltage steps can be a lot smaller than the two first in order
to ionise fewer states and thus achieve greater photoelectron resolution. The only limitation is
the decrease in electron signal as fewer states are probed, which in the extreme results in a loss
of detection. Scanning the VUV laser photon energy and recording the number of electron hits
at each energy step enables the construction of a spectrum presented in Fig. 3.12.

So far, the highest photoelectron resolution using this technique with VULCAIM of 0.14 cm−1

was achieved using 0.83 V/m steps when probing the first IP of Kr (Kr+ (4s24p5)2P3/2 ←
Kr (4s24p6)1S). The resolution is measured in the same way as in chapter 1 in the I2 study or the
rare gas Rydberg series study. The resolution may actually be even higher than this as there are
several transitions within this band corresponding to the five most abundant Kr isotopes [34].

Note that the peak in Fig. 3.12 is not centered at the Kr ionisation potential, which is reported
at 112 914.441(0.016) cm−1[41]. The observed shift to lower energy is due to the Stark effect,
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FIGURE 3.12: PFI-ZEKE spectrum (points) around the first IP of Kr. Superim-
posed on this experimental spectrum is a red-dashed gaussian line shape whose

FWHM is 0.14 cm−1.

which can be rationalised using equation (1.9) of chapter 1 (∆IP ∝
√

U). Correcting the Stark
shift (-1.7(3) cm−1), we can determine IP(Kr) = 112 914.7(3) cm−1. This correction procedure is
detailled in paragraph 3.2.2.

Another way of determining the Stark shift is to use the H atom model described in ref. [18]
to compute the Stark shift. This yields a shift of -1.43 cm−1. Our recorded PFI-ZEKE spectrum
is centred around 112 913.00(0.14) cm−1. Adding the calculated shift, this value sets the Kr IP
at 112 914.43(0.14) cm−1, which is even closer to the reported value [41].

3.2.2 CO2 PFI-ZEKE spectroscopy

Motivations

Carbon dioxide, or CO2, is a molecule of great atmospheric and astrophysical importance. On
Earth, it is well known as a green house gas in Earth’s atmosphere and is also well known to
be an important player in other planetary atmospheres: it makes up over 95% of the Martian
atmosphere for example. It has furthermore been detected in the ISM, in the vicinity of comets
and within ice dust grains in molecular clouds.

Its choice as the first molecule for a PFI-ZEKE study with VULCAIM, however, is mainly
motivated by spectroscopic arguments. CO2 was chosen as a test species following the recently
published paper by Hollenstein et al. [154] in 2019 reporting the adiabatic ionisation energy of
CO2 using PFI-ZEKE spectroscopy. Hence the goal of my PhD study was to reproduce their
results, determine the performances of the new VULCAIM setup, and thus verify that it was
performing properly.

Neutral CO2 has been extensively studied along with its cation. CO+
2 is usually produced

and studied in a discharge or by electron-bombardment ionisation. Focusing on studies of the
cation, its complex emission spectrum was first observed in 1927 by Fox et al. [155], although
the lines at the time were assigned to neutral CO2 emission. Subsequent papers confirmed the
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cationic emission in assigning spectral features between 280 nm to 450 nm to the B+ 2Σ+
u →

X+ 2Πg and A+ 2Πu → X+ 2Πg transitions in CO+
2 .

As the symmetry of the cationic ground electronic state is X+ 2Πg, it is apparent that spin-
orbit effects will complicate the observed spectra. In addition, CO+

2 is linear, which means that
the Renner-Teller effect will further complicate spectra in the levels associated to the v2 bending
mode. Such an effect is the result of a vibronic coupling present in degenerate electronic states
of linear species and due to the coupling between electronic orbital and vibrational angular
momenta [156]. It manifests itself, in particular, in vibrationally excited states and the rota-
tional states therein. Following this elucidation, rovibronic transitions within CO+

2 have been
observed and assigned, which enabled the determination of spin-orbit constants, vibrational
frequencies, rotational constants, etc. [157–159].

TABLE 3.7: Vibrational modes of CO2(X) and CO+
2 (X+)

νi Assignment ν̃i(CO2(X)) / cm−1 ν̃i(CO+
2 (X+)) / cm−1

ν1 symmetric stretch 1332.9 [160] 1255 [161]
ν2 bend* 667.4 [160] 516.332 [159]
ν3 asymmetric stretch 2349.2 [160] 1423.08 [162]

* Twice degenerate mode

A final level of complexity is observed in vibronic states of the (v1, v2, v3) = (1, 0, 0) and
(0, 2, 0) bands due to a Fermi resonance (see Table 3.7). A Fermi resonance is a coupling be-
tween vibronic states of same symmetry and close energies. It results in the shifting of levels in
addition to the Renner-Teller and spin-orbit effects. This has been studied in CO+

2 produced in
a discharge in a number of works [161, 163].

The first PFI-ZEKE study of X+ 2Πg was that of Merkt et al. [164], who presented spectra
with a resolution of 1.5 cm−1 and described the various vibronic states of the (0, 0, 0) and (0, 1, 0)
levels. A subsequent study presented rotationally-resolved (resolution 0.6 cm−1) PFI-ZEKE
spectra, which confirmed the previous findings [165]. Later, a medium-high-resolution (7 cm−1)
PFI-PE study investigated the vibronic structure of CO+

2 over a broader energy range (13.6 to
14.7 eV) [166]. The study at higher resolution (0.2 cm−1) by Hollenstein et al. [154] in 2019
offered yet improved precision and accuracy, of the adiabatic ionisation energy in particular.
As previously mentioned, this study will provide a benchmark for our findings. The results of
Merkt et al. [164] will guide the study of the (0, 1, 0) states. To our knowledge, the (1, 0, 0) and
(0, 2, 0) bands have never been studied by PFI-ZEKE spectroscopy, but we will rely on IR results
directly obtained in the cation [161, 163].

Overview of the X+ 2Πg CO+
2 ground state

As depicted in Fig. 3.13, the lowest vibrational levels of the CO+
2 X+ 2Πg ground state were

recorded using the PFI-ZEKE technique. Commercially available CO2 gas seeded in Ar at a
concentration of around 1/6 was fed into the experiment as described in section 1.2.7. The
molecules were irradiated by VUV laser radiation whose photon energy was scanned around
the first IP of CO2. This VUV radiation was achieved by tuning the high-resolution UV laser to
around the Kr(1) resonance of Table 1.7 (chapter 1) and by scanning the high resolution visible
laser around 600 nm. Both laser sources were combined in by four-wave (summed) frequency
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FIGURE 3.13: Raw PFI-ZEKE spectrum of the lowest vibrational levels of the CO+
2

X+ 2Πg ground state.

mixing to provide the corresponding VUV radiation (see Figs. 1.13 and 1.14 of chapter 1). Fol-
lowing irradiation, voltages were applied to electrodes and resulting electrons were detected,
as illustrated in Fig. 3.10.

The first overview scans used the following parameters:

• ≈ 3.10−1 cm−1 photon energy steps,

• 2 V voltage steps,

• ≈ 0.6 cm−1 photoelectron resolution.

• statistics 50 (counts per point)

These scans are used to produce PFI-ZEKE spectra of the excited vibrational levels of CO+
2

X+ 2Πg as a first step before exploring the pertinent zones at yet higher spectral resolution.
Higher resolution scans have been recorded and will be detailed in the following paragraphs.

Note that the spectra are corrected by the VUV photon flux (see section 1.2.6 of chapter 1).
However, the relative intensities between bands are arbitrary as we were not able to record spec-
tra encompassing multiple vibronic states. The vibrational bands of this spectrum are assigned
following the vibronic energy diagram adapted from ref. [157] and pictured in Fig. 3.14.

In the following sections, three regions of interest in the CO+
2 X+ 2Πg ground state will be

detailed:

• the complete study of the vibrationless spin-orbit components of the (0, 0, 0) level at
0.2 cm−1 resolution,

• the partial study of the (0, 1, 0) level combining the Renner-Teller effect with the spin-orbit
coupling at 0.6 cm−1 resolution, and

• the partial study of the (0, 2, 0) and (1, 0, 0) levels combining the Renner-Teller and spin-
orbit effects with the Fermi resonance at 0.6 cm−1 resolution.

We have not yet recorded very high-resolution spectra for the vibrationally excited states,
but the simulations offer insight into the complex couplings.
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FIGURE 3.14: Energy diagram of the lowest vibrational levels of the CO+
2 X+ 2Πg

ground state accounting for the Renner-Teller and spin-orbit effects adapted from
ref. [157].

Spin-orbit components of X+ 2Πg(v1 = 0, v2 = 0, v3 = 0)

A first scan was recorded spanning the two spin-orbit components of X+ 2Πg(0, 0, 0) using the
following parameters:

• ≈ 7.10−2 cm−1 photon energy steps,

• 500 mV voltage steps, and

• ≈ 0.4 cm−1 photoelectron resolution.

The resulting rotationally-resolved PFI-ZEKE spectrum is presented in Fig. 3.15.
Since the spin-orbit parameter in CO+

2 is negative, the Ω+ = 3/2 component is at lower
energy compared to the Ω+ = 1/2 [157]. As this scan expands over both spin-orbit compo-
nents, the relative spin-orbit intensities can be determined. This is done by integrating the
signal of each component in the spectrum of Fig. 3.15 and comparing integrals as a ratio. The
result is that the Ω+ = 3/2 (Ω+ = 1/2) component makes up around 70% (30%) of the spec-
trum intensity. This is in excellent agreement with Merkt et al., who also performed PFI-ZEKE
spectroscopy and found a ratio of 68:32. However, this ratio disagrees with that found by other
works employing different techniques (PES, theory...), which found a more equal share between
components [164]. Different physical aspects of the employed experimental techniques can ex-
plain the differences between PES and ZEKE intensities, but these are not discussed in detail
here (see ref. [167] for instance).
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FIGURE 3.15: PFI-ZEKE spectrum of both spin-orbit components of the CO+
2

X+ 2Πg(v1 = 0, v2 = 0, v3 = 0).

FIGURE 3.16: Illustration of an autoionisation process from a Rydberg state con-
verging to the 2Π1/2 to the 2Π3/2 ground state in CO+

2 (X+). This process yields
an electron with non-zero kinetic energy (EK > 0).

This discrepancy can be explained by the presence of autoionisation processes from Ryd-
berg states converging to the 2Π1/2 state, autoionising to the 2Π3/2 state below, as illustrated
in Fig. 3.16. Autoionisation intervenes after the VUV excitation to a Rydberg state, as there is a
slight pause (around a few µs) before applying pulsed voltages. During this time, the occupied
Rydberg state, being situated above the cationic ground state (2Π3/2), can autoionise. In doing
so, an electron whose kinetic energy is non-zero is produced and is thus not detected using PFI-
ZEKE spectroscopy. The effect on the PFI-ZEKE spectrum of CO+

2 (X+) is a loss of signal from
the 2Π1/2 component. The 2Π3/2 component is not affected as it is already the lowest cationic
state, it would have no other state to ionise to. As other techniques do not use the pulsed ionisa-
tion of Rydberg states, autoionisation does not affect the spectra in this way, which can explain
the 1:1 intensity ratio between multiplets found in other studies.

In the following paragraphs, the rotational structure of each component will be investigated
further.
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Rotational energy levels of a linear triatomic molecule in a 2Π electronic state - simulations

In the aim of simulating experimental spectra, and assigning features therein, the rotational
energy levels of the neutral and cationic states must be determined. These simulations are im-
plemented using a home-made code relying on models described in the following paragraphs.

The rotational structure of a 2Π electronic state in the case of a linear triatomic molecule was
determined in 1962 by Hougen [168]. His work builds on the vibronic work of Pople, who had
already developed a Hamiltonian that accounted for the spin-orbit and the vibronic (Renner-
Teller) couplings [169]. Hougen proposed a rotational Hamiltonian to be used in addition to
that of Pople’s and analytically derived rotational energy levels for each vibronic state.

Hougen identified an important quantum number for describing rotation in such vibronic
states: K = |Λ + l|; with Λ, the projection of total orbital angular momentum of the electrons
along the linear axis and l, the bending vibrational angular momentum along this axis. In a 2Π
electronic state, Λ = ±1 and for a given bending vibrational quantum v2,−v2 ≤ l ≤ v2 by steps
of 2. In his paper, Hougen details rotational energy values for each K value.

In the case of the (0, 0, 0) ground state of CO+
2 , the vibronic states fall into the K = v2 + 1

category described by Hougen [168]. Rotational energy level values are then given by

E+(J+ =
1
2
) = E0 + C + v2ω2 + B+K− 1

2
Aeff + gKΛK

E+(J+ >
1
2
) = E0 + C + v2ω2 + B+{(J +

1
2
)2 − K2)}+ gKΛK

± 1
2

√
4B+2(J +

1
2
)2 + Aeff(Aeff − 4B+K),

(3.2)

with:

• the E+(J+ = 1
2 ) level only present in the 2Π1/2 state,

• E0, the energy offset of the cationic ground state. E0 will be adjusted manually to fit the
experimental data with the simulations,

• J+, the rotational quantum number in CO+
2 (X+ 2Π), a positive half-integer,

• ε = −0.189, the Renner parameter for the CO+
2 (X+ 2Π) state [159],

• ω2 = 516.332 cm−1, the harmonic vibrational frequency for the bending mode of CO+
2 (X+ 2Π) [159],

• B+ = 0.380511 cm−1, the rotational constant for the vibrationless CO+
2 (X+ 2Π) state [159],

• C = −(v2 + 1)(v2 + 2)εω2/8,

• ASO = −162.34 cm−1, the spin-orbit parameter for CO+
2 (X+ 2Π) [159],

• Aeff = A(1− (ε2/8)K(K + 1), the effective spin-orbit parameter for CO+
2 (X+ 2Π) [168],

• the gKΛK term was introduced by Brown [170] to account for second order vibronic cou-
plings with orbital momentum. Sears et al. derived gK = 2.914 cm−1 for CO+

2 , by fitting
experimental data with a model relying on the harmonic approximation, and

• the ± sign refers to each spin-orbit component. ’+’ is for the upper 2Π1/2 state and ’-’ is
for the lower 2Π3/2 state.
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The above parameters provide good starting values to describe our spectra. Using equation
(3.2), the rotational states in CO+

2 (X+ 2Π) can be adequately described. In the 1Σ+
g state of the

neutral CO2 ground state, rotational energy level values are simply written

E(J) = BJ(J + 1), (3.3)

with:

• J, the rotational quantum number in CO2 (X 1Σ+
g ), an even integer due to spin statistics

(16O nuclear spin is 0) [38],

• B = 0.39021894 cm−1, the rotational constant for the vibrationless CO2 (X 1Σ+
g ) state [171].

For both neutral and cationic species, the simulations do not take centrifugal distorsion into
account. Indeed, as the sample in our jet experiment is cold (≈ 10 K) and as the centrifugal
distorsion affects significantly only high J values, there is no need to introduce it in our calcu-
lations. The reference energy is set as the lowest rotational level of the neutral ground state, i.e.
E(J = 0) = 0. The photoionisation transition energies between these rotational states are noted
∆E = E+(J+)− E(J). Note that there is no selection rule for ∆J = J+ − J.

To determine spectral intensities, the population of each rotational state of the electronic
ground state must be determined as a function of temperature T. This is achieved using a
Boltzmann distribution which gives the population of energy level, pop(E(J)), as:

pop(E(J))
pop(E(0))

= (2J + 1)exp(
−E(J)

kBT
). (3.4)

In addition to the Boltzmann factor of equation (3.4), the spectral intensities can be com-
puted using the methods reported in refs. [172, 173]. This method is simplified here by intro-
ducing an additional term W(∆J) to the simulations in order to properly fit the experimental
relative intensities as done in ref. [164]. This term acts as a weight for each ∆J branch and is
adjusted manually to best fit the experimental spectrum.

The Boltzmann factors and ∆J branch weights are used as a relative intensities in the sim-
ulations. These simulations yield a line spectrum which is convoluted by a gaussian function,
whose FWHM is adjusted to fit the photoelectron resolution.

Stark-shift corrections

When applying the voltage step scheme of Fig. 3.10, each step generates electrons stemming
from transitions whose energies are shifted due to the Stark effect (see equation (1.9) of chap-
ter 1). The resulting PFI-ZEKE spectrum is thus also Stark-shifted, proportionately to

√
F. This

shift can be computed theoretically in a model that treats the Rydberg atom or molecule as a
hydrogen atom [18]. This model was used to compute the Kr IP in paragraph 3.2.1.

Experimentally, the shift can be corrected by recording PFI-ZEKE spectra using successive
voltage steps. The energy of a given transition is noted for each voltage and extrapolations can
be undertaken to determine the transition energy in the absence of electric field F = 0.

This procedure is illustrated in Fig. 3.17 presenting raw PFI-ZEKE spectra. This figure
displays a zoom on a rotational transition of the vibrationless X+ 2Π3/2 ←X 1Σ+

g transition,
recorded using the step voltage scheme of Fig. 3.10. The consecutive voltage steps are +1 V,
-1 V, -1.1 V, -1.2 V, -1.3 V, -1.4 V and -1.5 V. The energy of a given transition is pinpointed using a
gaussian function fit whose central value is represented by a red dot in Fig. 3.17. A linear regres-
sion between each energy value and

√
−U, with U the corresponding voltage step value, yields
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FIGURE 3.17: Zoom on PFI-ZEKE experimental spectra of the vibrationless
X+ 2Π3/2 ←X 1Σ+

g transition recorded at different voltage steps. Using colour
coding, the spectrum for each voltage step is represented, shifted vertically for
clarity. Red dots locate maxima for a given transition which move to lower ener-

gies, the lower the voltage.

the zero-field transition energy as the intercept according to equation (1.9) of chapter 1. Stark
shifts are deduced as the difference between the raw transition energy for the given voltage step
and the zero-field transition energy.

The CO+
2 X+ 2Π3/2 vibronic state

The experimental PFI-ZEKE spectrum (black) of the vibrationless X+ 2Π3/2 ←X 1Σ+
g transition

is presented alongside the simulated spectrum (blue) in Fig. 3.18. The parameters used in this
scan are:

• ≈ 6.10−3 cm−1 photon energy steps,

• 100 mV voltage steps,

• averaging 100 (counts per point),

• ≈ 0.2 cm−1 photoelectron resolution.

It is interesting to note here, given these scan parameters, that the spectrum of Fig. 3.18 took
over 4 hours to record.

The rotational temperature used in the simulations is T = 10 K. The E0 energy shift is
adjusted to fit the experimental spectrum with the simulation. The values of all other constants
are left unchanged from the previous section. The simulated spectrum is produced from a
line spectrum convoluted by a gaussian function whose FWHM = 0.2 cm−1, which gives the
experimental photoelectron resolution.

The resulting simulation is in very good agreement with the experimental findings, in both
the line positions and relative intensities. Thanks to the simulation, ∆J branches are identified
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FIGURE 3.18: PFI-ZEKE experimental (black) and simulated (blue) spectra of the
vibrationless X+ 2Π3/2 ←X 1Σ+

g transition. Note the simulated spectrum used
T = 10 K and is inverted with respect to the experimental spectrum to facilitate
comparisons. Assignments to ∆J branches are noted with the ground state rota-

tional quantum J underneath.

TABLE 3.8: ∆J branch weightings for the vibrationless X+ 2Π3/2 ←X 1Σ+
g transi-

tion

∆J -9/2 -7/2 -5/2 -3/2 -1/2 1/2 3/2 5/2 7/2 9/2
W 0.1 0.5 0.3 0.3 0.5 1 0.3 0.4 0.2 0.1

ranging from -9/2 to 9/2. In each branch, the neutral ground state J value is marked for each
transition and the rotational autoionisation weights are summarised in Table 3.8.

Merkt et al. [164] suggested that electronic, spin-orbit or rotational autoionisation (similar
to the scheme depicted in Fig. 3.16) could also have an impact on relative intensities [164].
These autoionisation processes affect spectral intensities in PFI-ZEKE spectroscopy. It could
also be possible that the neutral state population distribution is more complicated than a single
Boltzmannian distribution, which would also affect the relative intensities.

It is possible to extract the first adiabatic IP of CO2 from the spectrum in Fig. 3.18. In this
case it corresponds to the energy difference between the X+ 2Π3/2 (J+ = 3/2) and X 1Σ+

g (J = 0)
states. As E(J = 0) = 0, IP = E+(X+ 2Π3/2 (J+ = 3/2)), a value that can be extracted from the
simulations and their fit to the experimental spectrum. The value is corrected for the Stark shift
following the method described in paragraph 3.2.2. The result is compared to Hollenstein et al.’s
value in Table 3.9; there is an excellent agreement between both results. This result confirms the
energy scale is correctly calibrated and shows that the VULCAIM is very capable of undertaking
PFI-ZEKE spectroscopic studies.

The error bar on our IPadia value is given by the error on the intercept of the Stark-shift cor-
rection procedure (see paragraph 3.2.2). The laser calibration error (0.02 cm−1 [33]) is neglected.
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TABLE 3.9: Adiabatic IP of CO2

This work Hollenstein et al. [154]
IPadia / cm−1 111 112.24(21) 111 112.29(18)

The CO+
2 X+ 2Π1/2 vibronic state
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FIGURE 3.19: PFI-ZEKE experimental (black) and simulated (blue) spectra of the
vibrationless X+ 2Π1/2 ←X 1Σ+

g transition. Note the simulated spectrum uses
T = 10 K and is inverted with respect to the experimental spectrum to facilitate
comparisons. Assignments to ∆J branches are noted with the ground state rota-

tional quantum J underneath.

Using the same method as described previously on the lower spin-orbit component, the
experimental PFI-ZEKE spectrum (black) of the vibrationless X+ 2Π1/2 ←X 1Σ+

g transition is
presented alongside the simulated spectrum (blue) in Fig. 3.19. The energy shifts, constants
and bandwidth (0.2 cm−1) are the same as previously. ∆J branches are once again identified
and their weights are summarised in Table 3.10.

TABLE 3.10: ∆J branch weightings for the vibrationless X+ 2Π1/2 ←X 1Σ+
g tran-

sition

∆J -11/2 -9/2 -7/2 -5/2 -3/2 -1/2 1/2 3/2 5/2 7/2 9/2
W 0.05 0.1 0.2 0.3 0.7 0.8 1 0.5 0.4 0.2 0.1

The important spectroscopic parameter that can now be determined is the effective spin-
orbit parameter, Aeff, responsible for the splitting of the two spin-orbit components of X+ 2Π.
Equation (3.2) is implemented to simulate both spin-orbit components simultaneously which
allows the isolation of Aeff as summarised in Table 3.11.
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TABLE 3.11: Spin-orbit parameter of CO+
2

This work Sears et al. [159]
Aeff / cm−1 -159.70(5) -159.7202(92)

The determination of Aeff does not need a Stark-shift correction as it is deduced from the
relative positions of each spin-orbit component. The Aeff error is therefore lower than that of
IPadia and only accounts for the fit parameter adjustment and the relative calibration of the
photon energy. The literature value was obtained using IR-absorption spectroscopy performed
directly on CO+

2 produced in a discharge at 200 K. Given this experimental technique and higher
sample temperature (offering more rotational lines for the fit), a higher precision is expected in
their case. Both results are in very good agreement.

Vibronic states of the (v1 = 0, v2 = 1, v3 = 0) band.

The (0, 1, 0) level of the CO+
2 electronic ground state splits into three components due to the

Renner-Teller effect: a 2∆ state with K = 1+ 1 = 2 and a κ and a µ 2Σ states with K = 1− 1 = 0.
Due to spin-orbit coupling, the 2∆ state is further split into two components for spin up and
spin down. As illustrated in Fig. 3.14, there are therefore four vibronic levels in the (0, 1, 0)
vibrational level.

Wavenumber / cm−1

111600 111700 111800 111900

µ 2Σu
+ 2∆u 5 2

2∆u 3 2 κ 2Σu
−

FIGURE 3.20: Raw PFI-ZEKE experimental (black) and simulated (blue) spectra of
the X+ 2Π(0, 1, 0)←X 1Σ+

g transition. Note the simulated spectrum uses T = 10 K
and is inverted with respect to the experimental spectrum to facilitate compar-

isons. Assignments to vibronic states are noted.

A zoom on these components from Fig. 3.13 is presented in Fig. 3.20 along with simulations.
The four aforementioned vibronic states are observed experimentally and are well reproduced
by the simulated spectra. The simulations are produced in a similar way to those presented in
the vibrationless ground state, but rely on different expressions for the excited energy levels.

The 2∆ states fall into the same category of states K = v2 + 1 as described by equation
(3.2). The same constants from Sears et al. [159] are used to produce the 2∆ state simulations of
Fig. 3.20.

Hund’s case (a) can be applied to these 2∆ states and the 2Π states of the (0, 0, 0) band. This
is not the case for the 2Σ states (Λ = 0) for which Hund’s case (b) is applied. In this case, a new
quantum number N is introduced representing total angular momentum excluding electron
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spin: J = N ± 1/2. Due to spin statistics, only odd (even) N values exist for Σ+ (Σ−) states in
CO+

2 . An important parameter in the description of the 2Σ states is

r =
1
2

√
A2

SO + ((v2 + 1)2 − K2)ε2ω2
2. (3.5)

Using the same constants as in equation (3.2), but with K = 0 and v2 = 1, we compute r =
125 cm−1. In this context, neglecting centrifugal distorsion and being as r >> BJ, the energy
levels of the 2Σ states can be written [157, 159, 168]:

E1(κ
2Σ−u , N) = E0 + C′ + v2ω2 + r + B+

effN(N + 1) +
1
2

γ+
RT(N + 1)

E2(κ
2Σ−u , N) = E0 + C′ + v2ω2 + r + B+

effN(N + 1)− 1
2

γ+
RTN

E1(µ
2Σ+

u , N) = E0 + C′ + v2ω2 − r + B+
effN(N + 1) +

1
2

γ+
RT(N + 1)

E2(µ
2Σ+

u , N) = E0 + C′ + v2ω2 − r + B+
effN(N + 1)− 1

2
γ+

RTN

(3.6)

with the same notations as in equation (3.2) and in addition:

• C′ = −(v2 + 1)ε2ω2/8,

• B+
eff = B+(1± A2

SOB+

8r3 ), with a ’+’ for κ 2Σ states and a ’-’ for µ 2Σ states,

• γ+
RT = 2B+(1− | (v2+1)εω2

2r | ± A2
SOB+

8r3 ), with a ’+’ for κ 2Σ states and a ’-’ for µ 2Σ states. Note
0 ≤ γ+

RT ≤ 2B+
eff, so the two N-dependent terms of the above equations are of similar

magnitude.

The newly introduced constants used in the simulations of the 2Σ spectra are reported in Ta-
ble 3.12 and are the same as in ref. [159], all other constants remain the same as in the vibration-
less ground state.

The rotational energy expressions of each κ and µ 2Σ±u state in equation (3.6) are reminiscent
of rotational energy values of 2Σ states of a diatomic molecule [38] also featuring a splitting
constant γ. In that case however, the spin-uncoupling constant γ is very small compared to the
rotational constant, whereas the splitting and rotational constants in these κ and µ 2Σ±u states
are of the same order of magnitude (see Table 3.12). For example, in the 2Σ+ ground state of
CN, γ = 0.007254979 cm−1 while B0 = 1.89109061 cm−1 [174].

TABLE 3.12: Fit parameters for 2Σ states of (0, 1, 0) states of CO+
2 from ref. [159].

µ 2Σ+
u κ 2Σ−u

B+
eff / cm−1 0.381703 0.381414

γ+
RT / cm−1 0.166714 0.16782

As there is no overlap between vibronic states in the experimental spectra, relative band
intensities cannot be deduced. For this reason, the intensity of each simulated band is renor-
malised for each state. It is however of interest that, like Merkt et al. [164], all X 2Πg (0, 1, 0)
(µ 2Σ+

u ,2 ∆u,5/2,2 ∆u,3/2, κ 2Σ−u ) ← X 1Σ+
g (0, 0, 0) transitions are observed, despite their for-

bidden nature by symmetry [172]. The photoelectron most likely stems from the HOMO πg
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of CO2, the photoelectron wavefunction is thus of ungerade symmetry. The final (0, 1, 0) vi-
bronic states being also ungerade, the final total wavefunction is the product of two ungerade
wavefunctions so is of gerade symmetry, as the X 1Σ+

g ground state. Merkt et al. explained the
possible transition by configuration mixing, made possible by the Renner-Teller effect.

Higher resolution spectra are needed to be able to fully resolve the ∆J branches as in the
(0, 0, 0) states and deduce precise branch weights. Nevertheless, there is already an excellent
agreement between the experimental and simulated spectra of Fig. 3.20. Once the higher resolu-
tion spectra has been recorded, the simulations will be refined if needed to assign the rovibronic
transitions and determine branch weights intrinsic to PFI-ZEKE spectroscopy.

Vibronic states of the (v1 = 0, v2 = 2, v3 = 0) and (v1 = 1, v2 = 0, v3 = 0) bands.

As in the (0, 1, 0) level, the (0, 2, 0) level of the CO+
2 electronic ground state splits into 6 compo-

nents due to the Renner-Teller effect and spin-orbit coupling producing two 2Φu (K = 1 + 2),
two κ and two µ 2Πg (K = −1 + 2 = 1) states. The Renner-Teller effect does not affect the (1,
0, 0) level, which has 2 spin-orbit components as the origin. The various level splittings are
illustrated in Fig. 3.14. They are observed experimentally via PFI-ZEKE spectroscopy (using the
same parameters as in the (0, 1, 0) spectra) and simulated accordingly as displayed in Fig. 3.21.

Wavenumber / cm−1

112000 112100 112200 112300 112400 112500 112600

µ 2Πg 3 2 µ 2Πg 1 2

2Φu 7 2
2Φu 5 2

2Πg 3 2 (1, 0, 0)
κ 2Πg 1 2 κ 2Πg 3 2

2Πg 1 2

(1, 0, 0)

FIGURE 3.21: Raw PFI-ZEKE experimental (black) and simulated (blue) spectra
of the X+ 2Π(0, 2, 0) ←X 1Σ+

g and X+ 2Π(1, 0, 0) ←X 1Σ+
g transitions. Note the

simulated spectrum uses T = 10 K and is inverted with respect to the experimen-
tal spectrum to facilitate comparisons. Assignments to vibronic states are noted.
The positions of the 2Φ states are noted with green vertical lines according to the

model, but are not observed experimentally.

The (1, 0, 0) and (0, 2, 0) levels are however very close in energy. There is therefore a Fermi
resonance between the vibronic states of same symmetry of these levels, that is the four 2Π
states of the (0, 2, 0) level and the two 2Π states of the (1, 0, 0) level. This resonance has been
the subject of several works, in particular that of Larcher et al. [161]. Their work used the same
experimental setup as Gauyacq et al. [157] based around a hollow-cathode lamp coupled to an
electron bombardment source. The experimental observations are understood by the means of
an effective Hamiltonian Heff accounting for the Renner-Teller effect, spin-orbit coupling and
the Fermi resonance simultaneously, which we heavily rely on to model our own PFI-ZEKE
spectra.
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This Hamiltonian can be represented in the |v1v2v3, ΛlΣ, J+P〉 basis (P being the total angu-
lar momentum) by the following matrix [161]:

Heff = E0 + Bx2 + gKΛK+

E100 − 1
2 A100 −B+

√
x2 − 1 2F1 0

√
8F2 0

−B+
√

x2 − 1 E100 +
1
2 A100 0 2F1

√
8F2

2F1 0 E0200 − 1
2 A0200 −B+

√
x2 − 1

√
2(εω2)020 0

0 2F1 −B+
√

x2 − 1 E0200 +
1
2 A0200 0

√
2(εω2)020√

8F2 0
√

2(εω2)020 0 E0220 +
1
2 A0220 −B+

√
x2 − 1

0
√

8F2 0
√

2(εω2)020 −B+
√

x2 − 1 E0220 − 1
2 A0220


(3.7)

with:

• Ev1vl
2v3

, the effective energy origin for each vibronic state (I recall that l is the quantum
number for bending vibration, with l = K± 1)

• Av1vl
2v3

, the effective spin-orbit parameter for each vibronic state,

• x = J+ + 1/2,

• F1 = W1 − εW2 and F2 = W2 − εW1/2, Fermi parameters depending on Wi constants
defined by Hougen [175] and quantifying the coupling through the Fermi resonance,

• (εω2)020, the effective Renner-Teller constant.

All of these effective constants are functions of the aforementioned parameters (ASO, ε, ω1,
ω2, l, v1, v2, and gK) and two additional parameters g22 and g′22, which have the same origin
as gK, but account for anharmonic corrections [161, 176]. The effective parameter values used
in the simulations are those of Larcher et al. [161] and summarised in Table 3.13. All other
parameters are the same as in the previous sections.

TABLE 3.13: Effective parameters (in cm−1) for 2Π states of (0, 2, 0) and (1, 0, 0)
states of CO+

2 from ref. [161].

E100 1254.0
E0200 1019.4
E0220 1035.1

A100 = ASO 159.9
A0200 156.0
A0220 157.5
W1 23.6
W2 -2.2

(εω2)020 -97.4

The eigenvalues of Heff constitute the rotational energy levels of the six 2Π states of the
(1, 0, 0) and (0, 2, 0) levels in reference to the vibrationless ground state. In order to simulate the
spectrum, transition energies are computed along with spectral intensities as in section 3.2.2. As
there is no overlap between vibronic states in the experimental spectra, relative band intensities
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cannot be deduced. For this reason, the intensity of each simulated band is renormalised for
each state. Higher resolution spectra are needed to be able to fully resolve the ∆J branches
and deduce branch weights. Nevertheless, there is already an excellent agreement between
the experimental and simulated spectra of Fig. 3.21. Once the higher resolution spectrum has
been recorded, the simulations will be refined if needed to assign the rovibronic transitions and
determine branch weights intrinsic to PFI-ZEKE spectroscopy.

The 2Φu states of (0, 2, 0) fall into the K = v2 + 1 category as the (0, 0, 0) states and the 2∆
states of (0, 1, 0). They can therefore be simulated in the same way following equation (3.2) by
adjusting the parameters accordingly. These states however are not observed experimentally
(see Fig. 3.21), the simulated spectra are thus not presented. Only green vertical lines locate the
origins of these states if they were reachable. This is expected as Φ ← Σ transitions are not
allowed.

CO2 photoionisation summary

This CO2 PFI-ZEKE study, the first such study with VULCAIM, displays the capabilities of the
new laboratory-based setup. The results yielded so far are in excellent agreement with those in
the literature and the experimental spectra are finely reproduced using simulated spectra based
on a theoretical model.

The next step in this study is to refine the study of the excited vibronic levels in CO+
2 using

the same PFI-ZEKE technique. Adapting the model parameters if need be, it will be of interest
to observe using PFI-ZEKE spectroscopy the relative spectral intensities of the various vibronic
states. Such results have never been published at the resolution we are now able to achieve.

3.2.3 Pulsed-Ramped-Field-Ionisation ZEro-Kinetic-Energy

Parallel to the PFI-ZEKE study of the vibrationless X+ 2Π ←X 1Σ+
g transition of the previous

section, an imaging technique was developed also using the ionisation of CO2 as a test system.
Where traditional PFI-ZEKE employs step voltages, this technique uses ramped voltages and
will thus be referred to as Pulsed-Ramped-Field-Ionisation ZEro-Kinetic-Energy (PRFI-ZEKE).
It is built on the work of Reiser et al. [97] who also investigated the use of voltage ramps or
slopes, and it is inspired by the SPES image analysis technique that we are accustomed to with
the SOLEIL experiments (see chapter 1).

Technique description

The ramp voltage scheme of PRFI-ZEKE can be thought of as a step voltage scheme using an in-
finite number of voltage steps, each infinitesimally close to the next. This means that rather than
having electrons arriving at discrete time intervals like in PFI-ZEKE, electrons continuously hit
the detector (see Fig. 3.22 a)). At each energy step in the scan, such a pulsed-ramped-voltage is
applied producing electron signal traces, which are then gathered in a PRFI-ZEKE matrix which
has three dimensions. The x-axis is the photon energy or wavenumber of the point in the scan.
The y-axis is the time coordinate for the pulsed-ramped-voltage; as the voltage is proportionate
to time during the voltage ramp, the y-axis can also be thought of as the applied voltage. The
conversion is slightly more complicated than it seems, but this is discussed below. The z-axis is
electron signal intensity.

Given the Stark effect due to static electric fields, spectral features are expected to be shifted
quadratically with the applied electric field (see equation (1.9) of chapter 1). The PRFI-ZEKE
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FIGURE 3.22: Illustration of the PRFI-ZEKE spectroscopy technique. a) Fixed
photon energy ramped voltage scheme analogous to the step voltage scheme of
Fig. 3.10. b) Zero-field stick spectrum. c) PRFI-ZEKE matrix gathering electron
signals from ramped voltage schemes (a)) for every photon energy step of the
scan, note the shift of spectral maxima (b)) with voltage follows a quadratic law

(orange curves).

matrix is therefore expected to display quadratic curves (see Fig. 3.22 c)) as spectral features
shift from their zero-field values under electric fields (see Fig. 3.22 b)).

This imaging technique would appear to be very similar to SPES as used at SOLEIL. It is
true that both techniques can be used to study photoionisation and the image treatment may
be similar in both cases, but the matrices of each technique are not obtained in the same way.
The SPES technique records electrons of all velocities although only slow electrons are used in
the end to produce spectra. PRFI-ZEKE, however, only records electrons produced with zero
kinetic energy at each point of the voltage step. The main difference in the matrices is the y-axis:
in SPES, electron kinetic energy is represented on this axis, whereas applied voltage is the y-axis
variable in a PRFI-ZEKE matrix.

Having established SPES and PRFI-ZEKE as different experimental techniques, the image
treatment involved in each case is similar and will be illustrated on the previously described
vibrationless X+ 2Π1/2 ←X 1Σ+

g photoionising transition in CO2.

Image treatment

Using the technique described in Fig. 3.22, a PRFI-ZEKE matrix is recorded around the vibra-
tionless X+ 2Π1/2 ←X 1Σ+

g photoionising transition in CO2. Experimentally, the conditions
were the same (including the statistics) as in the classical PFI-ZEKE study of CO2 as presented
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in the previous section. The only difference is the voltage applied to the electrodes, which now
follows a ramp scheme rather than steps (see Figs. 3.22 a) and 3.23).

FIGURE 3.23: PRFI-ZEKE ramped voltage scheme (black line). A traditional PFI-
ZEKE scheme (red dashed line) is used to relate electron arrival times to voltage

values.

More precisely and around 5 µs after the laser irradiation, the initial positive +1 V prepulse
of 1 µs of is applied to expel all directly charged species from the extraction zone. After this, the
voltage is taken back to zero before starting the -1 to -3 V/µs voltage ramp to -10 V. The voltage
then goes back to zero in preparation for the next laser pulse.

A difficulty is to relate the arrival time of an electron and the corresponding voltage that
caused its pulsed-field-ionisation. Another unknown is the ramp start time, that is when the
voltage starts to decrease on the electrodes. This time is slightly different to the voltage ap-
plication time, which is controlled via the electronic interface, as the various components have
temporal response functions and the length of cables induces delays (≈ 5 ns/m). For this rea-
son, each ramped voltage scheme is accompanied by a calibration step voltage scheme, which
is applied before or after the PRFI-ZEKE scan in order to relate the electron arrival time to the
ionising voltage. As shown in Fig. 3.23, voltage steps correspond to points in the ramped volt-
age. As in classical PFI-ZEKE, electron arrival times are recorded for each voltage step value.
Electron arrival times are then converted to ramp voltage values.

An example of the PRFI-ZEKE image treatment is presented in Fig. 3.24 along with PRFI-
ZEKE matrices at different steps in the image treatment and the transformational procedures
between them. A raw PRFI-ZEKE image is presented first of all. The ramp time y-axis is already
converted to a voltage scale using the calibration method of the previous paragraph. This ma-
trix displays the aforementioned quadratic curves as predicted in Fig.3.22 c). These curves are
linearised by taking the square root which yields a PRFI-matrix containing straight diagonals
instead of curves. Similarly to the SPES image treatment, these images are rotated and portions
of the rotated, now-vertical lines are integrated to yield the final PRFI-ZEKE spectrum.

Discussion

The corresponding experimental spectrum is compared to simulations, obtained as in the clas-
sical PFI-ZEKE study. Simulated line spectra are convoluted by a gaussian line shape, whose
FWHM is 0.3 cm−1, to replicate the experimental spectral resolution. Beyond the excellent
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FIGURE 3.24: PRFI-ZEKE image treatment on the X+ 2Π1/2 ←X 1Σ+
g photoion-

ising transition in CO2. a) Raw PRFI-ZEKE matrix. b) Linearised PRFI-ZEKE
matrix. c) Linearised and rotated PRFI-ZEKE matrix. d) PRFI-ZEKE spectrum
(black) obtained by summing all electron signals in dashed box in c), compared to

a simulated spectrum.
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agreement between experimental and simulated spectra, the signal-to-noise ratio of the experi-
mental spectrum is remarkable. This stems from the integration procedure featured in Fig. 3.24,
which amounts to the consideration and averaging of more spectra.

The resolution, although still high, is slightly lower than in the case of classical PFI-ZEKE
spectroscopy. Different ramped voltage schemes were tried, e.g. the voltage was taken directly
to -1 V instead of 0 V between the positive prepulse and the ramp, but no improvement could be
made on the resolution. An explanation of this resolution limitation can be put forward starting
by the observation of the diagonals of Fig. 3.22 b). In this image, the diagonals widen for greater
applied voltages. Once again, this widening is reminiscent of the widening of diagonals in PES
matrices in the SPES image treatment. The cause cannot be the same however: SPES deals
with slow electrons and the widening of diagonals was explained by spherical aberrations in
electrostatic lenses which manifest themselves in off-axis or fast electrons; PRFI-ZEKE, on the
other hand, only deals with electrons whose kinetic energy is vanishing so such aberrations are
not present. In the case of the PRFI-ZEKE widening, it can be rationalised using equation (1.9)
and mainly the fact that the constant A varies (between 2 and 6) depending on the character
of the Rydberg state in the Stark manifold. A is generally lower for blue-shifted states and
higher for those red-shifted. As the energies of Rydberg states are shifted in different ways
depending on their character, the overall effect on all states in the Stark manifold is a broadening
which leads to the resolution limit which we measured empirically to be around 0.3 cm−1. The
different ionisation mechanisms were explored theoretically by Chupka, who set this resolution
limit at around 0.4 cm−1 for a n = 200 Rydberg state in such a voltage scheme [167].

Tests are ongoing to surpass this limit, in particular with different ramped voltage schemes,
different slew rates and prepulse values. According to the high-resolution PFI-ZEKE work of
Hollenstein et al. [18], this limit should be possible to beat if the negative ramped voltage does
not exceed the positive prepulse value (in terms of absolute value). The idea is to selectively
ionise red- (with the positive pulse) and blue-shifted (with the negative pulse) Rydberg states
and never the whole Stark manifold, which induces the loss in resolution due to differences in
ionisation rates.

Even if the 0.3 cm−1 is found to be insurmountable, the PRFI-ZEKE technique already
offers several advantages over traditional PFI-ZEKE. Due to the superior signal-to-noise ratio
for spectra recorded in the same conditions, PRFI-ZEKE spectra could be recorded using fewer
scans (less averaging) at the same signal-to-noise ratio as a PFI-ZEKE spectrum. This would
greatly decrease scan times. For example, if spectra were recorded with 16 times fewer statis-
tics (therefore 16 times faster), this would result in a signal-to-noise ratio degraded by a factor
of
√

16 = 4. Given the clarity of Fig. 3.24 d), this would be perfectly acceptable. Of course
PRFI-ZEKE comes with increased complexity in terms of image treatment, but the procedure
depicted in Fig. 3.24 can be automated for any scan so this is no hardship! As the spectrum of
Fig. 3.24 d) took around 4 hours to record, recording it 16 times faster would mean it would
only take 15 min. Producing a high-resolution rotationally-resolved photoionising transition
this fast would be unprecedented.
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Conclusions & perspectives

In this manuscript, I investigated one of the major gas-phase relaxation channels following a
VUV excitation, the photoionisation process, exploring both its qualitative and quantitative as-
pects. This work was mainly focused on molecules of astrophysical or planetary relevance,
with an emphasis on free radical species. Two experimental setups have been used to gain in-
sight into photoionisation processes, employing complementary VUV photon sources in terms
of resolution and spectral tunability:

• The synchrotron-based setup used the DELICIOUS 3 spectrometer coupled to the DESIRS
beamline of SOLEIL. The double imaging photoelectron/photoion coincidence detection
technique and the corresponding data analysis and image treatments were used to extract
spectra (photoion yields and TPES), and in particular mass-selected photoelectron spectra.

• The laboratory-based high-resolution laser setup, VULCAIM, is a new instrument, en-
tirely developed during my PhD. A thorough determination of its main characteristics
was conducted to prepare for future high-resolution VUV spectroscopic studies, in partic-
ular using PFI-ZEKE photoelectron spectroscopy.

Quantitative information on photoionisation process has been obtained at SOLEIL syn-
chrotron, with the determination of absolute photoionisation cross sections for two free radicals
(OH and NH2). These species were produced using a flow tube reactor inducing H-abstraction
from a chosen precursor, and the cross sections were determined by applying a meticulous
method. It has to be stressed that only a handful of absolute photoionisation cross sections
of free radicals are currently known, thus the present work represents an important contribu-
tion in this field of research. The OH cross section has been determined from 12.8 to 15 eV.
These results are somewhat in disagreement with recently published results by the group of
Okumura at ALS, Berkeley. This discrepancy was investigated and possible explanations were
given, illustrating the difficulties of such quantitative measurements to yield reliable values.
The NH2 cross section had never been determined prior to this work, and is now available
from 11 to 15 eV. It therefore constitutes a new important parameter to be included in models
in the near-future to better describe the photochemistry of cometary or planetary atmospheres.
Indeed, some models that do include NH2 photoionisation rely on arbitrarily chosen cross sec-
tion values that differ by over a factor 2 to those determined in this manuscript. The new
quantitative results reported in this manuscript will be included in the Leiden database update
(https://home.strw.leidenuniv.nl/moldata/).

In addition to these two case studies, relative ion yields of the fragmentation products of
methanol and its d3-isotopologue have been reported. They constitute preliminary work for
quantitative experiments. These are essential for future methanol photodissociation studies that
we plan to perform using photoionisation to probe all the produced species before detecting
them via mass spectrometry.

The photoionisation process has also been investigated in this thesis work from a funda-
mental point of view, leading to new VUV spectroscopic results. With medium high-resolution
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experiments at SOLEIL, photoionising transitions of methylisocyanate, CH3NCO, and the di-
carbon molecule, C2, have been studied at vibrational resolution. These experimental results
were supported by theoretical calculations performed by colleagues, in order to assign vibra-
tional modes and determine corresponding frequencies and electronic ionisation energies. The
importance of this fundamental spectroscopic work for applications is highlighted through the
determination of thermodynamic parameters, in particular enthalpies of formation and ionisa-
tion potentials. The adiabatic ionisation potential of the forbidden X+ (4Σ−g )← X (1Σ+

g ) single-
photon transition in C2 has been measured for the first time using energy differences retrieved
from a single experimental spectrum, thus ensuring a self-coherent determination.

Exploring the cation spectroscopy further at rotational resolution, the first high-resolution
spectra, obtained with VULCAIM using PFI-ZEKE spectroscopy, have been recorded at the end
of this PhD. The excellent performances of VULCAIM have been highlighted with the case of
CO2 photoionisation. The rovibrational structure of the electronic ground state and its excited
vibrational levels have been studied in detail, simultaneously exhibiting spin-orbit coupling,
Renner-Teller effect and a Fermi resonance between (1, 0, 0) and (0, 2, 0) states. The vibrationless
ground state was completely analysed and assignments were made, supported by simulations.
Excited vibronic levels are not yet fully resolved, but the spectra obtained so far, whose analysis
is also supported by simulations, are very promising.

Finally, an imaging technique, inspired by the SPES treatment of the SOLEIL experiments,
was developed during this work. Instead of using step voltages, as in traditional PFI-ZEKE
spectroscopy, it relies on ramped voltages. This technique, baptised PRFI (Pulsed-Ramped-
Field Ionisation)-ZEKE, enables the production of high-resolution spectra with very impressive
signal-to-noise ratios. It therefore opens exciting possibilities for recording high-resolution VUV
photoelectron spectra in a fraction of the time typically needed as less averaging is required to
obtain spectra with very acceptable signal-to-noise ratios.

Although a major part of my work was dedicated to photoionisation, other relaxation pro-
cesses following VUV photoexcitation have been addressed in the appendices of this manuscript.

Photodissociation studies have been conducted during my PhD using the laboratory-based
setup available prior to VULCAIM. This setup was used to perform UV/VUV pump- VUV
probe experiments in order to initiate photodissociation (with the pump laser) and then ionise
the products (with the probe laser) before being detected via mass spectrometry. The photodis-
sociation of NH3 at 213 nm was explored this way, in the aim of measuring branching ratios.
An interesting finding was that the NH2 + H fragmentation channel is the only one observed,
despite the NH + H2 channel being thermodynamically accessible. This work also highlighted
the possibility of determining free radical photoionisation cross sections in a different way to
that carried out at SOLEIL, provided that multiphoton processes can be quenched. An impor-
tant preliminary work on the photodissociation of CH3OH at 118.2 nm was also undertaken,
paving the way for future photodissociation studies at the Lyman-α photon energy.

In addition, dissociative ionisation has been investigated whilst extending the CH3NCO
study to higher energies. With the help of ab initio calculations and thermodynamic tables, the
recording of ion yields of the various fragments were used to assign fragments and determine
the corresponding appearance energies. This work completes our CH3NCO photoionisation
study by reconciling our findings with literature results thanks to the identification of the dis-
sociative character of excited electronic states of the cation.

*****
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Future studies
The results of this manuscript underline the importance of VUV photoionisation stud-

ies from both a fundamental perspective and the many applications to which they are related.
The work on photoionisation cross sections, which is now a recognised expertise of our group
among the physical-chemistry community, should be continued as the absolute values for many
free radicals are still unknown. Now that the NH2 photoionisation cross section has been deter-
mined, that of NH should definitely be within our reach, adapting the radical source conditions
in order to induce single- and double-H abstraction from NH3 in a controlled way.

In terms of astrophysical applications, it would be interesting to determine the VUV pho-
toionisation cross sections of the 50 plus free radicals observed in the InterStellar Medium in
order to properly model the photophysics and photochemistry of the associated environments.
Most are C- and/or N-bearing species, but recent observations have also detected Si-bearing
molecules, for which there is very little quantitative data to describe the ensuing photochem-
istry. Using silane, SiH4, as a precursor in the flow tube radical source should allow the pro-
duction of SiH3, SiH2, etc. The study of their photoionisation has never been investigated to our
knowledge.

Photoionisation cross sections are also needed by other fields which rely on ionisation and
mass spectrometry as a means of quantifying neutral products in their experiments. In par-
ticular, for our photodissociation experiments, the studies on methanol-derived isotopologues
should be continued replacing fluorine with chlorine to induce a different H-abstraction reactiv-
ity. Once the photoionisation of CH3O, CH2OH, CHOH and HCO / COH has been quantified,
we will be able to determine branching ratios for methanol photodissociation in pertinent VUV
regions for cometary or planetary atmospheres. Methanol is a complex organic molecule (COM)
that is abundant in a wide variety of astrophysical media, but there are many more whose pho-
todissociation has not been quantified (HCONH2, CH3NCO, HC3N,...) and should be investi-
gated. Ammonia photolysis studies should also be performed at higher photon energies than
that explored in the present work, especially at Lyman-α photon energy.

The medium-high-resolution spectroscopy conducted at SOLEIL shows the capability
of this experiment to reliably produce VUV threshold-photoelectron spectra of astrophysical
molecules, even of free radicals, which are normally more challenging to work with. There is
a great number of species whose photoionisation spectra has yet to be reported, but could be
achieved using this setup. In order to guide future experiments and the choice of species of
study, it is important to remember their quantitative aspect through the determination of ioni-
sation energies. These are important quantities in themselves, but can also be related to other
quantitative parameters (bond energies, enthalpies of formation,...). Finally, the DELICIOUS 3
setup is able to perform medium-high-resolution studies over a wide spectral range and should
therefore be used in the future to locate spectral regions of interest to be explored further with
the higher-resolution setup developed at ISMO. An example would be to study the differences
in ionisation potential between cyclic and linear N3. The IP of the cyclic species is not known,
but is calculated to be around 0.9 eV above the IP of the linear species. This has yet to be
determined experimentally.

A lot of energy was spent on the development of the new laboratory-based setup: VUL-
CAIM. I am pleased to have been able to develop this instrument to the point where it is now
able to conduct high-resolution VUV spectroscopy as characterised in this manuscript. The next
step will be to finalise the CO+

2 (X+) study by recording the transitions to excited vibronic states
using the same scan parameters as those used to investigate the vibrationless electronic ground
state. It will be interesting to fine-tune the parameters of the simulations in order to extract
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the spectroscopic constants, determine spectral intensities, and compare them to rotationally-
resolved IR spectroscopy conducted directly in the cation. The aim of future work will then be
to move to more reactive species, which are less well characterised. Reactive species will be pro-
duced in situ by adapting the flow tube reactor from SOLEIL to VULCAIM. Such a reactor has
been designed and tested; it is still based around F-induced H-abstractions, but is more com-
pact than the SOLEIL reactor, uses an electric discharge instead of a microwave discharge, and
is pulsed in accordance with the light source. Mass spectra have shown it was able to initiate
H-abstractions, but it has not yet been used in a spectroscopic study. The aim will be to explore
(ro)vibronic couplings as in the CO2 study, but on reactive species (e.g. the Renner-Teller effect
in C3N+ A+ 3Π). High-resolution studies will also aim to produce important quantitative infor-
mation. An example could be a precise determination of the first IP of HCO (X+ 1Σ+← X̃ 2A’),
which is otherwise difficult given the large geometry changes between the neutral (bent) and
cationic (linear) species in their ground electronic states; this difficulty is reflected in the num-
ber of different reported values. After having determined the IPs of cyclic and linear N3 at
medium high resolution, it will be interesting to study their thresholds at high resolution with
VULCAIM.

Finally, the development of the impressive PRFI-ZEKE technique should be pursued. It
shows the promise of being able to produce high-resolution photoelectron spectra in a fraction
of the time normally needed to produce such spectra. The image treatment procedure needs
to be finalised, but it should be possible to automate. Once perfected, this technique will en-
able photoionisation high-resolution studies that are fast and effective in order to explore all
the species now available to study with VULCAIM. This will be particularly interesting when
using synthesised samples only available in a limited amount, or when probing free radicals
formed in various sources, which may be functional only for a limited time (electric discharge,
pyrolysis,...).
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Appendix A

Exploratory studies of the
photodissociation process

In all the studies presented so far, molecules of study were irradiated by photons whose energies
were in the vicinity of or above their first ionisation potential. Photoionisation was then a major
means of relaxation following light-induced excitation. Below the first IP and in the absence
of an electric field, molecules cannot ionise; in this case, a primary relaxation mechanism in
the UV and VUV spectral domains is photodissociation. It consists in the fragmentation of the
excited molecule producing neutral fragments.

FIGURE A.1: NH3 photodissociation scheme. Following photoexcitation, excited
NH3 can relax via a number of different photodissociation channels. Branching

ratios (BR) are noted for each.

The example of NH3 photodissociation is given in Fig. A.1. Following photoexcitation,
NH3* can relax via a number of different fragmentation pathways; only three are reported
as examples, but others are imaginable. Asterisks in this section denote electronically excited
species, and will be distinguished from electronic ground state species. Each relaxation path-
way is quantified by its energy-dependent branching ratio, noted BR..., which gives the fraction
of excited molecules that relaxes via that given pathway.

Determining branching ratios is of particular atmospheric and astrophysical interest, as
these parameters should be included in models in order to properly describe the photochem-
istry therein. As with photoionisation cross sections, they are difficult quantities to measure.
The start of this appendix will be dedicated to the general method of determining photodisso-
ciation branching ratios, before presenting two case studies explored during this PhD: NH3 and
CH3OH.
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A.1 Experimental setup

A.1.1 General principle of the measurement: pump-probe scheme

FIGURE A.2: General pump-probe scheme dissociating a generic molecule M pro-
ducing neutral fragments (F1, F2,...). The neutral fragments are then ionised to
form cations which are detected after a time-of-flight (TOF) and recorded in a
mass spectrum. Note that if hνprobe > IP(M), M+ also appears in the mass spec-

trum.

In photodissociation studies, a first laser, denoted pump laser, is used to irradiate molecules
initiating photodissociation at the laser photon energy (hνpump). The number of excited
molecules, nM∗, is related to the initial number of irradiated molecules, NM, using the pho-
toabsorption cross section for species M at the pump laser photon energy (σabs

M (hνpump)) and
the photon flux (φpump):

NM∗ = NM × σabs
M (hνpump)× φpump. (A.1)

Once excited, the molecules then photodissociate producing fragments Fi along various re-
laxation channels. The produced quantities are related to the number of excited molecules with
the help of branching ratios (BRi(hνpump)), which also depend on the pump laser photon en-
ergy:

NFi = NM∗ × BRi(hνpump). (A.2)

Note that the sum of the branching ratios of all the photodissociation channels equals 1 due to
matter conservation:

∑
i

BRi(hνpump) = 1. (A.3)

In order to detect the neutral fragments, a second laser, denoted probe laser (photon energy:
hνprobe), irradiates the neutral species to produce cations. For a given fragment Fi, the charged
and neutral quantities are related using the photoionisation cross section for species Fi at the
probe laser photon energy (σion

M (hνprobe)) and the photon flux (φprobe):

NF+
i
= NFi × σion

Fi
(hνprobe)× φprobe. (A.4)

As in chapter 2, the ion signal of each fragment (SF+
i

) is proportionate to the number of ions
and the instrument response function f (mFi /q):

SF+
i
= NF+

i
× f (mFi /q). (A.5)
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The instrument response function can be determined using a gas mixture containing known
proportions of H2, N2, Ar, Kr, and Xe. The photoionisation cross sections are known for these
species. Hence, the instrument response function can be deduced from equations (A.4) and
(A.5) and by measuring ion signals. This will be done for more refined experiments, but the
f (mFi /q) function is assumed constant for the preliminary work of this appendix. This method
is similar to that used by Savee et al. [61].

Combining equations (A.2) and (A.4), equation (A.5) can be expressed as:

SF+
i
= NM∗ × BRi(hνpump)× σion

Fi
(hνprobe)× φprobe × f (mFi /q). (A.6)

Thus, the branching ratio BRi(hνpump) for the given photodissociation channel is given by
the proportionality law:

BRi(hνpump) ∝
SF+

i

σion
Fi

(hνprobe)
, (A.7)

where the proportionality factor contains the pump and probe photon fluxes, the absorption
cross section of M, which are all independent of the relaxation channel, and the instrument
response function, which can be determined as previously stated, but was assumed constant
here. The proportionality factor is then fixed using the normalisation of the BRi given by equa-
tion (A.3).

Experimentally, the branching ratios are determined by measuring ion signals of the corre-
sponding fragments and by the knowledge of the relevant photoionisation cross sections. Since
the photodissociation products are often free radicals, the photoionisation cross sections are not
known. This is why an effort was made during this PhD to separately determine these unknown
quantities (see chapter 2).

A.1.2 Modified Icare setup

Photodissociation studies were undertaken with a slightly different setup to that presented in
section 1.2. Before VULCAIM was built, Icare was adapted to be able to perform pump-probe
experiments.

Compared to the previously described setup, the VUV detector is removed to allow the
pump laser into the setup in order to dissociate molecules.

The difficulties in spatial and temporal optimisation, already mentioned in section 1.2 of
chapter 1, are further increased in pump-probe studies with the addition of another laser. Spa-
tially, the pump and the probe lasers must irradiate the same sample zone; temporally, the
pump must irradiate the molecules before the probe. The setup optimisation is the same as in
section 1.2.7. The exception is for the VUV generation, which is directly optimised on ion sig-
nals, as there is no longer a VUV detector. The characteristics of the pump and probe lasers will
be presented for each case study.

A.1.3 VUV production via four-wave mixing in a rare gas cell

In the pump-probe studies carried out during my PhD, both the pump and probe lasers func-
tion at fixed energy. For this reason, a non-resonant four-wave mixing scheme can be used to
generate VUV radiation by tripling the frequency of a UV laser (see Fig. 1.13). This process can
also be referred to as third harmonic generation. It is implemented experimentally in a rare gas
cell (typically Xe, but Kr could also be used), as shown in Fig. A.4. Ar is added to the rare gas to
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FIGURE A.3: Icare adaptation scheme for pump-probe setup. Each UV laser can
be used directly or frequency tripled (via four-wave mixing) to provide VUV ra-

diation if needed.

FIGURE A.4: Implementation of four-wave mixing to generate VUV laser radia-
tion in a rare gas cell.

optimise the phase-matching of the non-linear process, thus improving the VUV production ef-
ficiency; optimal partial pressures (ranging from 1 to 500 mbar) depend greatly on the intended
VUV wavelength. Gas pressures are optimised on the resulting ion signals or directly using the
VUV signal if a detector can be placed in the setup.

Experimentally (see Fig. A.5), a commercially available UV laser is focused using lens L1 in
the rare gas through the entry window W1. The exit window, consisting in lens L2, collimates
the VUV radiation generated in the cell. L1 and W1 are made out of CaF2, whereas L2 is made
out of MgF2 or LiF, which can transmit lower wavelengths in the VUV (110 and 105 nm respec-
tively) [177]. Focal distances are around 20 cm, but depend on the wavelength. L1 and L2 form
an afocal system for the VUV radiation, but not for the UV radiation which continues to diverge
after the cell due to the focal distance wavelength-dependency of the lens.

As in Fig. 1.12 of chapter 1, a monochromator is used as a dispersion system to separate
the VUV and UV beams. Due to availability, a MgF2 prism is used instead of a VUV grating
to disperse the radiation exiting the rare gas cell. An iris selects the VUV radiation for the
experiment, whilst blocking the UV radiation. The deviation is typically a few degrees, the iris
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diameter is therefore 1 or 2 mm.

FIGURE A.5: Illustration of the role of the MgF2 prism to disperse the radiation
exiting the rare gas cell. An iris selects the VUV radiation for the experiment.

A.2 NH3 photodissociation at 213 nm

A.2.1 Context and motivations

Astrophysical interest

Ammonia, NH3, is the first polyatomic molecule (more than 3 atoms) to have been observed in
the interstellar medium in 1968 [178]. Since then it has become a ubiquitous molecule to a wide
variety of astrophysical media, such as gas giants [179], telluric planets [180], cold stars [181],
external galaxies [182] and comets. Indeed, Rubin et al. [91], for example, observed the presence
of NH3 in the coma of comet 67P/Churyumov-Gerasimenko, along with many other nitroge-
nous compounds, using the ROSINA spectrometer.

As one of the simplest N-bearing molecules, it is of great interest to astrophysicists and astro-
chemists and is extensively studied in order to better understand the N-based photochemistry
of astrophysical environments.

NH3 photodissociation, state-of-the-art

NH3 photodissociation has been studied at least since the 1980s [183, 184]. It constitutes an
ideal test system for probing photodissociation dynamics, in particular the effect of the ini-
tial NH3 state (electronic and vibrational) on the photodissociation products [185, 186] and the
anisotropy of ejected fragments [187–189]. The dynamics of ultra-fast dissociation from the first
excited electronic state has also been explored [190]. Theoretical works support the experimen-
tal results reported in the literature and computed the different geometries the molecule takes
during dissociation, potential energy surfaces and dissociation pathways on these surfaces.

Despite the number of works on NH3 photodissociation dynamics, none have reported, to
our knowledge, photodissociation branching ratios.
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Choice of photodissociation photon energy
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FIGURE A.6: a) Typical VUV solar flux taken from ref. [191]. b) NH3 VUV pho-
todissociation cross section [8]. c) Product of the solar flux with the photodissoci-
ation cross section (c) = a)×b)), a blue vertical line at 213 nm (5.82 eV) locates the

photodissociation energy of this work.

In the aim of providing branching ratios for astrophysical applications, it is important to
firstly determine photon energies or wavelengths that NH3 molecules in astrophysical media
are susceptible of being irradiated by. At this end, a typical solar flux (noted φ(hν)) is considered
(see Fig. A.6 a)). This quantity gives the wavelength-dependency of the emitted light of the Sun
or any other similar star. It represents a black-body emission spectrum containing emission
lines of elements present in the Sun. In the VUV spectral domain, an important feature is the
Lyman-α emission line of hydrogen at 121.567 nm. Note that Fig. A.6 a) uses a logarithmic
scale, which artificially reduces the intensity of this line compared to the surrounding spectral
intensities.

The solar flux represents the typical photon flux that irradiates any molecule in the solar
system. To determine which spectral components of this flux incur NH3 photodissociation, the
NH3 photodissociation cross section is used: σdiss

NH3
. If photoionisation and photodissociation
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are considered to be the only relaxation mechanisms following photoabsorption, the photodis-
sociation cross section is defined as the difference between the absorption and photoionisation
cross sections (σdiss

NH3
= σabs

NH3
− σion

NH3
) and is presented in Fig. A.6 b).

The components of the solar flux most probable of inducing the photodissociation of NH3
are given by the product of the solar flux by the photodissociation cross section (see Fig. A.6 c)).
The two main photodissociating spectral regions can be identified: around the Lyman-α emis-
sion line and then between 220 and 180 nm (5.6 - 6.9 eV). The lower energy region corresponds
to the excitation of the Ã electronic state and its vibrationally active mode ν2 (umbrella mode).
The Lyman-α region corresponds to transitions to higher energy Rydberg states (C̃ to G̃).

It is in these two regions of astrophysical interest that photodissociation branching ratios
should be determined. For each photodissociation channel, it is possible to determine a ther-
modynamic threshold, i.e. the minimum energy required to access that given channel based on
the energy difference between final and initial states. In photodissociation, that energy is to be
brought by the photon. The thresholds are obtained using Hess’ law of Constant Heat Summa-
tion by combining known formation enthalpies at 0 K [118] and, for excited states, excited elec-
tronic state energies [21, 190]. The first NH3 photodissociation channels and their correspond-
ing thermodynamic thresholds are summarised in Table A.1. Despite it being energetically the
most accessible, the NH3(X̃ 1A1) + hν → NH(X 3Σ−) + H2(1Σ+

g ) channel is spin-forbidden and
therefore not considered here.

TABLE A.1: NH3(X̃ 1A1) photodissociation relaxation channels and their calcu-
lated thermodynamic thresholds (assuming there is no potential energy barrier)
at 0 K [118]. Accessible channels whose thresholds are below 5.82 eV are separated

from the others with a dashed line.

Photodissociation products Threshold / kJ.mol−1 Threshold / nm Threshold / eV
NH(X 3Σ−) + H2(1Σ+

g ) * 422 283 4.38
NH2(X̃ 2B1) + H(2S) 444 269 4.60
NH(a 1∆) + H2(1Σ+

g ) 548 218 5.68
NH2(Ã 2A1) + H(2S) 567 211 5.87

NH(b 1Σ+) + H2(1Σ+
g ) 651 184 6.75

NH(A 3Π) + H2(1Σ+
g ) * 754 159 7.81

NH(X 3Σ−) + 2H(2S) 829 144 8.59
NH(c 1Π) + H2(1Σ+

g ) 915 131 9.49
NH(a 1∆) +2H(2S) 980 122 10.20

* Spin-forbidden photodissociation channel using one photon

Given the spectral regions of interest of Fig. A.6 c) and experimental constraints (see next
section), a photodissociation energy of 5.82 eV (213 nm) was selected (blue dashed line in
Fig. A.6 c)).

As seen in Table A.1, where this energy limit is materialised by a dashed horizontal line, two
photodissociation channels are thermodynamically accessible and spin-allowed at this photon
energy producing both NH and NH2:

• NH2(X̃ 2B1) + H(2S), and

• NH(a 1∆) + H2(1Σ+
g ).
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A.2.2 Experimental specificities

FIGURE A.7: Pump-probe scheme of Fig. A.2 adapted to this specific NH3 study.

The pump-probe setup of section A.1 was used to determine NH3 photodissociation branch-
ing ratios. A more specific scheme is presented in Fig. A.7. The 213 nm (5.82 eV) radiation was
obtained using a Surelite Nd:YAG laser equipped with a doubler, quadrupler and mixer to gen-
erate the 5th harmonic at 213 nm. The laser beam was fed directly into the setup.

In order to ionise species supposedly present in the experiment, particularly NH and NH2
(see IPs of Table A.2), the probe laser photon energy was set to 13.6 eV (91 nm) using the high-
resolution VUV laser chain of section 1.2 coupled to the modified Icare setup. This particular
energy was achieved via summed-frequency mixing (see Fig. 1.13) using the Kr two-photon
transition at 94 092.86 cm−1 (see Table 1.4).

TABLE A.2: Ionisation Potentials of species implicated in the NH3 photodissocia-
tion study of this work.

Species IP / eV m/q (a.m.u.)
NH 13.48 [77] 15
NH2 11.1690 [93] 16
NH3 10.186386 [94] 17
OH 13.0170 [79] 17
H2O 12.62656 [80] 18

Commercially available NH3 gas, seeded in Ar at 1/6 concentration, was fed into the exper-
iment using a General Valve pulsed gas nozzle.

A.2.3 Results

Mass spectra from this work are presented in Fig. A.8. Fragments at m/q = 15, 16, 17, and
18 a.m.u. are detected, assigned to NH+, NH+

2 , NH+
3 and H2O+, respectively. Water is present

in the experimental setup as an impurity. Its cation is not an issue as the resolution in the
mass spectrum is below 1 a.m.u. H2O could however lead to the contamination of the m/q =
17 a.m.u. channel caused by photodissociation producing OH (H2O + hνpump → OH + H), fol-
lowed by ionisation yielding OH+. This was checked by recording a mass spectrum without
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a) NH3
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FIGURE A.8: Mass spectra obtained during the NH3 photodissociation study us-
ing a photodissociating pump at 5.82 eV (213 nm) and a photoionising probe at

13.6 eV (91 nm) in different laser configurations:
a) Pump + probe (see e) for zoom)

b) Pump only (see f) for zoom)
c) Probe only (see g) for zoom)

d) difference spectrum (= a) - b) - c)) (see h)= e) - f) - g) for zoom)

injecting NH3, in which no m/q = 17 a.m.u. signal was present, so no OH. This can be un-
derstood by observing that the H2O photoabsorption cross section is very low in this energy
range (below 0.01 Mb) [192]. 15N species are not responsible for the (m + 1)/q signals here as
the terrestrial abundance for these isotopes is around 0.4%.

In order to verify if the NH+
2 and NH+ peaks rely on photodissociation, mass spectra were

recorded using various laser configurations as shown in the panels of Fig. A.8. In this figure,
the right-hand panels display zoomed spectra obtained in the same way as in the left-hand
panels. The zoomed spectra intentionally saturate the NH+

3 and H2O+ peaks in order to clearly
observe the weaker signals. It is therefore not possible to relate intensities between the zoomed
and non-zoomed spectra. However, the same relative intensities are conserved for panels a), b),
and c) on one hand, and for panels e), f), and g) on the other, to allow comparisons.

When only the UV pump laser is turned on (panels b) and f) of Fig. A.8), small amounts
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of NH+ and NH+
2 are still present in the mass spectrum alongside NH+

3 and H2O+. The UV
photon energy is too small to ionise these species using one photon, these panels therefore
indicate the presence of multiphoton processes dissociating and ionising fragments.

When only the VUV probe laser is turned on (panels c) and g) of Fig. A.8), a small NH+
2

signal can be observed in the mass spectrum alongside NH+
3 and H2O+. Again, this signal

does not result from processes of interest here. It is not expected to result from the dissociative
ionisation of NH3 as the threshold for this process is above 15 eV [21]. It most probably stems
from the VUV dissociation of NH3, followed by the direct ionisation of NH2.

As the processes identified when only one of the lasers is operating are not of interest here
(they do not result from the UV pump - VUV probe scheme), the pump - probe spectra (panels
a) and e) of Fig. A.8) are corrected by subtracting the two lower panels producing the difference
spectra of panels d) and h). In order to verify that the corrected NH+

2 signal is produced by two
distinct single-photon steps (UV photodissociation, then VUV photoionisation), the corrected
NH+

2 signal is recorded by varying UV laser intensities. As the ion signal (S+) resulting from
the fragment formation varies proportionately to the incident light intensity (Ip

i ), with p the
number of implicated photons:

S+ ∝ Ip
i , (A.8)

the variation of laser intensity allows the determination of the number of implicated photons.
Experimentally, the UV laser intensity was varied by placing a gas cell containing bromoform
(CHBr3) on the beam’s path before entering the experiment. As bromoform absorbs at 213 nm,
varying the pressure in the gas cell allowed control over the laser intensity on exiting the cell.
UV laser intensity was measured using a photodiode.
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slope = 1.03 ± 0.04

FIGURE A.9: The NH+
2 signal as a function of incident UV laser intensity on a

log-log scale. Circles represent experimental points, the linear fit, whose slope is
1.03±0.04, is represented as a red line.

NH+
2 signal as a function of incident UV intensity is presented in Fig. A.9, which uses a log-

log scale in order to isolate p as the slope. The result of a slope of 1.03(4) confirms the formation
of NH2 using only one UV photon in the UV pump - VUV probe scheme. A similar study could
be conducted on the VUV ionising process, but as VUV lasers are far less intense (see section
1.2.1), if a multiphoton process is not present in the UV, it is highly unlikely that it occurs in the
VUV.
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The corrected spectra of panels d) and h) of Fig. A.8 show depleted species by action of
the UV pump - VUV probe as having negative peaks, and produced species as having positive
peaks. Importantly, only NH+

2 (not NH+) is present, which means that only NH2 is produced
by photodissociation. For energetic reasons, NH2 is in its ground state so the only relaxation
channel for NH3 following UV irradiation at 213 nm is forming NH2(X̃ 2B1) + H(2S).

At 5.82 eV (213 nm), as no NH is produced, the NH3(X̃ 1A1) + hν → NH2(X̃ 2B1) + H(2S)
branching ratio is therefore 100%. The absence of NH can be explained by a potential energy
barrier, which sets the threshold for NH production higher than simply the thermodynamic
threshold of 5.68. eV (see Table A.1). This result is in agreement with the work of Woodbridge
et al. [193], who studied NH3 photodissociation at 193 nm (even higher energy) and still did not
observe any NH production.

Many studies (e.g. refs. [194–196]) relying on electron impact to induce dissociation identify
NH rather than NH2 as the main neutral product, but the interest here is more on photon-
induced fragmentation processes.

A.2.4 Conclusions and perspectives

Towards free radical photoionisation cross section measurements

As only NH2 is produced by photodissociation, matter conservation would appear to dictate
that the consumed quantity of NH3 is equal to the produced quantity of NH2

∆NNH2(hνpump) = ∆NNH3(hνpump). (A.9)

This reasoning is reminiscent of the photoionisation cross section determination procedure of
chapter 2. It is true that in these conditions, neglecting the mass apparatus response function
f (m/q), and using similar notations to those used in chapter 2, the NH2 photoionisation cross
section can be expressed:

σion
NH2

(hνprobe) =
∆SNH+

2

∆SNH+
3

× σion
NH3

(hνprobe), (A.10)

However, as highlighted in Fig. A.8 b), a large proportion of NH3 is directly ionised by the
pump laser, via a multiphoton process, before being probed. The matter conservation law there-
fore does not hold as NH3 is consumed by other processes than single-photon fragmentation.
Following the pump laser pulse, the probe laser therefore does not irradiate a quantity of NH2
equal to the consumed quantity of NH3. For this reason, the NH2 photoionisation cross section
cannot be extracted as yet.

This study does however shed light on free radical photoionisation measurement possibil-
ities, by forming them through photolysis of a stable precursor. This strategy should become
possible once multiphoton processes can be suppressed. In order to quench these processes, the
UV pump laser intensity should be reduced. This can be achieved by reducing the Q-switch
delay of the laser or, whilst maintaining laser output power, defocusing the UV laser to lower
the intensity irradiating the sample. The second option also has the benefit of irradiating more
molecules so potentially improving the signal-to-noise ratio.
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Summary

The important information from this study is that only NH2 is produced by photodissociation
of NH3 at 213 nm. NH is not detected despite it being thermodynamically accessible at this
photon energy. This can be explained by a potential energy barrier. Bearing Fig. A.6 in mind, it
would be interesting to determine NH3 photodissociation ratios at higher energies (between 180
and 220 nm and the Lyman-α transition energy at 121.6 nm) in order to determine thresholds
for new fragmentation channels and their corresponding branching ratios.

This experimental setup shows another means of measuring the NH2 photoionisation cross
section and potentially those of other free radicals. The next step in this study is to adjust
experimental conditions so as to suppress multiphoton processes.

A.3 CH3OH photodissociation studies

A.3.1 Context and motivations

Astrophysical interest

Methanol, or CH3OH, is another species of astrophysical interest, having been identified in a
great number of different media. In the gas phase, it has been observed in molecular interstellar
clouds (e.g. Sgr B2) [197], planetary atmospheres (e.g. Titan) [198] and proto solar systems (e.g.
IRAS 16293-2422) [199]. It has also been detected in the solid phase: in interstellar ice grains
[200], icy grains or dust in the vicinity of proto solar systems [201] and in the comae or on the
surfaces of comets. In fact, CH3OH was found to be one of the most abundant molecules in the
ices of comet Hale-Bopp [202].

As well as being observed in a wide variety of astrophysical environments, methanol is
thought of as a link in astrophysical chemistry between simple diatomic interstellar molecules
and Complex Organic Molecules (COM) [203]. From this point of view, methanol itself can be
considered a COM, being the simplest alcohol, and at the same time an elementary building
block leading to even more complexity.

CH3OH photodissociation, state-of-the-art

Photodissociation could be a pathway for producing more complex molecules from stable
CH3OH, as once again, reactive species, such as free radicals, are expected to be produced
(see Table A.3 for thermodynamic thresholds). All possible fragments are thermodynamically
accessible in the VUV range, at least in their electronic ground state.

Owing to its astrophysical application value, but also from a fundamental point of view,
methanol has been extensively studied, including its photodissociation. The first photodisso-
ciation study by Hagege et al. [204] at 123.6 and 184.9 nm was in 1965 and many more have
followed since. In this section, CH3OH photodissociation results from the literature will be
summarised by wavelength (i.e. photon energy) with a focus on branching ratios when avail-
able (see Table A.4).

At 193 nm, Satyapal et al. [205] detected photodissociation products by Laser Induced Flu-
orescence (LIF) of H atoms; their setup was therefore only sensitive to relaxation channels pro-
ducing H atoms. They identified CH3O + H as a major channel, and suggested CH2O + H2 and
CH3 + OH as minor channels. The theoretical works of Marston et al. [206] support CH3O + H
as the major channel at 193 nm. They also identified a barrier to CH3 + OH. Wen et al. [207],
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TABLE A.3: CH3OH(X̃ 1A’) photodissociation relaxation channels (forming frag-
ments in their ground electronic states) and their calculated thermodynamic
thresholds (assuming there is no potential energy barrier) at 0 K [118]. All prod-

ucts are thermodynamically accessible at 121.6 nm (10.20 eV).

Photodissociation products Threshold / kJ.mol−1 Threshold / nm Threshold / eV
CO(1Σ+) + 2 H2(1Σ+

g ) 94 1262 0.98
CH2O(1A1) + H2(1Σ+

g ) 96 1237 1.00
HCOH(1A’) + H2(1Σ+

g ) 318 375 3.30
CH2OH(2A”) + H(2S) 414 288 4.31
CH3(2A”2) + OH(2Π) 418 285 4.34

CH3O(2E) + H(2S) 440 271 4.58
HCO(2A’) + H2(1Σ+

g ) + H 465 256 4.84
COH(2A’) + H2(1Σ+

g ) + H 640 186 6.66
CH2O(1A1) + 2 H(2S) 641 186 6.67

using high-n Rydberg Time-Of-Flight (HRTOF) with H atoms, offered insights into bond ener-
gies, internal energies, anisotropy, but were also only able to characterise relaxation channels
producing H atoms. Finally, Weaver et al. [208] reported the production of CH2OH and CH3O
in almost equal proportions (using mm-spectroscopy), which opposes previously mentioned
works identifying CH3O + H as the major channel.

At 185 nm, Hagege et al. [204, 213], using gas-phase chromatography, found the formation
of CH3O + H as the major pathway, whilst identifying CH2O + H2 and CH3 + OH as minor
channels. The ab initio calculations of Buenker et al. [209] support these results.

At 157 nm, Yuan et al. [210] identified CH2O + 2H and CH3O + H as major channels,
CH2OH + H as a minor channel, but were not able to detect other pathways as fragments were
probed using HRTOF. Lee et al. [214] observed many fragmentation channels using mass spec-
trometry (CH3O + H, CH2O + 2H, HCOH + H2, CO + 2H2 and CH3 + OH), but did not provide
branching ratios. Rather than directly from methanol photodissociation, they suggested that
some species are produced indirectly by chemical reactivity between photodissociation pro-
ducts. Harich et al. [211] reported CH3O + H and CH2OH + H as major channels and HCOH
as a minor channel. Once more, their detection technique PTS (Photofragment Translational
Spectroscopy) prevented detection of CH3 and OH as it can only detect light fragments (H and
H2).

Hagege et al. [204] also studied photodissociation at 123.6 nm and found similar results to
those at 185 nm. Lucas et al. [212] however found the formation of CH2O + 2H to be the major
relaxation channel, whilst identifying single loss of H forming CH3O + H and CH2OH + H as
minor channels. In their case, fragment detection relied on HRTOF so only pathways producing
H atoms were observed.

All of these studies show the great interest in methanol photodissociation. There is how-
ever a great dispersion of BR values in the literature, especially for lower wavelengths. Also,
most works only present relative branching ratios as the detection techniques are not capable
of probing all suspected fragments.
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TABLE A.4: CH3OH branching ratios at different photolysis wavelengths (photon
energies) from the literature.

Wavelength / nm Photon energy / eV Ref. Method Products BR

193 6.42

[205] LIF
CH3O + H 86 ± 10 %
CH2O + H2 minor
CH3 + OH minor

[206] ab initio CH3O + H major*
[207] HRTOF CH3O + H major*

[208] mm-spectroscopy
CH3O + H 40 %*
CH2OH + H 50 %*

185 6.70
[204] gas chromatography

CH3O + H 75 %
CH2O + H2 20 %
CH3 + OH 5 %

[209] ab initio CH3O + H major

157 7.90

[210] HRTOF
CH3O + H 50 %*
CH2O + 2H 47 %*
CH2OH + H 3 %*

[211] PTS

CH3O + H 37.4 %*
CH2OH + H 47.6 %*
HCOH + H2 13.8 %*
CH2O + H2 0.2 %*

123.6 10.03 [204] gas chromatography
CH3O + H 75 %
CH2O + H2 20 %
CH3 + OH 5 %

121.6 10.20 [212] HRTOF
CH2O + 2H 71 %*
CH3O + H 18 %*
CH2OH + H 11 %*

* Relative BR only, as detection technique does not account for all possible fragments.

Choice of photodissociation photon energy

By selectively tuning the probe laser photon energy, our experimental setup is capable of detect-
ing all possibly formed photodissociation fragments. The first step is to select the photodissocia-
tion photon energy or wavelength for the experiments. In the context of solar photodissociation
of methanol, the reasoning is the same as in the NH3 case: determine spectral components of
the solar flux that induce photodissociation (see Fig. A.10).

Fig. A.10 c) shows that only spectral components of the solar flux around the Lyman-α
transition energy induce CH3OH photodissociation. This wavelength was therefore chosen as
the intended pump laser wavelength for the photodissociation studies.

A.3.2 Experimental specificities

The pump-probe setup of section A.1 was used to determine CH3OH photodissociation branch-
ing ratios. Before using a pump laser emitting at 121.6 nm (obtainable by third harmonic gen-
eration of a frequency-doubled pulsed dye-laser emitting at 364.8 nm), a pump laser emitting
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FIGURE A.10: a) Typical VUV solar flux taken from [191]. b) CH3OH VUV pho-
todissociation cross section [8]. c) Product of the solar flux with the photodissoci-
ation cross section (c) = a)×b)), a dashed blue vertical line at 118.2 nm (10.49 eV)
locates the photodissociation energy of this work. A dashed purple vertical line at
121.6 nm (10.20 eV) locates the relevant wavelength for astrophysical applications.

at 118.2 nm was used first of all. This neighbouring wavelength is easier to obtain by third
harmonic generation of the 3rd harmonic of a Nd:YAG laser (at 354.7 nm). As well as being
easier to implement, this radiation can be produced at higher intensities, which is useful when
optimising the pump-probe setup. The pump-probe scheme specific to this CH3OH study is
presented in Fig. A.11.

In order to ionise at least one product from each possible relaxation channel (see IPs of
Table A.5), the probe laser photon energy was set to 10.78 eV (115 nm). It is true that this
energy is below IP(CH2O), but unlike with NH3, it is interesting to be able to set the probe
laser photon energy below the precursor IP so that the CH3OH+ signal does not saturate the
detector. Depending on the temperature of the sample, a CH3OH+ signal may still be observed
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TABLE A.5: Ionisation potentials of species implicated in the CH3OH photodisso-
ciation study of this work.

Species IP / eV m/q (a.m.u.)
CH3OH 10.846 [105] 32
CH3O 10.72 [106] 31

CH2OH 7.55 [106] 31
CH2O 10.8887 [107] 30
HCOH 8.86 [108] 30
HCO 8.14 [109] 29
OH 13.0170 [79] 17
CH3 9.8380 [215] 15
CH2 10.3864 [216] 14

(likewise for CH2O), but it will be much weaker than if it was above the IP. This photon energy
is also insufficient for ionising OH, but its by-product CH3 is ionised at 10.78 eV.

FIGURE A.11: Pump-probe scheme of Fig. A.2 adapted to this specific CH3OH
study.

The probe laser radiation was obtained using the Cobra-Stretch pulsed dye laser emitting
at 345 nm (with a BBO crystal inserted on the output of the laser for frequency doubling) and
focusing the laser beam in a Xe cell as with the pump laser enabling third harmonic generation.
The VUV laser chain of section 1.2 is modified to replace to the rare gas nozzle with a rare gas
cell and the high-resolution UV laser chain is not required.

Commercially available CH3OH is placed in a bubbler. Ar is passed through the bubbler to
carry CH3OH towards the setup.

Before using the setup to study CH3OH, CH4 (seeded in Ar) was used as an intermediate
test sample. This preliminary study was conducted as CH4 is already known to photodissociate
at 118.2 nm producing CH2 and CH3 [68], it therefore enables the optimisation of part of the
experimental setup before using CH3OH.

A.3.3 CH4 photodissociation

Unlike all other experiments of this appendix, the goal in this paragraph is to photodissociate at
118.2 nm CH4 and then ionise the neutral fragments with the same laser pulse. It can therefore
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FIGURE A.12: Mass spectra obtained during the CH4 photodissociation at
10.49 eV (118.2 nm) probed at the same energy.

be thought of as a two-photon one-colour scheme. The 118.2 nm radiation is reached using the
pump laser of the CH3OH study (the probe laser is not used here). This scheme acts as a step in
optimising the pump laser and its irradiation of the molecular beam.

As displayed in Fig. A.12, the non-negligible detection of CH+
2 and CH+

3 confirms that the
pump laser is optimised. The ratio of the CH+

2 and CH+
3 integrated peaks is 1.19. This is in

agreement with ref. [68], who also observed the production of CH2 and CH3 at 118.2 nm.

A.3.4 CH3OH photodissociation at 118.2 nm: results

Coming back to methanol, CH4 was replaced by CH3OH and the probe laser was switched on,
whilst retaining the same setup parameters from the CH4 study. As in the NH3 study, mass
spectra are recorded in various experimental configurations (see Fig. A.13).

Ionised fragments are assigned in panel a) of Fig. A.13. Isomers sharing the same m/q
value (at our mass spectrum resolution) are not distinguishable: e.g. CH3O and CH2OH or
CH2O and CHOH. The chemical formulas of Fig. A.13 are not structural for this reason. The
small m/q = 17 a.m.u. signal is assigned to NH+

3 , but is caused no doubt from ammonia
contamination of the setup following the previous NH3 photodissociation study. By subtracting
the pump-probe spectrum by the spectra of each individual laser, the resulting spectrum (Fig.
A.13 d)) shows that only signals at m/q = 29 and 31 a.m.u. depend on both the pump and the
probe; we also cannot rule out, due to the low signal-to-noise ratio of the spectra, the presence
of CH+

3 in the difference spectrum.
Noises at times corresponding to masses ≈ 16.5 and 19 a.m.u. are most probably due to

electronic signals in the setup, e.g. opening or closing of time gates.
Observing fragments depending on both the pump and the probe lasers, it is possible to

determine the photodissociation relaxation channels at 118.2 nm (10.49 eV):

CH3OH + hνpump → CH3O + H
→ HCO + H + 2H and/ or H2
→ CH3 + OH
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FIGURE A.13: Mass spectra obtained during the CH3OH photodissociation at
10.49 eV (118.2 nm) probed at 10.78 eV (115 nm) in different laser configurations:

a) Pump + probe
b) Pump only
c) Probe only

d) difference spectrum (= a) - b) - c))

The next step in determining branching ratios would be to relate ion signals to produced
neutral quantities. This requires the knowledge of photoionisation cross sections at the pho-
ton energy of the probe laser, for all detected fragments. Measuring these essential parameters
was an objective of an experimental campaign at SOLEIL, as detailed in section 2.4 of chap-
ter 2. However it was not possible to determine these absolute photoionisation cross sections
for HCO, CH2OH, and CH3O. In addition, there is ambiguity in the present photodissociation
experiment using solely the CH3OH isotopologue, concerning isomers and also whether the
by-product is 2H or H2.

Based on the signals of Fig. A.13 d), it would however appear that the production of HCO
and CH3O and/or CH2OH are the main photodissociation channels at 118.2 nm, if photoion-
isation cross sections are considered the same for all species. The relaxation towards HCO is
in disagreement with other works in this energy range [204, 212], but CH3O and/or CH2OH
are often reported as being major photodissociation products. Literature results also identified
the production of CH2O as a major relaxation pathway, but we cannot rule this out as the pho-
ton energy of the probe laser was just below IP(CH2O). In our case, the HCO+ signal of the
m/q = 29 a.m.u. channel may actually stem, not from the direct ionisation of HCO, but rather
from the dissociative ionisation of CH3O or CH2OH. Such a process was suggested in section
2.4 of chapter 2, but this has not yet been verified.
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A.3.5 CH3OH photodissociation summary

More work is needed to confirm these preliminary results. In particular, the aforementioned
relaxation pathways identified for photodissociation at 118.2 nm must be verified. Performing
the study with various deuterated isotopologues of methanol should help greatly the isomer
fragment identification (e.g. CH3O/CH2OH). It can be noted that all results presented in this
appendix employed the Icare setup, so it will be interesting in the future to see how these pump-
probe studies can be improved with the VULCAIM setup. As the new vacuum chambers were
designed from scratch with high precision, it is expected to be easier to achieve pump-probe
ion signals, the laser alignment and optimisation being easier.

Furthermore, photoionisation cross sections of the relevant free radicals must be determined
in order to deduce branching ratios. We already have the means and the know-how to under-
take such measurements, but photoionisation cross section studies are always challenging (see
chapter 2).

Once this study at 118.2 nm has been finalised, it will be of most interest to be able to pro-
vide methanol photodissociation branching ratios at 121.6 nm for astrophysicists. We have the
equipment to reach this wavelength, but it is achieved with a lower photon flux, which will
represent an additional difficulty.
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Appendix B

Dissociative ionisation of CH3NCO

At higher and higher energies in the CH3NCO study (see section 3.1.1 of chapter 2), direct
ionisation is not the only means of relaxation upon VUV irradiation. Dissociative ionisation, i.e.
the formation of charged products by dissociation, becomes another means of relaxing at higher
energies. Typically, this denotes the formation of a cation, an electron, and a neutral by-product.
Schematically, dissociative ionisation follows the general reaction:

ABC + hν→ AB+ + e− + C. (B.1)

In this appendix, we present the additional information obtained on this relaxation channel,
from the photoionisation study of CH3NCO performed at SOLEIL. We will identify the various
dissociative ionisation channels, locate the appearance energies of the corresponding fragments
and compare these appearance energies to thermodynamic thresholds and calculated values.

Dissociative ionisation can also lead to ion-pair formation. Schematically,

ABC + hν→ AB+ + C−. (B.2)

This process is different to the formation of a cation, an electron, and a neutral by-product; it
is mostly studied separately. In our experiment, it is not possible to detect ion-pair formation
because the positive charged particules must be deteted in coincidence with an electron. The
time-of-flight of the anion being much longer than that of an electron, this process could not be
investigated in this work.

B.1 Experimental details

The specificities of the experimental setup are the same as those described in the spectroscopic
study of CH3NCO of section 3.1.1 of chapter 2. In order to extend the study to higher energies,
a longer scan was recorded at a photon resolution of 15 meV from 10.3 to 15.7 eV with 10 meV
steps. A 1000 V repeller voltage was used in order to collect all ionised species up to 6 eV above
their IPs.

B.2 Context

The context for CH3NCO photoionisation was recalled at the beginning of section 3.1.1 chap-
ter 2. Photoionisation studies of CH3NCO do exist, but are scarce and focus on the first IP.
Very few works deal with higher energy relaxation mechanisms. In particular, we could find no
literature references on dissociative ionisation induced by photons. Haney and Franklin [217]
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determined the relaxation towards CH+
3 + NCO + e− to have a threshold of 14.6 eV, but this

was measured using the electron impact ionisation technique.
A number of dissociative ionisation relaxation pathways are nevertheless imaginable, pro-

ducing a wide variety of neutral and charged species. Interestingly for astrophysical applica-
tions, most are reactive species:

CH3NCO + hν → CH2NCO+ + H + e−

→ CHNCO+ + 2H/H2 + e−

→ CH3N+/CH2NH+/CHNH+
2 + CO + e−

→ CH2NC+ + OH + e−

→ CH+
3 + NCO + e−

→ HNC+/HCN+ + H2CO + e−

B.3 Ion yields and assignments of the products of CH3NCO dissocia-
tive ionisation

In order to identify the ions produced by dissociative ionisation of CH3NCO, mass spectra
recorded over the whole scan range were summed to produce the mass spectrum of Fig. B.1.
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FIGURE B.1: Summed mass spectrum over the whole scan (10.3 to 15.7 eV).
CH3NCO dissociative ionisation products are identified.

All fragments identified in Fig. B.1 are products of CH3NCO dissociative ionisation, except
for the m/q = 57 a.m.u. fragment corresponding to the direct ionisation of the parent molecule
and m/q = 18, 32, and 44 associated with impurities, respectively H2O+, O+

2 , and CO+
2 . In

mass spectra, ion signals issuing from dissociative ionisation have wider peaks than those from
direct ionisation; this is due to an excess of kinetic energy carried by the products of dissociative
ionisation. The assignment of dissociative ionisation products is not unambiguous in the mass
spectrum of Fig. B.1, isomers are notably not distinguishable at this point. Most ambiguities
can be lifted through the study of ion yields.
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For all the cations produced via CH3NCO dissociative ionisation, ion yields are recorded
using the techniques described in section 1.1.3 of chapter 1. These ion yields are reported in
Fig. B.2. Note that not all ion yields are issued from the same scan and do not therefore cover
the same photon energy range. Despite this, the x-axes of all panels of Fig. B.2 are the same to
facilitate comparing spectra.
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FIGURE B.2: Ion yields of the products of CH3NCO dissociative ionisation. Blue-
and red-dashed lines correspond to the thermodynamic thresholds (ET) and the-
oretical thresholds (Eth) of Table B.1, respectively. Black arrows pinpoint appear-
ance energies (Ea) of the corresponding fragments, also summarised in Table B.1.
Purple asterisks locate Ar absorption lines from the beamline gas filter used to

calibrate the energy scale.

The analysis of these ion yields enables the determination of appearance energies (Ea) for
each fragment. These are defined as threshold energies above which the corresponding ion
signal is no longer vanishing. Their localisation is usually not easy since the rising slope is
is often very smooth. The corresponding uncertainty is thus often large (around 0.1 eV) and
dependent on the ion yield trend around the appearance threshold. These appearance energies
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are compared to thermodynamic thresholds (ET), as in appendix A, determined using Hess’
law of Constant Heat Summation by combining known formation enthalpies at 0 K [118] when
available.

TABLE B.1: Observed cationic fragments following the dissociative ionisation of
CH3NCO and corresponding measured appearance energies (Ea). These ener-
gies are compared to the thermodynamic (ET) and theoretical thresholds (Eth) that

sometimes account for transition states (TS).

m/q (a.m.u.)
Cationic Dissociative Ea / eV ET / eV Eth* / eV
fragment ionisation channel

57 CH3NCO+ CH3NCO+ + e−** 10.59(1) - 10.592
56 CH2NCO+ CH2NCO+ + e− + H 12.0(1) ? 12.05 (no TS)
55 CHNCO+ CHNCO+ + e− + H2 13.0(2) ? 12.47 (TS)
29 CH2NH+ CH2NH+ + e− + CO 11.8(1) 11.2 11.91 (TS)
28 CO+ CO+ + e− + CH2NH 14.5(2) ? 14.8 15.15 (TS ?)
27 HCN+ HCN+ + e− + CH2O 14.4(1) 14.8 15.0 (TS ?)
27 HNC+ HNC+ + e− + CH2O 12.3(1) ? 13.9 14.1 (TS ?)
15 CH+

3 CH+
3 + e− + NCO 14.1(1) 13.7 13.8 (no TS)

*These theoretical energies account for potential energy barriers of transition states (TS) when
identified. Sometimes a transition state could not be verified (TS ?) or was found to not exist

(no TS).
** The fragment at m/q = 57 a.m.u. is the direct ionisation product of CH3NCO. The
appearance energy is just compared to the IP determined in section 3.1.1 of chapter 2.

They are also compared to the ab initio calculations (Eth) performed by Jean-Christophe Loi-
son, of Bordeaux University. For some cases, transition states and potential energy barriers
have also been predicted in these calculations, which can sometimes explain the energy differ-
ence between appearance and thermodynamic threshold energies. The theoretical energy for
direct ionisation is taken from the spectroscopic study of section 3.1.1 of chapter 2. All these
energies are summarised in Table B.1. Their comparison enables a more reliable identification
of produced charged fragments and dissociative ionisation relaxation channels.

The main information retrieved from these ion yields are summarized below:

• The ion yield of the direct ionisation product of m/q = 57 a.m.u. (CH3NCO+) is remi-
niscent of the schematic ion yield of Fig. 1.7 of chapter 1. The inflection point in the ion
yield, at 10.59 eV, corresponds to the origin in the X̃+ ← X̃ photoionising transition in
CH3NCO. This energy is directly compared to the first IP of CH3NCO (10.592 eV) ob-
tained in the spectroscopic study of section 3.1.1 of chapter 2, with which the agreement is
excellent. It does not make sense to compare the appearance energy to a thermodynamic
tabulated value as the energy difference between the cation and neutral CH3NCO is again
the ionisation potential.

• The m/q = 56 a.m.u. signal is unambiguously assigned to CH2NCO+, H is the neutral by-
product. In this only possible dissociative ionisation channel forming a cation at m/q =
56 a.m.u., no thermodynamic information is available, but there is an excellent agreement
between the appearance enery (12.0 eV) and the theoretical threshold (12.05 eV). Ab initio
calculations show that this channel does not implicate a transition state.
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• The m/q = 55 a.m.u. signal is assigned to CHNCO+, H2 is the neutral by-product. Ther-
modynamic information on CHNCO is not available, nor on its cation. The theoretical
threshold (12.47 eV), accounting for a TS, is in agreement with the appearance energy
(13.0 eV), especially given the low signal at threshold making the determination of Ea
uncertain. The calculations help to identify H2 as a by-product rather than 2 H, whose
threshold would be 16.64 eV (without TS).

• The m/q = 29 a.m.u. signal is assigned to CH2NH+, CO is the neutral by-product. The
thermodynamic threshold (11.2 eV) is situated below the appearance energy (11.8 eV), but
its delayed appearance in the scan is explained by a potential energy barrier (11.91 eV)
predicted by the ab initio calculations. The calculations for CH3N+ and CHNH+

2 do not
converge, which indicates that these fragments, also at m/q = 29 a.m.u., are probably
unstable, which supports the assignment.

• The m/q = 28 a.m.u. signal is also problematic, appearing at around 12.1 eV. One dis-
sociative ionisation channel producing a charged fragment at m/q = 28 a.m.u. yields
CH2N+ + e− + HCO, but its thermodynamic threshold is at 16.5 eV, so is not likely re-
sponsible for the observed signal. CO+ is actually the easiest formed (lowest energy)
fragment from CH3NCO at m/q = 28 a.m.u. with CH2NH as its neutral by-product (the
formation of CH3N requires more energy), but the thermodynamic (14.8 eV) and theore-
tical (15.15 eV) thresholds are still much higher than the appearance energy. HCNH+ or
CNH+

2 could also correspond to m/q = 28 a.m.u., but their formation requires substan-
tial geometric rearrangement compared to the parent molecule so a high potential energy
barrier is expected. A final possibility would be N+

2 issued, not from dissociative ionisa-
tion, but direct ionisation of impurities within the setup. However, IP(N2) = 15.5809 eV
[96], which is again above the appearance energy, so not likely the cause. The appear-
ance energy of m/q = 28 a.m.u. at 12.1 eV is not explained, but the ion signal increases
markedly from around 14.5 eV, which is in agreement with the thermodynamic and the-
oretical thresholds for CO+ + e− + CH2NH. The ion yield above ≈14.5 eV is therefore
likely due to CO+. Note that ab initio calculations were not able to identify the presence
or absence of a TS.

• There is however ambiguity concerning the m/q = 27 a.m.u. signal which can be as-
signed to HCN+ or its isomer HNC+, the neutral by-product in either case is CH2O. The
problem is that thermodynamic thresholds (14.8 and 13.9 eV, respectively) and theoretical
appearance energies (15.0 and 14.1 eV, respectively) are within 1 eV for both fragments.
Ab initio calculations were not able to locate or rule out a possible transition state. Finally
the m/q = 27 a.m.u. ion yield increases markedly above 14.4 eV, which is not easily com-
parable with the thermodynamic or theoretical results. The discrepancy between isomers
at m/q = 27 a.m.u. cannot be lifted for these reasons, but the experimental appearance en-
ergy does seem closer to that calculated for the channel leading to HNC+. The formation
pathway of either isomer is complex and ambiguous; studies of the dynamics are needed
to clarify this point.

• The m/q = 15 a.m.u. signal is assigned unambiguously to CH+
3 . The thermodynamic

threshold (13.7 eV) and ab initio calculations (Eth = 13.8 eV) are in agreement with the
appearance energy (14.1 eV) of the fragment. Our value is 0.5 eV below the reported value
measured by electron impact [217]. The ab initio calculations show that the formation of
CH+

3 does not implicate a potential energy barrier. The neutral by-product is NCO.
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Note that there may be some slight cross-contamination between neighbouring fragments
(m/q = 27, 28, and 29 a.m.u) given the forms of the peaks of the mass spectra of Fig. B.1. There
can also be contributions from 13C isotopologues at (m + 1)/q. These two effects, if present at
all, are expected to be small and probably only affect the overall tendancy of the ion yield, not
the determination of appearance energies.

B.4 TPES of dissociative states
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FIGURE B.3: a) TPES of m/q = 55 (red) and 57 a.m.u. (blue) spectra from this
work, assigned to CHCNO+ and CH3NCO+, respectively; m/q = 55 a.m.u. has
a ×20 zoom. b) TPES combining the two spectra from panel a). c) Digitalised He

I PES of CH3NCO from ref. [130].

As mentioned in the spectroscopic study of section 3.1.1 of chapter 2, our TPES of CH3NCO
does not reveal any higher excited states in the cation than the A+ 2A’ state. This is in disagree-
ment with Pasinszki et al. [130] who observed four extra bands, notably one between 14 and
15 eV and peaking at 14.55 eV. The study of this appendix has shown that dissociative ionisa-
tion starts to compete with direct ionisation from around 12 eV. It is therefore possible that the
bands identified by Pasinszki et al. correspond to dissociative states. In our case, the electrons
produced by dissociative ionisation hit the detector in coincidence with ions of a different mass
than the parent (as long as the dissociation dynamics are faster than the time-of-flight) and are
thus not recorded in the channel of the parent molecule. The setup of Pasinszki et al. was not
mass-selective so the electrons are all collected indiscriminately.

Concerning the 14 – 15 eV band, we are able to reconstruct this spectral feature using the
TPES of m/q = 55 a.m.u., assigned to CHNCO+ (see Fig. B.3). As found in section B.3 (see
Table B.1), the CHNCO + H2 + e− dissociative ionisation channel starts to appear at 13.0(2) eV,
and the corresponding ejected electrons contribute to the electron signal observed in the PES of
Pasinszki et al. above 13.8 eV. A similar intensity to the spectrum of Pasinszki et al. is reproduced
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by multiplying our spectrum by a factor 20. Intensity differences can be explained as the two
spectra are recorded using different techniques and different experimental setups. In particular,
our spectrum is produced only using threshold electrons, so faster electrons do not contribute.
This can explain why our signal is much lower than that of Pasinszki et al.. In addition to
this band, Pasinszki et al. identified three others, at 16.0, 16.75, and 18.0 eV, but these are also
expected to be dissociative.

B.5 CH3NCO dissociative ionisation summary

The dissociative ionisation of CH3NCO has been studied from 10.4 to 15.7 eV. All cationic frag-
ments, except for m/q = 27 and 28 a.m.u., were assigned leading to the identification of the
corresponding dissociative ionisation relaxation channels:

• CH2NCO+ + H + e−,

• CHNCO+ + H2 + e−,

• CHNH+
2 + CO + e−, and

• CH+
3 + NCO + e−.

The assignments were facilitated by comparing fragment appearance energies in the ion
yield to thermodynamic and theoretical thresholds. The theoretical thresholds were determined
using ab initio calculations that were able to identify, when possible, the absence or presence of
transition states resulting in potential energy barriers. There is also an excellent agreement
between the energy of the inflexion point of the CH3NCO+ ion yield and the first adiabatic IP
of CH3NCO determined in section 3.1.1 of chapter 2.

The appearance energies are not measured with great accuracy due to the temperature-
dependency of the dissociative ionisation thresholds (measured at around 300 K here). Not only
is the internal energy of the parent molecule a factor, but also the internal energies of the formed
fragments. The thresholds are also difficult to identify because the slopes are sometimes very
small, which makes them all the more sensitive to the temperature. Despite not being defined
with great accuracy, the thresholds are still useful. The study of dissociative ionisation recon-
ciles discrepancies between our spectroscopic results of section 3.1.1 of chapter 2 and those of
Pasinszki et al. [130]: the high energy bands of Pasinszki et al. correspond to dissociative states,
which are detected in different channels in our mass-selective experiment to direct ionisation.

As seen in chapter 2, it is important to know dissociative ionisation thresholds in photoion-
isation experiments, especially quantitative experiments, in order to distinguish ion signals is-
sued from direct ionisation from those issued from dissociative ionisation. The DELICIOUS
3 spectrometer is equipped with a mode allowing this discrimination by comparing the dif-
ferences in kinetic energy of the produced cationic fragments. However, this mode must be
selected before performing the experiments and cannot be used a posteriori in data analysis.
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Appendix C

List of publications as co-author

Published:

• "Quantifying the photoionization cross section of the hydroxyl radical". O. J. Harper,
M. Hassenfratz, J.-C. Loison, G. A. Garcia, N. de Oliveira, H. R. Hrodmarsson, S. T. Pratt,
S. Boyé-Péronne, and B. Gans. In: The Journal of Chemical Physics 150.14 (2019), p. 141103.
DOI 10.1063/1.5091966

• Erratum: "Quantifying the photoionization cross section of the hydroxyl radical" [J.
Chem. Phys. 150, 141103 (2019)]. O. J. Harper, M. Hassenfratz, J.-C. Loison, G. A. Garcia,
N. de Oliveira, H. R. Hrodmarsson, S. T. Pratt, S. Boyé-Péronne, and B. Gans. In: The
Journal of Chemical Physics 152.18 (2020), p. 189903. DOI 10.1063/5.0010934

• "To see C2: Single-photon ionization of the dicarbon molecule". O. J. Harper, S. Boyé-
Péronne, G. A. Garcia, H. R. Hrodmarson, J.-C. Loison, and B. Gans. In: The Journal of
Chemical Physics 152.4 (2020), p. 041105. DOI: 10.1063/1.5139309

• "VUV photoionization of the CH2NC radical: adiabatic ionization energy and cationic
vibrational mode wavenumber determinations." B. Gans, S. Hartweg, G. A. Garcia, S.
Boyé-Péronne, O. J. Harper, J.-C. Guillemin, and J.-C. Loison. In: Physical Chemistry Chem-
ical Physics 22 (2020), p. 12496-12501. DOI: 10.1039/d0cp01901

• "Quasi-symmetry effects in the threshold photoelectron spectrum of methyl isocyanate".
O. J. Harper, L. H. Coudert, J.-C. Loison, B. Gans, S. Douin, G. A. Garcia, J.-C. Guillemin,
and S. Boyé-Péronne. In: The Journal of Chemical Physics 153.7 (2020), p. 074308. DOI:
10.1063/5.0017753

In preparation:

• "Photoionization cross-section measurement of the NH2 radical". O. J. Harper, B. Gans,
J.-C. Loison, G. A. Garcia, H. R. Hrodmarsson, and S. Boyé-Péronne.
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Résumé: L’évolution de la matière diluée dans les
milieux astrophysiques tels que le milieu interstel-
laire, les atmosphères planétaires ou la coma des
comètes, résulte d’une photochimie très complexe
faisant intervenir en particulier un grand nombre
d’espèces stables et réactives en phase gazeuse. Cette
photochimie est induite par le rayonnement galac-
tique ou par le rayonnement solaire dans le domaine
spectral de l’ultra-violet du vide (VUV, longueur
d’onde < 200 nm). Une bonne compréhension de
cette évolution nécessite une modélisation précise de
la photochimie de ces milieux, en prenant en compte
l’ensemble des réactions chimiques et des processus
photo-induits. Dans ce contexte, le travail principal
de cette thèse porte sur le processus de photoionisa-
tion (M + hν→M+ + e−).

Un des buts de cette thèse était de déter-
miner des paramètres quantitatifs, souvent jamais
mesurés, pour décrire le processus de photoionisa-
tion de composés d’intérêt astrophysique, en parti-
culier d’espèces réactives. Pour ce faire, le montage
moyenne – haute résolution (SAPHIRS) de la ligne
DESIRS du synchrotron SOLEIL et le nouveau mon-
tage laser haute résolution (VULCAIM) de l’ISMO
basé sur un spectromètre de photoélectrons à énergie
cinétique nulle (ZEKE) ont été utilisés pour mener di-
verses études expérimentales. Cette thèse présente
aussi le développement de cette nouvelle expérience,
unique en France, et la caractérisation de ses princi-
pales performances.

Un paramètre quantitatif important est la section
efficace de photoionisation, reliant le nombre d’ions

produits au nombre initial d’espèces neutres. Pour les
espèces réactives, ce paramètre est rarement connu à
cause des difficultés inhérentes à ce type de mesures.
Ce travail présente deux mesures de sections effi-
caces de photoionisation (pour les radicaux NH2 et
OH) et quelques résultats préliminaires sur d’autres
sections efficaces de radicaux. D’un point de vue
pratique, ces sections efficaces permettent indirecte-
ment de quantifier d’autres processus de relaxation
(i.e. la photodissociation) en utilisant des expériences
pompe VUV – sonde VUV, qui sont aussi décrites
dans le manuscrit.

En plus de l’importance de ces expériences pour
les applications, ces études permettent d’obtenir des
informations fondamentales et détaillées sur le pro-
cessus de photoionisation, surtout via la spectro-
scopie de photoélectrons. Au synchrotron SOLEIL,
les structures vibroniques de différentes molécules
astrophysiques ont été étudiées au voisinage de leurs
premiers potentiels d’ionisation adiabatiques. Au
laboratoire, le nouveau laser VUV s’est montré très
performant pour des expériences de spectroscopie
VUV à des résolutions rarement atteintes dans ce do-
maine spectral (jusqu’à 0.06 cm−1). L’utilisation de ce
laser pour la spectroscopie de photoélectron couplée
à une technique d’analyse d’images révèle la possi-
bilité d’entreprendre des études de photoionisation à
haute résolution avec un meilleur rapport signal sur
bruit, ce qui permettra la détermination de nouvelles
informations spectroscopiques concernant la struc-
ture rovibronique d’un grand nombre de cations, et
en particulier d’espèces radicalaires.
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Abstract: The evolution of diluted matter in various
astrophysical media (interstellar space medium, plan-
etary atmospheres, comets) results from complex pho-
tochemistry involving many stable and reactive species
in the gas phase. This photochemistry is induced by
galactic �uxes or by solar radiation in the vacu-um
ultra-violet spectral domain (VUV, wavelength below
200 nm). An accurate model of the photochemistry
of these media is required to understand this evolu-
tion. This model must account for all photo-induced
processes through pertinent quantitative parameters
measured in laboratory experiments. One of these pro-
cesses is photoionisation (M + hν→M+ + e−), which
is the focus of this thesis. Other such processes, featur-
ing in this work, are photodissociation and dissociative
ionisation.

One of the aims of this PhD work was to de-
termine quantitative and often unprecedented param-
eters to describe photoionisation processes of com-
pounds of astrophysical interest, in particular of re-
active species. These were determined experimentally
using the medium high-resolution SAPHIRS setup of
the DESIRS beamline of the SOLEIL synchrotron and
using the new high-resolution laser setup (VULCAIM)
of ISMO based on a Zero Electron Kinetic Energy
(ZEKE) photoelectron spectrometer. This thesis also
presents details on the development of this new setup,
unique to France and one of only three in the world,
and on the determination of its main characteristics.
Particular care is taken to evaluate the resolution of
of the VUV laser and of the ensuing photoelectrons.

An important quantifying parameter is the pho-
toionisation cross section, relating the number of pro-
duced ions to an initial quantity of neutral species.
This parameter is not always available in the litera-
ture due to experimental challenges, especially for un-
stable species. This work presents two photoionisation
cross section measurements (NH2 and OH free radi-
cals) and some preliminary work on other free radical
cross sections. From a practical point of view, these
cross sections also allow the indirect quanti�cation of
processes implicating neutral species (e.g. photodisso-
ciation). This aspect also features in the manuscript
when studying photodissociation with a VUV pump �
VUV probe setup.

On top of their application value, these studies
o�er fundamental insights, mainly via photoelectron
spectroscopy, into the �ne details of photoionisation
processes. At the SOLEIL facility, the vibronic struc-
ture of various astrophysical molecules been investi-
gated in the vicinity of their �rst adiabatic ionisa-
tion potentials. At the ISMO laboratory, the new
VUV laser has shown to have the capabilities of un-
dertaking spectroscopic studies at a resolution (down
to 0.06 cm−1) rarely seen in the VUV range. The use
of this laser for photoelectron spectroscopy combined
with an imaging technique promises to be able to per-
form high-resolution photoionisation studies with im-
proved signal-to-noise ratio. It will lead to unprece-
dented spectroscopic information on the rovibronic
structure of a number of cations, in particular for rad-
ical species.
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