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INTRODUCTION

Molecular chirality has fascinated much of modern science in physics, chemistry
and biology since its discovery in the 19¢" century. It appeared to be a fundamental
property of life immediately after the discovery. Organic molecules are dominated by
chiral molecules, e.g. only one out of twenty natural amino acids is achiral. Many
of biochemical mechanisms in the human body involve chiral molecules and show
a rigorous enantio-selectivity. Terrestrial life - as we know it - is homochiral and is
based on L-amino acids and D-sugars (although some D-amino acids are found in the
cell walls of bacteria, but not in bacterial proteins [1]). Chirality is very important in
the pharmaceutical industry and crucial too, as the desired medicinal and therapeutic
effects are found mostly in one enantiomer, while the other could be quite harmful.

Therefore, enantio-selective techniques for probing chirality are very much in
demand, not only to discriminate between two pure enantiomers but also to have
sensitivity to determine the enantiomeric excess ratio in a multi-component sample.
Besides, investigation of electronic properties, molecular structure and conformation of
chiral molecules can provide valuable information towards fundamental understanding
of chirality. Chiroptical methods such as photoelectron circular dichroism (PECD)
provides a robust probe for such studies.

This thesis explores chirality in molecules using the technique of PECD and a
reaction microscope in single and multiphoton ionization regimes. The combination of
PECD and electron-ion coincidence imaging shows the novel capability to measure
mass-selective PECD of chiral molecules both for pure and multi-component mixtures.
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Chapter 1

1.1 Historical introduction to molecular chirality

The first definition of chirality was given by Lord William Thomson Kelvin in 1884,
during the Baltimore Lectures : "I call any geometrical figure, or group of points,
chiral, and say it has chirality, if its image in a plane mirror, ideally realized, cannot
be brought to coincide with itself." [2] This definition of chirality is still essentially
accepted nowadays as it was re-phrased, by Viadimir Prelog in his Nobel Prize lecture
almost a century after Kelvin’s speech, in 1975: "An object is chiral if it cannot be
brought into congruence with its mirror image by translation and rotation." [3]

The word chiral is adopted from the Greek word, cheir, for hand as a common
chiral object. Two non-superimposable mirror-imaged forms of a chiral molecule are
called enantiomer (again from Greek words for opposite and part), see Fig. 1.1. The
enantiomers are nowadays specified according to either their absolute configuration [4]
with R (for Rectus)and S (for Sinister) letters or the direction of optical rotation [5]
with (+) and (-) symbols. An older notation exists which labels enantiomers D- (for
dextrorotatory) or L- (for levorotatory) based upon relating absolute configuration to
that of chemical precursors, traceable back to glyceraldehyde as the absolute standard.

S-limonene R-limonene

<)

Figure 1.1: Example of the two enantiomers of limonene molecule. The gray and
white spheres represent carbon and hydrogen respectively. The two enantiomeres are
mirror-imaged but not superimposable.

Molecular chirality had been discovered a few decades before Kelvin’s speech.
In the early 19°" century, Francois Arago and later Jean-Baptiste Biot observed the
fundamental phenomenon called natural optical activity. They observed that the plane
of polarization of linearly polarized light was rotated when passing through a particular
solid or liquid material. A few years later, Augustin Jean Fresnel studied the optical
rotation in terms of differential refraction of right- and left- circularly polarized light
and proposed that optical activity may have originated from ... helicoidal arrangement
of the molecules of the medium, which would present inverse properties according to
whether these helices were dextrogyrate or laevogyrate.” [6].

In 1848, Louis Pasteur reported for the first time that an organic molecule could
exist in two forms with opposite signs of optical rotation. He observed that crystallizing
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Introduction

of a sodium-ammonium tartrate solute (which is optically inactive) led into two forms
of hemihedral crystals: “one asymmetric to the right, the other one asymmetric to the
left” [7]. He manually separated these two forms and re-dissolved them. The new
solutions, consequently, became optically active such that the rotation of polarization
of these two was in opposite directions. The original solute was then an equi-molar
mixture of these two forms that was called racemic mixture.

In 1874, Jacobus Hendricus van 't Hoff and Joseph Achille LeBel independently
proposed a three-dimensional model for the structure of saturated carbon compounds
where the four chemical bonds of the carbon atom were directed to the corners of a
tetrahedron. The model explains how optical rotation is related to the three-dimensional
structure of molecules [8]. The arrangement of atoms in three-dimensional space
bonded in a molecule shows the existence possibility of two molecular forms which
are mirror-imaged but not super-imposable.

Many physical properties of two enantiomers such as mass, melting point, boiling
point, conductivity and so on are identical. Nevertheless, to distinguish between enan-
tiomers, chiroptical methods using circularly polarized light (CPL) can be employed.
Circular dichroism (CD) is a chiroptical method that has been widely used to determine
and characterize enantiomers for many years. CD measures the differential absorption
cross section of a chiral molecule for left- (LCP) and right circular polarized (RCP)
light. However, this technique has some drawbacks. CD shows a weak signal in order
of 10™* which is attributed to higher order electric quadrupole and magnetic dipole
interaction. The small effect requires measurements to be made in dense samples, such
as solutions. Recently, it was shown that the vibrational circular dichroism signal can
be enhanced by an order of magnitude using electrochemical modulation of the energies
of electronically excited states [9]. Yet, measurement in solution induces absorption
cut-offs which limits the wavelength range available for the measurements. In addition,
CD measurement typically requires a single chiral compound enantiomer and thus, it is
not a reliable method for analysis of chiral isomer mixtures. Gas-phase approaches have
been developed as alternative methods at higher sensitivity to overcome the limitations
imposed by solvent. CD in ion yield generated by multiphoton laser ionization of chiral
molecules in a TOF mass spectrometer has been reported recently to be capable of
discriminating enantiomers in the gas phase [10-13].

An alternative powerful chiroptical method to probe isolated chiral molecules in the
diluted gas phase sample with high sensitivity and selectivity is photoelectron circular
dichroism (PECD) [14-16]. PECD records a forward-backward asymmetry in the
photoelectron angular distributions (PAD) with respect to the propagation direction of
the photon beam. The asymmetry effect was predicted to be stronger than CD since it
originates purely from the first order electric dipole moment interaction.

Ritchie, in 1976, analytically demonstrated in his paper [17] that the PAD resulting
from one-photon ionization of a randomly oriented chiral molecule by CPL behaved as

Tror
an

T 21
where I;4; = f f I,sin0dOdd.
0o Jo

I,(0) = === (1 + b} Py (cos0) + b} P»(cos0)), (1.1)
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Chapter 1

Here, 0 is the angle between the velocity vector of the ejected electron and the
propagation direction of the circular polarized light and P,, is the n’" order Legendre
polynomial. 5" coefficients depend on the polarization p as indicated by p = 0
for linear polarization, p = +1 for left circular polarization and p = —1 for right
circular polarization. When either linear polarization or an achiral molecule is used,
symmetry considerations determine that by =0 [17, 18]. Only in case CPL is used
for photoionization of a chiral molecule, non-zero bf is possible and consequently,
the PAD shows a forward-backward asymmetry with respect to the light propagation
direction because P; evaluates as cosf. Exchanging the enantiomer or handedness of
the light results in a sign change of the bf but not of the bg parameter. In other words,

bi' = —b;! and by = b; . (1.2)

The PAD asymmetry can be expressed as a difference between the electron flux for left-
and right- circular polarizations

Laipr©) = Ircp©) — Ipcp(0) = 11 (0) — I-1(0) = 2b7 ' Py (cos0) . (1.3)

Therefore, by considering the dichroism, I4;rr(0) at 6 = 0° or 6 = 180°, PECD
asymmetry is defined as 2b.

In 2000, Powis calculated the quantitative estimation of PECD asymmetry to be in
the order of 10! [18] which is, three orders of magnitude higher than CD signal in
absorption. The first PECD experiments were performed soon after and corroborated
the capability of this technique [19, 20]. Moreover, performing experiments in a high
vacuum apparatus facilitates electron imaging detection. The imaging PECD approach
enables recording both the energy and angle of individual electrons with high efficiency.

Over the last decade, the PECD technique has been used to explore the photoion-
ization dynamics, molecular conformation and structure of several chiral molecules
using synchrotron radiation sources [21-25]. Recently, the first vibrational dynamics in
photoionization of a chiral molecule has been studied where the high PECD sensitivity
to the excited vibrational mode in the parent molecule was reported [26].

The PECD technique has been developed successfully in the multiphoton ionization
regime using femtosecond laser systems [27-33]. This new approach enables a
table-top experiment in the laboratory and also offers some new possibilities such
as ionization via intermediate excited states. The PAD expected from a n-photon
ionization of a chiral molecule with CPL can be expressed in the most general case as:

2-n
1,0 = ﬁ(u[b’?m (cose)). (1.4)
an =

The multiphoton-PECD asymmetry can then be determined again from the difference
between two polarizations as a single quantity in terms of the odd Legendre coefficients
bl

1

1 1 5
G = 2bf—5b§+zb5p—3—2b§’+.... (1.5)
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Introduction

1.2 Summary and outline of the thesis

In this thesis, I investigate mass-selective PECD measurements on camphor, methy-
loxirane and limonene enantiomers measured by synchrotron radiation at SOLEIL
synchrotron facility, in Paris and by a femtosecond laser system at LaserLaB Ams-
terdam. Moreover, I demonstrate that mass-selected PECD enhances the analytical
application and enables enantiomeric differentiation detection in a multi-component
mixture.

Several aspects of the experimental methods being used in the laboratory are
discussed in chapter 2. The first part of this chapter comprises a detailed description of
the electron-ion coincidence imaging spectrometer including a molecular beam setup
to provide samples in gas-phase, electron and ion detection system, 3D velocity map
imaging and calibration of the electron detector and ion time-of-flight spectrometer. I
also give a statistical argument related to false coincidences in the measurements. The
last part of this chapter introduces the experimental methods for multiphoton PECD
measurements. In particular, it consists of data acquisition, data analysis and error
estimation for PECD asymmetry determination.

The femtosecond laser system is described in chapter 3. Special attention is
given to non-linear optical methods that were implemented and developed in the
laboratory in the course of this research. These include the second and third harmonic
generation of the fundamental output of the laser as well as an extensive description of
a home-built non-collinear optical parametric amplifier (NOPA) used for production
of tunable femtosecond pulses in the visible spectral region. The visible light is up-
converted to the UV region by a home-built sum frequency mixing setup. Further
attention is given to home-built ultrashort pulse characterization setups. A single-
shot intensity autocorrelator is used to monitor pulse duration of fundamental outputs
during the measurements. The visible pulses generated by the NOPA are characterized
by an interferometric autocorrelator and the duration of UV pulses is determined by
measuring the cross-correlation signal resulting from the multiphoton ionization of Xe
inside the coincidence machine. Finally, the generation and characterization of circular
polarized light is discussed.

Chapter 4 presents the photoionization study of pure limonene enantiomers
using VUV synchrotron radiation with a photon energy ranging from threshold to
18 eV performed with double imaging coincidence spectrometer DELICIOUS III.
The assignment of the limonene slow photoelectron spectrum (SPES) is discussed.
PECD are obtained across a range of photon energies for the HOMO/HOMO-1 band
for mass-selected parent ion data. The VMI recordings made for photon energies
below 10 eV reveal a very strongly structured PECD. The oscillations in PECD spectra
are strongly correlated with the vibronic features in the photoelectron spectrum. At
higher photon energies, due to a loss in VMI resolution, the VMI photoelectron spectra
become featureless and PECD measurements will merely see an average value. More
interestingly, it is also observed that the sign of PECD asymmetries changed by passing
from ionization of the HOMO to HOMO-1 orbital.

Chapters 5-7 report mass-selective multiphoton PECD as an asymmetry in photo-
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Chapter 1

electron angular distribution after the ionization of pure enantiomers of two different
types of chiral molecules using femtosecond multiphoton ionization and the electron-
ion coincidence imaging spectrometer.

The small chiral molecule methyloxirane is studied in chapter S using femtosecond
laser pulses at 420 nm. The ionization at this wavelength requires at least four photons.
The chiral (odd) terms in the photoelectron angular distribution expression are isolated
by switching the laser between left- and right-circular polarization, and observing the
differences in the full three-dimensional electron momentum distribution recorded in
the electron-ion coincidence technique. Electron events additionally are filtered by
coincident ion mass, providing mass-tagged electron distributions and quantitative
measures of the multiphoton PECD asymmetry that help characterize the different
ionization channels. For the production of the ground state parent cation, the magnitude
of the mean chiral asymmetry is measured to be 4.7%, with the peak magnitude
exceeding 10%.

In chapter 6 both limonene enantiomers are investigated by circularly polarized
420 nm femtosecond laser pulses in the single-detector coincidence spectrometer.
Ion mass and photoelectron energy spectra identify the dominant (2 + 1) multiphoton
ionization mechanism. TDDFT calculations of the Rydberg excitations, considering
the three lowest energy equatorial conformers of limonene, are used to help interpret
the ionization pathway. PECD measurements on pure enantiomers reveal a chiral
asymmetry of +4%.

Mass selected multiphoton PECD of limonene is discussed in chapter 7 using three
different wavelengths (420 nm, 412 nm and 392 nm) for excitation in combination with
the double-detector coincidence spectrometer. The results are discussed and compared
with experiments reported in the previous chapters on limonene. PECD asymmetry
shows a mirroring between the dichroism of two enantiomers at all wavelengths. The
392 nm PECD shows a striking sign change across the photoelectron band with the
maximum of about +9% for mass-tagged parent ion electrons. Moreover, we compare
two different approaches for analysisng the experimental data to extract quantitative
PECD.

Chapter 8 presents a proof-of-principal demonstration of a direct method for
simultaneous enantiomer specific identification of chiral molecules in multi-component
mixtures. Enantiomers are differentiated by coincident mass-selected PECD using a
laser-based imaging electron-ion spectrometer. Mixed vapors of two chiral monoter-
pene molecules, limonene and camphor, were irradiated by a circularly polarized
femtosecond laser at 392 nm. The momentum of photoelectrons coincident with parent
ion masses is determined by electron imaging. PECD asymmetries are observed in the
mass-tagged electron distributions for camphor (4%) and limonene (2%) that switch
sign according to the handedness (R- or S-) of the enantiomer in the mixture. When
the camphor component was prepared with just 50% enantiomeric excess (e.e.) its ob-
served PECD scaled proportionately. The results demonstrate that mass spectrometric
identification of mixtures of chiral molecules and quantitative determination of e.e. can
be achieved in a table-top instrument employing mass-selected PECD.
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Chapter 2

2.1 Introduction

Photoelectron circular dichroism (PECD) is used as an experimental technique to study
chiral molecules in the gas phase where the complexities imposed by solvent-solute
interaction can be eliminated. For such experiments, molecular beams are the tool of
choice for preparing samples in the gas phase, and charged particle imaging provides
energy and angular distribution information of photoelectrons emitted after ionization.
Moreover, combination of mass-spectroscopic imaging and PECD in an electron-ion
coincident imaging spectrometer offers the ability for mass-selective discrimination of
chiral molecules.

In this chapter, several experimental aspects that I used for PECD experiments are
discussed. The chapter is structured as follows. In section 2.2, sample preparation in
gas phase and molecular beam generation are described. In section 2.3, the charged
particle imaging technique is first reviewed and then the experimental setup is presented
in detail. In section 2.4, the PECD experiment together with data acquisition and data
treatment are explained.

2.2 Sample preparation and molecular beam
generation

Supersonic atomic and molecular beams [34, 35] are used as an experimental approach
to prepare isolated and cold molecules in many fields of physics and chemistry. The
gas sample is seeded in a noble gas and the mixture expands through a nozzle into high
vacuum. The high pressure gas inlet behind the nozzle (from < 1 bar up to few tens of
bar) is essential to expand the molecular gas adiabatically into high vacuum chambers
resulting in velocity distribution narrowing along the jet axis and cooling down the
molecular samples. Cooling is achieved through collisions of gas samples with the
carrier gas that decrease the internal energy. Translational temperatures as low as 1 K
can be achieved easily in molecular beams. However, the rotational cooling is typically
less efficient than the translational cooling and vibrational cooling is even less efficient
than rotational cooling.

Many molecules of our interest to study are not available in the gas phase under
normal conditions. Therefore, one can flow a carrier gas through liquid or solid
samples with a convenient vapour pressure (few mbar at room temperature) to transfer
the molecules via a nozzle expansion into the vacuum. For the samples with lower
vapour pressure, slightly heating the reservoir containing the sample may help to get
the sufficient density of molecules in the gas phase as long as decomposition is not a
problem.

In experiments performed in Amsterdam, liquid and solid samples were held
respectively in a stainless steel bubbler and a sample reservoir outside the vacuum
chambers at room temperature. The reservoir is separated from the transfer lines by
sintered steel filters to prevent clogging the nozzle by solid dust. A stream of pure
neon gas (typically < 1 bar backing pressure) sweeps the vapour of samples through
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a stainless steel transfer line. The neon gas containing seeded sample molecules
then expands through a 150 um diameter conical nozzle in the source chamber. The
expanding gas mixture is doubly skimmed as it passes through the buffer chamber into
the imaging spectrometer chamber. The first skimmer (500 um diameter) separates
the source from the buffer chambers while the second skimmer (200 um diameter)
separates the buffer from the imaging chambers. Skimmers are fixed in their positions
and separated 12 cm from each other.

The nozzle is mounted on a three dimensional translational stage in the source
chamber. The skimmer-to-nozzle distance is fixed (about 2.5 cm) while the position of
the nozzle can be controlled horizontally (along laser beam direction) and vertically
(along TOF direction) by two knobs from outside of the molecular machine. The nozzle
is aligned, on a day-to-day basis, for the highest Xe ion signal and highest pressure
inside the imaging chamber. Under this configuration, the translational temperature of
about 9.4 K was reported for a seeded beam of 1.4% Xe in Ne at 1 bar backing pressure
[36].

2.3 Velocity map electron-ion coincidence imaging
spectrometer

The first realization of ion imaging technique to study a molecular photodissociation
process was reported by Chandler and Houston in 1987 [37]. Such a technique
revolutionized experimental studies in reaction dynamics by providing angular, speed
and internal energy information. In the typical ion imaging technique, the initial 3D
momentum distribution of a recoiling ion is projected onto a 2D micro-channel plate
(MCP) [38] detector followed by a phosphor screen and (CCD) camera. Subsequently,
a data recovery method (known as an inversion method [39]) is needed to reconstruct
the initial 3D momentum distribution from the recorded 2D data. However, in this
technique, the spatial resolution is still relatively low due to rather extended ionization
source volume for charged particles. The next breakthrough in the ion imaging
technique came in 1997 with the invention of velocity map imaging (VMI) technique
[40]. Eppink and Parker employed a three electrostatic plate (repeller, extractor and
ground TOF entrance) configuration and removed grids from electrodes separating
extraction, acceleration and TOF region. The open electrodes caused curved electric
field lines that act as ion lenses to focus charged particles with the same velocity (speed
and direction) to the same spot in the detector irrespective of the initial position where
they are formed. By that the spatial resolution was increased dramatically.

In conventional VMI method introduced by Eppink and Parker, the ion sphere is
crushed into a disc with small width along the TOF direction by an inhomogeneous
extraction field. Therefore, the entire ion sphere can be essentially recorded at the same
time in 2D image. To extract the maximum information from the 2D images, the Abel
inversion algorithm is still needed to reconstruct the 3D velocity distributions of the
charged particles recorded in the image. Abel inversion requires an axis of cylindrical
symmetry parallel to the imaging plane. In other words, the propagation direction for
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circularly polarized light (CPL) or the polarization direction for linearly polarized light
must be parallel to the detector surface.

To avoid the need for inversion techniques, methods such as slice imaging [41—43]
and 3D-imaging [44] have been developed to measure the 3D momentum distribution
directly. In slice imaging, the ion sphere arrival time spreads out sufficiently and
homogeneously so that a simple gating of the MCP detector can slice a narrow part
of the Newton ion sphere to obtain the full 3D information. In 3D imaging, all three
components of a single particle are recorded simultaneously by a time and position
sensitive detector (e.g. using delay-line anode). Another advantage of 3D imaging
techniques is the capability to perform coincidence measurements.

Ionization of molecules produces electron(s) as well as ion(s). Determination of
the correlated energetic and angular distributions of these particles gives complete
kinematic information of photo-ionization and -dissociation process. This information
can be obtained by so-called photoelectron photoion coincidence (PEPICO) techniques
and have been utilized fruitfully for many years [45]. The first illustration of PEPICO
experiment performed with a femtosecond laser system appeared in 1997 [46, 47].
The experimental setup contained a magnetic bottle electron spectrometer and a
time-of-flight mass spectrometer. The first fully angle-resolved PEPICO studies
was reported by Powis er al. in 1999 [48]. In the same year Hayden er al. [49]
combined femtosecond time-resolved imaging with the PEPICO technique measuring
3D energy and angular distributions for electrons and ions. At the same time, the
recoil-ion and cold target recoil-ion momentum spectroscopy (COLTRIMS) reaction
microscope [50, 51] was invented using delay-line detectors to measure full correlated
3D momentum distributions of photoionization products. Very recently, PEPICO
experiments with few cycle laser pulses at 400 kHz have been reported [52].

Apart from the applications of VMI setups in laser-based laboratories, several VMI
coincidence apparatuses were developed successfully in synchrotron facilities over last
few years [53-56]. In chapter 4, I will give a short review on the so-called DELICIOUS
III electron-ion coincidence detector [56] that operates on the DESIRS VUV beam line
at the SOLEIL synchrotron near Paris.

2.3.1 Experimental setup

The experimental double VMI coincidence imaging apparatus, constructed in Amster-
dam in 2008, is described in detail elsewhere [57, 58]. Apart from the results reported
in chapter 4, all measurements were done with this coincidence spectrometer.

Figure 2.1 shows a schematic configuration of the apparatus and a photo of the
vacuum machine with electronics. The coincidence imaging apparatus consists of
three differentially pumped UHV chambers, a source chamber, a buffer chamber and
the imaging spectrometer chamber. Oil-free pumps are used in the whole machine to
avoid contamination from the vacuum system as much as possible. The source, buffer
and imaging chambers are pumped by a 1250 1/s (Alcatel ATH 1300 MT), a 400 1/s
(Alcatel, ATH 400 MT) and a 2100 1/s (Alchatel, ATH 2300 MT) magnetic levitated
turbo pumps respectively. All turbo pumps are backed by a single oil-free roots pump
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Figure 2.1: A) Schematic overview of coincidence imaging apparatus. A continuous
molecular beam is produced by a nozzle in source chamber (I), doubly skimmed in
buffer chamber (II) before entering the imaging chamber (III). Electrons produced by
laser interaction pass through VMI imaging optics to reach a three-dimensional imaging
detector. The corresponding positive ions can be extracted either in the opposite or in
the same direction, by the applied electric field, through an ion TOF spectrometer. B)
Schematic configuration of ion optics (Repeller (R), Extractor (E) and extra lens (L))
and TOF tubes for single- and double- detector coincident imaging mode. In Single-
detector mode the coincident ion is extracted (dashed line) to the same detector as for
electron detector while in double-detector mode it is extracted downward (solid line) to
the opposing detector with a longer TOF tube for the ion. C) Photo of the coincidence
laboratory with the coincidence spectrometer, electronics, turbo and roots pumps,
gas handling station in front. The optical table with the femtosecond laser system,
non-collinear optical parametric amplifier is partially visible behind the coincidence
machine.
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(Alcatel ACP28G). The continuous molecular beam is generated in the source and the
buffer chambers as it is described in section 2.2. In the imaging chamber the molecular
beam intersects the laser light at 90° about 45 cm from the nozzle. A lens with a focal
length of 30 cm is used to focus the femtosecond laser waist down to about 100-150
pm in diameter. To reduce scattered laser light reaching the detectors, light baffles are
used at entrance and exit ports of the laser beam.

After the ionization of the molecule by a laser pulse, the electron and ion are
extracted to two opposing time-of-flight (TOF) tubes by several charged particle lenses.
Both TOF tubes and lenses are shielded by a 1mm thick p-metal tube. The length
of electron and ion TOF tube are 5.25 cm and 29.5 cm respectively. To improve the
particle’s energy resolution in the setup, high voltage (HV) switches (Behlke HTS-
51), operated at the repetition rate of the laser system, are employed to change the
magnitude and polarity of the high voltages on the ion lenses. Due to the shorter TOF
of the electron (~15 ns) than the ion (~ in us order), the ion lenses are first set to image
the electrons.

Our VMI setup consists of three electrostatic electrodes (repeller (R), extractor (E)
and extra lens (L)). Extra lens, L, in our setup facilitates a lower extraction voltages
(compared with the standard VMI configuration with repeller and extractor plate only)
while preserving the VMI condition with a better time resolution. The VMI voltages for
electron detection has been determined by a SIMION simulation [57]. They were also
adjusted for optimum electron images before measurements. The typical acceleration
voltages of R, = =520 V, E, =-385V, L, =—275 V gives the ultimate electron energy
resolution of AE/E=3.5 % for electrons near 2 eV [57, 59]. The voltages for ion
detection were empirically optimized as R; = 2000 V, E; = 1460 V, L; =0 V, for
optimal mass resolution (and not necessarily optimal voltages for VMI of ions). Figure
2.1B shows schematic overview of the charged particle lens. The voltages are initially
set for electron detection mode for 200 ns. Then, the voltages are switched to ion
detection mode within about 50-70 ns. The lenses are maintained at positive voltages
long enough (20 ws) so that all desired ionic fragments can be detected. Finally, the
voltages switch back to electron detection mode within about 10 us and are ready for
next event.

The high voltages on the charged particle lenses could also be switched in such
a way that both electron and the coincident ion are extracted to the same detector
(see Fig.2.1 B). This single-detector coincidence imaging setup [60] can still measure
the full three-dimensional velocity distribution of electron and ions by choosing the
proper high voltages [61]. However, due to the shorter length of ion TOF tube the mass
resolution is slightly reduced (see Fig.2.6). Only the measurement reported in chapter
6 was performed with the single-detector coincidence imaging mode. The voltages on
the ion optics operated for detecting electron were similar to the double-detector mode
while for ion detection were R; =2000 V, E; =1610V, L; =0 V.
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2.3.2 Detector and 3D-imaging

The detector in the coincidence apparatus consists of two parts, a MCP followed by a
time and position sensitive delay-line detector (DLD) which are mounted at the end of
each TOF tube. The MCPs are in chevron configuration with 40 mm active diameter
and 5 pm pore size. The DLDs (from Roentdek [62]) are located at the back of MCPs
and consist of two different wires oriented orthogonal to each other, one for each
dimension. The schematic and a photo of detector system are depicted in Fig. 2.2.
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Figure 2.2: (left, top) A photo of a detector unit consisting of a MCP mounted in
front of the delay line detector (DLD). (Left, bottom) A photo of the DLD. (Right) A
schematic representation of the DLD. The DLD comprises two wires, one for each
dimension. The electron cloud generated from the back of the MCP hits the DLD
and pulses of electrons travel to four ends of wires. The time difference between two
signals at both ends of each delay line wire provides the position information along
x and y coordinates (x = X7 — X and y = Y7 — Y»). The time sum of the two ends of
delay line wire (X1 + X2 = Y7 + Y2 =const) is used for direct measurement of the ion
TOF in our setup.

The full three dimensional momentum distributions of ions and electrons can be
recorded by DLDs. A single hit of a charged particle (electron or ion) to front surface
of the MCP induces an avalanche of electrons in the MCP pore and creates an electron
cloud at the back side of the MCP. The electron cloud is accelerated toward the DLD
by a potential difference between MCP and DLD. Subsequently, the electron cloud
hits somewhere on the DLD wires and induces a signal in the wires. The induced
signal propagates to both ends of each wire. The delay line signals are decoupled
and processed by a differential amplifier (ATR-19 from Roentdek) followed by a high
resolution Time-to-Digital (TDC) board (HPTDC form Roentdek). By measuring the
signal arrival times at both ends of the wire, the signal origin along the delay line can
be determined. In summary, one event on the MCP results in two pairs of time on delay
line (X1, X») and (Y7, Y»), see Fig. 2.2. The time difference between two signals at both
ends of each delay line wire provides the position information along x (= X; — X») and y
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(= Y1 —Y>,) coordinates with the conversion factor of 1.9 ns/mm. On the other hands, the
time sum of two signals of each delay line wire is constant (X; + X, = Y] + Y» =const)
and is used to determine the TOF of ions in our spectrometer. Consequently, the position
and time (x,y,7) recorded by a DLD for each individual event can be directly mapped
to the three momentum components (py, py, pz). Therefore, unlike the phosphor
screen/CCD camera based imaging detector used for 2D projection image of (non-
coincident) photoelectrons, no inversion routine (like Abel transformation) is needed
to recover data and extract full 3D kinetic energy and angular distributions.
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Figure 2.3: The projections of 3D-photoelectron images of Xe on three orthogonal
surfaces. 4-photon ionization is induced by 150 fs laser pulses at 392 nm with LCP
(left) horizontal (middle) and RCP (right) polarizations of laser pulses.

The TDC has a resolution of 25 ps. In order to have a better accuracy on the electron
TOF, a pickup pulse from the back of the MCP plate is processed by a time-to-analogue
converter (TAC, SPC-130 from Becker & Hickl) [63]. The TAC is operated in inverse
start-stop mode. The start and stop trigger signals to TAC are respectively the electron
pickup pulse and the laser pulse (collected by a fast photodiode). Under this mode of
operation, the TAC is only triggered if an electron is recorded and thus, it works at the
rates of electron events. In our spectrometer, an ultimate electron TOF resolution of
about 16 ps [58] can be achieved.

Fig. 2.3 shows the projection of a measured 3D-electron image in three orthogonal
planes. After calibration of the electron detector the full 3D momentum of the electron
can be obtained.

2.3.3 False coincidence

False coincidence events are electron-ion pairs that originate from two different
molecules. It is essential to eliminate the false coincidence events as much as possible
from the data in a coincidence measurement. There are some well-established false
coincidence treatments in the literature for non-pulsed experiments [64—67] using a
continuous light source e.g. synchrotron radiation. In such experiments, the false
coincident ions are randomly distributed in time which appear as a constant background
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in ion mass spectrum. Thus, the coincident events can be easily estimated from the
baseline height between the peaks.

However, in the measurements with pulsed lasers, the source of ionization is as
short as the pulse duration. Since the laser pulses are focused in the interaction region,
many electrons and ions may be produced by each laser pulse and usually none of them
can be correlated uniquely as corresponding ion-electron pairs. Both true and false
coincident ions have a same temporal correlations and a distinct structure according
to their mass. Hence, the estimation of false coincident ions is not straight forward
in pulsed-based experiments. In order to separate two different events and reduce the
probability of false coincidence events in this experiment, the ionization events per
laser pulse must be kept very low.

False coincidences may arise from the situation when multiple events, created from
a single laser shot, arrive at the detector but with a greater separation than detector
dead-time. The detector dead-time in our apparatus is about 30 ns. Thus, on the
electron side, it is very unlikely that two electrons can be recognized by the detector.
On top of that, because TAC is not a multiple hit device, we have a complete paralysis
in the TAC channel so that only the first hit on the electron detector is recorded. At the
end of measurements, the signals from the TDC and TAC channels are synchronized.
It means that only when the four TDC channels and the single TAC channel receive a
signal, the electron event is saved into the data file.

On the ion side, because ions have greater range of flight time than electrons, it
is possible that two ions with different masses exceed detector dead-time. Therefore,
the probability of recognizing more than one ion per laser shot by the ion detector is
higher than detecting of two or more electrons by the electron detector. Our acquisition
program only records and analyses the first hit registered by TDC. In other words, if
two ions were generated by a laser pulse the second hit is disregarded. Again, the
program only saves an event into the data file when the four TDC channels record a
signal.

The time windows to resolve electrons and ions in our data acquisition program are
100 ns and 17000 ns respectively. Under this condition, a valid coincidence event is
saved when all the eight TDC channels and the single TAC channel have a recorded
event.

In order to work out the coincidence counting statistics and false coincidence
treatments in our experiments we need to deal with the detector efficiency. In the case
the efficiency of either detectors is unity and no multiple particle events per laser pulse
is registered, there is no false coincidence and we can store the data with count rate
of 1. However, the finite detection efficiency for electrons and ions requires a very
low count rate (<<1). Following the analysis given by Stert et al. [68], the detected
electron, ion events are

wi=&¢in , We=EeN (2.1

where ¢; and ¢, are the detection efficiencies of electron and ion respectively, 7 is
the average number of electron-ion pairs produced per laser pulse. Assuming Poisson
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Figure 2.4: (Top) total (wy1), true (wlt 1) and false (wlf 1) coincidence counts versus
average number of ion-electron pairs per laser shot. The electron and ion detection
efficiencies are 0.18 and 0.13 respectively. (Bottom) the ratio of the number of true
coincidences to the total number of coincidences versus electron count rate.
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distribution, the detection of exactly one electron and one ion simultaneously per laser
shot (total coincidence events) is given by

wir =¢iCen[l1+n(1-E)(A—&)] xexp[-n+n(l—E)(1-¢;)]. (2.2)

Subsequently, true and false coincidences can then be determined as

wli = &éenxexpl-ai+al-E)(1-EN, (2.3)
wl = GEAtA-E)U-E)xexpl-a+al—ENA-ED],  (24)

where w11=w1t1+w{1. The experimental values of w,, w; and w;; are obtained from

each measurement and ¢;, ¢, and 72 can be determined by Eq. 2.1 and Eq. 2.2. Table
2.1 shows the number of counts recorded for several experiments on different days.
The typical values for the detection efficiency are ¢; =0.13 and ¢, = 0.18.

Table 2.1: Detected electron, ion, coincidence and TAC counts and their corresponding
¢, &e and 7 values for different experiments.

detected events

laser shots electron ion coin TAC e & n

1500000 121710 88717 18138 148405 0.17 0.13 047
1500000 137198 93409 21064 171649 0.20 0.13 0.47
1500000 137127 89714 20544 168049 0.20 0.13 0.46
1500000 121973 85952 18395 146098 0.19 0.13 0.44
1500000 102104 81007 14176 125462 0.14 0.11 0.47
1500000 195603 119391 35790 218895 0.28 0.17 0.46

The total (w;7), true (wf 1) and false (w{l) coincidence rates as a function of 7 are
plotted in Fig. 2.4(top). It is clear that for small 7 the true coincidence rate is much
larger than the false coincidence rate. However, under this circumstance, the number
of detected coincidence events becomes small. Thus, it is a matter of compromise
how low the count rate should be. Fig. 2.4(bottom) shows the ratio of true to total
coincidence rate as a function of electron count rate. According to this plot, if we keep
the electron count rate (w,) around 0.08, we achieve about <20% false coincidences.

2.3.4 Energy calibration of the electron detector and ion mass
resolution

The energy scale and the origin of the 3D electron velocity distribution are usually
calibrated by multiphoton ionization of a seeded beam of 5% Xe in Ne.

In Fig. 2.5, typical photoelectron spectra measured for Xe are shown for different
laser wavelength excitation. These calibration images on Xe photoionization are taken
under the same conditions, using the same position and polarization settings of the
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Figure 2.5: The photoelectron VMI (left) and corresponding kinetic energy distribution
(right) measured in coincidence with Xe ions at 392 nm (top) and 420 nm (bottom).
With the ionization energy of xenon ( IE @ P3/0)=12.13 eV and IE @ Py/2)=13.44¢V)
and measured wavelength of femtosecond laser, it can be concluded that the electrons
result from 4 (top) and 5 (bottom) photon ionization. The electron kinetic energy can
then be calibrated using energy conservation: nhv - IE = photoelectron energy. n is the
number of photons needed to ionize Xe.
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Figure 2.6: TOF spectrum of Xe isotopes recorded in coincidence with electrons with
(A) double-detector mode and (B) single-detector mode. The TOF of Xe isotopes was
determined with FWHM of 1 ns and 2 ns respective. The mass resolutions of about
Am/m= 4300 (A) and Am/m= 950 (B) for masses around 136 amu are obtained for
these two modes of coincidence detection.
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laser beam, within the same experimental runs. This allows for a careful analysis of the
calibration of the photoelectron images.

Figure 2.6 shows typical TOF spectra of Xe isotopes recorded by 4-photon ioniza-
tion at 392 nm using the double-detector and the single-detector coincidence imaging
modes. In both modes of operation, the high voltages for ion detection are optimized to
achieve the best mass resolution and thus the ion optics is not necessarily operated under
a VMI condition. Moreover, using the HV switches in the setup ,which is improved the
ion extraction condition very much, results in a an excellent ion mass resolution, see
Fig. 2.6. The shorter length of the TOF tube in the single detector mode with respect
to the double-detector mode reduces the arrival time resolution and achievable mass
resolution of ions. Nevertheless, the single detector mode is still perfectly usable as
long as a few fragments or fragments with enough mass difference are detected.

The TOF mass spectrum can be calibrated with respect to the TOF of different Xe
isotopes since the TOF of a charged particle is proportional to square root of its mass

(TOF x vm).

2.4 PECD experiment, data acquisition and data
analysis

The PECD can be extended to the multi-photon ionization regime. Multiphoton PECD
and experiments using a femtosecond laser system are described in detail elsewhere
[28, 29, 36]. Here, I give a brief description of the multiphoton PECD, data acquisition
and analysis.

The photoelectron angular distribution (PAD), I,(6), arising from n-photon ioniza-
tion of a chiral molecule with circularly polarized light is given by [28],

2:n
I,(0) === (1 +Y bIP; (cosa)), (2.5)

1
4w o1

where p is the polarization of the light, P;(cosf) are Legendre polynomials, bf are the
corresponding expansion coefficients. For CPL, 0 is the angle between the electron
momentum and the propagation direction of the laser beam.

Figure 2.7 shows the experimental PAD data of S-methyloxirane obtained by LCP
and RCP. The data are fitted by Eq. 2.5 and show a permanent forward-backward instru-
mental asymmetry that may be attributed to detector gain inhomogeneity. Nevertheless,
in fact, the sign of odd bf coefficients are changed by switching the polarization (or
exchanging enantiomers) while the even coefficients are unaltered. Therefore, one
can isolate the chiral (odd) coefficients by examining the dichroism between two
polarizations (or two enantiomers):

I n
Iicp(0) — Ircp(0) = ;;t Y 2b;}  Pai_1(cosb)|. (2.6)
i=1
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Figure 2.7: Experimental (symbols) and best-fit (line) angular distributions of mass-
tagged m/z=58 and energy selected coincident electrons for both LCP (left) and RCP
(right) for S-methyloxirane. The distributions were fitted using the expression I(0) =
(1+ b1 Py + bp Py + b3P3 + by Py + b5 P5 + bgPg + b7 P7 + bgPg), see Eq. 2.5. The
experimental data shows a permanent forward-backward instrumental asymmetry
which is expected to be polarization independent.

The multiphoton PECD asymmetry can then be expressed as a single value by (ex-
panded here for the case of a 4-photon ionization process) [28, 36]:

1 1 5
— p p p p
G = 2b1 — 51’73 + Zb5 - 3 b7, 2.7)

where bf coefficients are obtained by fitting the measured difference PAD with Eq.
2.6. Using the difference PAD expression (Eq. 2.6) has the experimental advantage
respect to the direct observation of PAD (Eq. 2.5) since it can cancel any instrumental
asymmetry.

Alternatively, a fully equivalent G value (Eq. 2.7) can be obtained, directly, as it is
shown in the appendix, from the integrated electron counts in the forward, N, ¢, and
backward, N, », hemispheres for each polarization, p:

F-B

G = 4x——,
F+B

(2.8)
where, F = Nicpf + Nrcpp and B = Nicpp + Necps- To ensure optimum cancellation
of instrumental asymmetry, the same total count for each polarization is required
(Nicpf + Nicep = Nrepf + Nrepp)- In the appendix the evaluation of instrumental
asymmetry cancellation is discussed.

Assuming Poisson counting statistics, there is an uncertainty v/N in each count and
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so the error in PECD is obtained by standard error propagation:

2FB F+B

G x
F2 B2 FB

(2.9)

Errorapsoiute =

Equation 2.7 shows how higher-order odd b; coefficients contribute to determine
multiphoton PECD asymmetry. The absolute PECD value is increased when the odd
coefficients in the alternating sum change sign. This has been seen in the camphor
measurement [28] where the PECD was calculated around 7.9% from b;=+0.28, b3=-
0.48 and b5=+0.002.

In general, there might be a case where the odd b; coefficients cancel each other
in Eq. 2.7 so that the total G value leads to zero. Thus, under such a condition, the
above mentioned approach may not be a good criterion for quantifying chiral effect.
Baumert et al. [31] recently proposed a method to overcome this cancellation effect.
They derive a quadratic PECD (QPECD) measure as:

QPECD = V12 x (2.10)

However, multiphoton PECD asymmetries reported in this thesis, for methyloxirane
and limonene, strongly depend on b; while b3, bs and b; contributions are almost
negligible, see Table 5.3 and 7.2. Therefore, G and QPECD values are very close to
each other for these systems. Table 2.2 shows the comparison of these two values from
methyloxirane data, reported in chapter 5.

Table 2.2: Calculated G and QPECD values of methyloxirane enantiomers for 1.3+0.2
eV electrons coincident with m/z=58 parent ions.

G? QPECDP

S- methyloxirane  0.047+£0.012  0.050+0.011
R- methyloxirane -0.048+0.011  0.049+0.009

4 Obtained from Legendre polynomial (LP) fitting coefficients,
given in Table 5.3, using Eq. 2.7. Error estimates are derived
from the LP coefficient fitting uncertainty.

b Obtained from Legendre polynomial (LP) fitting coefficients,
given in Table 5.3, using Eq. 2.10. Error estimates are derived
from the LP coefficient fitting uncertainty.

In multi-photon PECD measurements reported in this thesis, the circular polar-
ization (LCP/RCP) is altered every 500 s (1.5 million laser shots) in order to reduce
the effect of any experimental drift in, for instance, laser intensity, molecular beam
stability, or laser/molecular beam crossing position. At the end of the measurement,
after careful checks that the center of the electron data are the same (by checking the
xenon data files taken during the measurements), all files with the same polarization
are combined together for data analysis.
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APPENDIX: MULTIPHOTON PECD
EVALUATIONS

In a n-photon ionization process, the number of electrons emitted into forward (N, )
and backward (Np, ;) hemispheres along the light propagation direction for a given
laser polarization, p, can be obtained from following integrals:

% r2n .
Npr = fo.[o I,,(0)sin0dOd¢

N z 2n
_ p,tot -271[2 (1+ Z blppl.(e))sinede,
4 0 i=1

Npb

T 21

ff I,(0)sin0d0d¢
z Jo
2

N, ot b4 2n
Zn" -27:]1 (1+bep,-(6)

2 i=1

sinfdo,

where, Np, ror= Np, r+ N, p. Therefore, one can calculate these integrals for a 4-photon
process (taking into the account that b*“F= -bRCP) as:

Nicps = NL‘;R“’” [1+%b1—%bg+1—16b5—%b7],
Nicpp = NLCP“" [1—%b1+;b3 116b5+%b7],
Nrcpp = NRC””‘"[l—%bH;bS 116b5 12—8197],
Nrcpp = NRCP[Ot[l %bl_%b3+%b5_12—8b7];
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If we consider multiphoton-PECD (MP-PECD) asymmetry as the relative difference
in forward and backward hemispheres to the average counts per hemisphere, we have:

Nicpr— Nicebp

G =
Lep Nicps+Nicep
2
G _ Ngrcpy—Nrerb
RCP = Nrcpr+Nrepb
2
MP—-PECD = Gicp—Ggep-

Thus, with no explicit instrumental asymmetry and equal counts in both polarizations:
1 1 5
MP—-PECD = 2by——bs+-bs——bs.
2 4 32

However, if one introduces an explicit instrumental forward-backward asymmetry
likes:

Nicpr = aNicpyf,
Nicpp =1 —a)Nicpp,
Nrcpf = aNgepy,
Nprcpp = (1= a) Ngrcpp-

The number of counts for a given polarization in forward and backward hemispheres
are:

Nicpror 1 ]
N S0 LI ——b + lp- 2y
Lery 2 271787 16 0 128 7
Nicep
NLCP,b = (1-a [0[[1——b1+ b3—1—6b5+f8b7]
Nrcprot 1
Ngcpy aTO 1—§b1+—b3——b5+128b7]
Nrcpror
Nrcppy = (Q-a)——=> [ _bl__b3+1_6b5_38b7]

In the case of a = % the forward-backward asymmetry is:

MP - PECD =
2 x (64b) — 16b3 +8bs —5b; — 128) 2 x (64b; — 16b3 + 8b5 — 5b7 + 158)
8+ 8y - 8bs+ 20, +128 -8 b+ Lhy-8hs+3b,—128

Therefore, forming the forward-backward asymmetry for each polarization separately,
and then "averaging" produces the same results equivalent to Eq. 2.7 for ideal case, but
does not provide cancellation of an instrumental error.
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Let us now consider the MP-PECD asymmetry proposed as Eq. 2.8:

G 4 (F—B)

= X | —— ,

B F+B

Where, F= NLCRf+NRCRb and B = NLCP,b+NRCP,f-
Thus:

G L 4 (lN b N, b3 + ! N, b
FB = X\~ Ntot,LCP 1—— tot, LCPVU3 T — WNtot,LCP U5 —

Nicptor + NRCPmt 27" ? 16 "’

1 5
—N, b7+ — N b ——N bz + —N, bs——Db
12g Vror.LCPb7 tot,RCP D1 tot, RCPD3 + T=Nror,repbs = 150 7l

Assuming equalized counts in both polarization (i.e. Nicpror = NrcPpror) this gives:

1 1 5
G = 2by——-b3+—-bs— —by,
FB 1508+ b5 =5 br
In the case of explicit instrumental asymmetry as suggested above, the forward-

backward asymmetry is calculated as:

Grs = 4x (F— B)
F+B
1 1 5
= 4x[= NLCPtotbl - §NLCPt0tb3 + I_GNLCPtotbS - ESNLCPmtb?
+ ENRCPtotbl - gNRCPtoth + 1_16NRCPtotb5 - @NRCPMI%
— 2aNgrcprot +2aNicprot — Nicprot + NRCPRtot)

5a
I laNrcprorbr — ZNLCPtoth +— g NLCPtotbS - aNLCPtotb7

a a 5a
— aNgcproth1 + ZNRCP,totbS - gNRCP,mtbs + — Ngrcprorb7

64
1 1 5

- _NLCPtotbl + =Nicprorhs — _NLCPtotbS + ——Nicprotbr
8 16 128

1N b 1N b L N b > N b

+ RCPtotb1 8 RCPtot03 + 16 RCPtotDs 128 RCPtot D7

+ NLCP, tot + NRCPtot]-

Again, by assuming equalized counts in both polarizations, the asymmetry is:
1 1 5
G = 2by—=-b3+—bs— —bs.
FB 150+ b5 =5 b7

Therefore, with equal count in both polarizations, it is essential to combine LCP and
RCP data set as suggested in Eq. 2.8 in order to cancel any residual instrumental
forward-backward asymmetry.
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Chapter 3

3.1 Introduction

The advent of ultrafast laser technology has had a great impact in chemical physics. Ul-
trashort laser pulses have provided an opportunity of observing and studying extremely
fast dynamics in atoms and molecules [69—72]. Almost all experiments reported in
this thesis (except chapter 4) were performed by use of the second harmonic of a
femtosecond laser system output at a 3 kHz repetition rate. The development of high
repetition rate (1-10 kHz) femtosecond lasers makes large data collection at a fast
rate feasible. High repetition rate lasers are essential, in particular, for coincidence
imaging experiments where single event detection schemes are required. The recent
developments in fiber-doped lasers are also making high pulse energy available with
repetition rates from 10 kHz to 10 MHz [73]. The increase in repetition rate of
ultrafast lasers enables the higher data acquisition rates up to 100 k-events/s with
coincidence imaging. However, fundamental as well as second and third harmonic
pulses have a limited tunability. Extending the availability of ultrashort pulses to the
shorter wavelengths in the visible and UV spectral regions is essential for molecular
photodynamics studies. Many chemical and biological samples have absorption features
in the visible and UV spectral region. In order to excite these molecules resonantly in
photodynamics experiments, a tunable laser pulse is necessary. Furthermore, many of
physical, chemical or biological processes occur rapidly, dissociating on timescales of a
few tens of femtosecond. Resolving such fast processes requires a better time resolution.
Hence, the demand for pulses of shorter duration than the fundamental laser pulses
(120-150 fs) is obvious. Ultrashort pulses need a very large amplification bandwidth
which can be achieved in a non-collinear optical parametric amplifier (NOPA) [74, 75].

In this chapter, I firstly describe the commercial femtosecond laser system and
several non-linear optical methods and devices which extend the applicability of the
laser system. Particular attention is paid to NOPA and sum-frequency-mixing setups
built by me in the early stage of my PhD studies. Moreover, I discuss the measurement
techniques using to determine the pulse duration in our lab. Finally, the generation and
characterization of circularly polarized light is explained.

3.2 The laser system

The commercial femtosecond (fs) laser system used for most of the experiments
described in this thesis was manufactured by Spectra Physics. It consists of a Tita-
nium:Sapphire oscillator (Mai Tai), regenerative amplifier (Spitfire Ace) and pump laser
(Empower 45). The output of the laser system can be tuned in the range of 750-850 nm
wavelength with 4-5.2 W power at 3 kHz repetition rate and pulse duration of around
120-150 fs. The pulse duration of the Spitfire is determined by a home-built second
harmonic single-shot autocorrelator and monitored online during the measurement.
The pulse duration is optimized on the efficiency of frequency doubling or tripling
in a thin non-linear crystal. The fundamental laser output is used to generate either
second/third harmonic pulses by nonlinear crystals or tunable pulses in the visible
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spectral range employing a NOPA. The spectrum of these pulses is monitored by a
fiber spectrometer (Ocean Optics USB 4000) during the measurement.

3.3 Second and third harmonic generation

Second and third harmonic generations are two of the most straightforward and com-
monly used nonlinear optical processes to generate laser pulses at shorter wavelengths.
For different experiments reported in this thesis, fundamental wavelengths of 840 nm,
825 nm and 784 nm are used. Fig. 3.1 shows second harmonic (SH) spectra of above
mentioned pulses at 420 nm, 412.5 nm and 392 nm respectively.

Normalizedintensity (a.u.)

[
385 392 399 406 413 420 427
Wavelength (nm)

Figure 3.1: Several second harmonic spectra of femtosecond laser output pulse with a
central wavelength of 392.3 nm, 412.5 nm and 420.3 nm. Full-Width-Half-Maximums
are 2.3 nm 2.5 nm and 2.5 nm respectively.

The SH pulse is generated in a Beta Barium Borate (BBO) crystal (d = 1 mm,
0 =29.2°) for all measurements; the crystal is slightly tilted for different wavelengths
to fulfill the phase-matching condition. The achieved conversion efficiency is about
25-35%. Since a collinear SH setup is used, the fundamental and SH pulses have a
spatial overlap after the doubling stage. To obtain pure SH pulses for measurements,
the SH and fundamental pulses are separated by two or more dichroic mirrors.

For generating the third harmonic of the fundamental output of the laser, a collinear
geometry setup is used in our lab. The SH pulse is mixed with the remaining
fundamental pulse in a third harmonic BBO crystal (d = 1 mm, 6 = 44.3°) with
appropriate group delay compensation. After the doubling crystal the generated SH
pulse is delayed in time and orthogonally polarized to the fundamental pulse. In order
to maximize the third harmonic generation efficiency it is essential to compensate these
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differences. A dual wave plate rotates the polarization of the SH pulse by 90 degrees -
to be the same as the fundamental - while it does not affect the fundamental pulse. The
temporal delay introduced to these two pulses due to their different group velocities
inside the nonlinear crystal can be compensated by a time-plate for which, a 1-mm
calcite crystal is used in the setup. The calcite crystal is a negative uniaxial material,
like BBO crystal, that introduces an adjustable delay (depends on the tilting angle) to
the ordinary ray (fundamental pulse) with respect to the extraordinary ray (SH pulse).
The total conversion efficiency of the third harmonic generation (with respect to the
fundamental) is about 7-8% .

3.4 Non-collinear optical parametric amplifier

A NOPA is nowadays a common source of tunable femtosecond pulses in the near
IR and visible spectral region. Due to the broad amplification bandwidth of the non-
collinear arrangement, pulses with very broad bandwidth can be generated. This larger
bandwidth leads to shorter pulses after compensating the chirp using a prism or grating
compressor. The shortest NOPA pulses were reported to be 4 fs using a micro-machined
flexible mirror [76].

A NOPA consists of two main parts: white light continuum generation and
parametric amplification. White-light continuum is used as a seed pulse in the first
stage of the NOPA. Tight focusing of 100 fs pulses at 800 nm with energy of 1uJ into
transparent material such as a sapphire plate results in self-focusing and generation of
a stable filament continuum [77]. The continuum spectrum extends across the visible
and NIR as shown in Fig. 3.2 B. Generating a single filament of spatially circular
Gaussian and stable white-light (see the inset in Fig. 3.2 B) is essential to have a very
stable NOPA output beam. SH of the laser output is used as pump pulse and interacts
non-collinearly with seed pulse in a BBO crystal.

Phase matching is achieved for a broad range of wavelengths from 500 to 750 nm
by a crystal cut at an angle of 31.3° and pump-signal angle of 3.7° [78]. The NOPA
signal can be tuned through the most part of the visible spectral region from 500 to 660
nm, while pumping the system with the second harmonic of the laser output around
400 nm. Finally, the output power of the NOPA is determined by number of the stages
and pulse energy of pump pulses in each stage. In the following, I describe the detailed
instrumentation and optical components of the two-stage NOPA built by me (based on
the design of [74, 78]) in the lab.

The schematic layout of the two-stage NOPA is shown in Fig. 3.2 A. The NOPA
system is pumped by part of the fundamental laser output (150 fs, 780 pJ). The laser
spot size is reduced by a factor of two using a telescope arrangement in front of the
NOPA. In the NOPA, the fundamental pulses are split into two beams by a beam splitter
(BST1). A small fraction (5%) is focused tightly into a sapphire plate (1-mm thickness)
by a 30-mm (focal length) lens to generate a white-light continuum. A variable neutral
density filter together with an iris are used to control the energy of the 800 nm light
focused into the sapphire plate. The seed beam is then focused by another 30-mm lens
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Figure 3.2: A) Schematic layout of the home-built two-stage NOPA and prism
compressor setup. BS, SP and CM stand for beam splitter, sapphire plate and concave
mirror, respectively. B) Typical white light spectrum. The image of white light
produced by focusing of 800 nm light in the sapphire plate is captured by a CCD
camera and shown in the inset. C) Schematic representation of the SFM setup using to
up-convert the tunable visible pulses to UV pulses.

a few mm in front of the BBO crystal (BBO2, d=2 mm, 6 = 32?). Another fraction of
the 800 nm beam is frequency doubled to 400 nm by a BBO crystal (BBO1, d=0.5 mm,
0 =29.2%) and used as a pump. Pump pulses are split in two by a beam splitter (BS1,
15% reflection). The reflected and transmitted pulses are used respectively for the first
and second stages of amplification. The reflected beam is steered down in height to a
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concave mirror (CM1, f= 150 mm) and reflected toward the BBO2 crystal. To avoid
any damages in the crystal, BBO2 is positioned a few mm away from the focus in
the diverging beam. The seed and the pump beams interact non-collinearly inside the
BBO?2 crystal and the first stage of parametric amplification is achieved. CM1 is lower
than BBO2 and BS2 in height. The white light is chirped, therefore; by fine-tuning the
temporal delay between pump and seed beams (by moving BS2 a few mm forward and
backward on stage line) and a slight tilting of the crystal, the desired frequency of white
light is overlapped with pump beam and amplified. For the optimum amplification the
angle between pump and seed pulses has to be set as well. The signal from the first
stage is used as the seed beam for the second stage and amplified further in another
BBO crystal (BBO3, d=2 mm, 6 = 32?). Consequently, pulses at energies of 30-40
wJ in the range of 500-660 nm can be obtained from our two-stage NOPA. Fig. 3.3A
shows The typical spectra generated by the NOPA.

3.5 Prism compressor

The broad bandwidth output pulses of the NOPA are not transform-limited. They are
mainly chirped by initial chirp of the white light continuum and dispersion induced
by optics and BBO crystals. These chirped pulses are compressed by a double-pass
prism pair compressor. The prism compressor [79] provides negative group velocity
dispersion (GVD) with about 70-80% energy throughput and it is very easy to handle.
The prism compressor can also be used to pre-compensate extra GVD introduced by
optics on the way to the experiments.

Our home-built prism compressor is made of two prisms (N-SSk8) with typical
separation of 45 cm and an end mirror, see Fig. 3.2 A. Pulses as short as 25-40 fs
can be obtained in our setup. A home-built interferometric autocorrelator is used to
characterize the output pulse of NOPA.

3.6 UV pulse generation

A simple method to generate UV pulses is third harmonic generation of the fundamental
Ti:sapphire laser pulses but the main drawback is the very limited tunability of this
method. However, since the NOPA provides a wide range of tunable visible pulses, one
can generate ultrashort tunable UV pulses by up-conversion of NOPA pulses [80-83].
Second harmonic of NOPA pulse provides pulses in the range of 250-330 nm with
efficiency up to 33% for pulses as short as 50 fs [80]. Sum-frequency-mixing (SFM) is
an alternative method where the generation of tunable UV pulses with efficiency up to
about 50% respect to the weaker beam can be achieved [82]. The advantages of the
SFM scheme with respect to SH pulses are twofold; first, the generated UV pulses are
more stable since only the fluctuations of the laser pump add to overall response and
energy fluctuations of parametrically generated pulse are not increased [83]. Second,
as was already mentioned, a larger conversion efficiency can be obtained with the SFM
scheme.
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Figure 3.3: A) Some broadband spectra of the NOPA output. B) Several UV spectra
generated by the SFM setup. C) The typical auto-correlation trace of the NOPA output,
where the upper envelope function corresponds to a pulse width of 26 fs. D) The
pump-probe transient for Xe ions measured by 540 nm (33 fs) and 322 nm light beams.
The pulse duration of 322 nm light is calculated at about 48-53 fs for the FWHM
cross-correlation width (88.7 fs) of Xe ions (see the text).

I have built and optimized a SFM setup in our lab to generate tunable UV pulses.
The schematic overview of the SFM setup is shown in Fig. 3.2 C. NOPA output
(500-660 nm, 20-30 wJ, 25-40 fs) and IR light (800 nm, 355 uJ, 150 fs) are crossed by
a small angle inside a BBO crystal (d=500 um, 6 = 35°). They are separately focused
just in front of the crystal. By temporal and spatial overlapping of the two beams inside
the crystal and tilting the crystal angle the highest conversion efficiency is achieved.
The generated tunable UV pulses are in the range of the 307-362 nm with energies
of 9-15 wJ. Figure 3.3B shows typical spectra of UV pulses. The UV pulse duration
is measured by a collinear cross-correlation of UV and visible beams on Xe in the
coincidence machine.

3.7 Ultrashort pulse characterization

To measure pulse duration or resolve the amplitude and phase modulation of the
ultrashort laser pulses, there exist a vast variety of pulse diagnostic methods [84, 85].
These methods include simplistic and incomplete as well as complex and complete
characterization of pulses. For our experimental approach, there is a need for a method
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being quick and reliable.

In our lab, I use different setups and methods to measure pulse duration of funda-
mental output, NOPA and UV pulses. I discuss the instrumentation and application of
these methods in the following.

3.7.1 Single-shot intensity autocorrelator

The pulse duration of our fundamental laser output is measured and monitored on-line
by a home-built single-shot intensity autocorrelator [86]. The fundamental pulses are
firstly split in two replicas and then overlapped non-collinearly both in time and space
inside a BBO crystal (d=0.5 mm, 6 = 29.2°). The intensity of the generated SH signal
is recorded subsequently as a function of spatial coordinate by a CCD camera. The
FWHM of the spatial function, &y, is converted to pulse duration, n¢, by following
formula:
Aty

=Kdg—, 3.1
o rem (3.1)

where ﬁ—;‘é is the calibration factor and K is a form factor depending on the incident

pulse shape, e.g. K = (1.41)"! for Gaussian pulse. Calibration of such a device is very
easy, it only needs to introduce a delay Atj into one of the replicas, then counting the
number of pixels, Axy, that the central SH spatial spectrum is shifted.

In comparison with the other diagnostic methods, this technique is far more simple
and faster considering the fact that is not necessary to introduce a range of the delay
between two optical beam paths and record the signal intensity as a function of these
delays.

3.7.2 Interferometric autocorrelator

A home-built interferometric autocorrelator [87] is used to optimize the compression
of the NOPA output close to the Fourier-transform limit pulse and also measure NOPA
pulse duration.

NOPA pulses are divided in two pulse replicas in a Michelson-type interferometer
by a beam splitter. Each pulse is reflected by a mirror and recombined collinearly
by the same beam-splitter. One of the end mirrors is mounted on the piezoelectric
translator (PZT) that can scan an optical delay using a small step size (sub um). An
aluminum coated off-axis parabolic mirror (50.8 mm focal length and 90° reflection
angle) focuses the recombined pulses into a BBO crystal (d=25 um, 0 = 48.5%) in
which SH signal is generated. With the help of a frequency filter placed just before the
photodiode, the fundamental pulse can be filtered out. The intensity of the SH signal is
recorded by a photodiode detector as a function of the delay between two replicas. A
typical interferometric autocorrelation trace of a pulse as short as 27 fs is shown in Fig.
3.3 C. The pulse duration can be obtained by fitting a Gaussian on the upper envelope
function of autocorrelation trace. The FWHM of this fit is 1.53 times larger than the
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pulse duration (assuming a transform limited pulse). This method can also provide
some indication for spectral phase information.

Calibration

The piezo drive voltage of 0-5 V is nonlinearly coupled with the full scanning range
(~ 100um correspond to 330 fs). Therefore, it is necessary to calibrate the device. The
calibration curve is then used to convert the drive voltage to time delay. I checked and
calibrated PZT in the laboratory on the same interferometer setup as used for the pulse
duration measurement. A continuous wave (CW) HeNe laser, operating at 1. = 632.8
nm, was employed as an optical source. The off-axis parabolic mirror was replaced by
a flat mirror, and a pinhole (d= 80 um) was placed in front of the photodiode. While
the PZT scans its whole range (about 100 um), the interference pattern is recorded by
the photodiode as function of data points (Fig. 3.4 A and 3.4 B). We can determine
the differences between the data points in um since the peak-to-peak distance is as
the same as the HeNe wavelength (i.e. 632.8 nm). Eventually, the calibration curve
in which all 4096 data points are coupled to their positions (i.e. time delay value) is
plotted (Fig. 3.4 C) and used for our measurement program. This calibration scheme
shows the dynamics of PZT behavior under measurement conditions.
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Figure 3.4: A) The typical interference pattern of a HeNe laser light source in auto-
correlation setup. It is recorded as function of data points on a photodiode by scanning
the PZT. B) Zoom-in on the same trace. The data points are shown as dots. C) The
calibration curve of the PZT shows the displacement of the PTZ as a function of the
data points.

3.7.3 UV Pulse characterization

The UV pulse characterization is not straightforward. There are no nonlinear crystals
available that are transparent to and can frequency double the UV pulses. Therefore,
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using the SH autocorrelation method used for IR and visible light is not feasible. Other
approaches are needed to measure UV pulses. One such method is an autocorrelator
based on two-photon absorption in a solar blind photomultiplier [88, 89]. The pho-
tomultiplier tube is one-photon insensitive below 310 nm and is therefore perfectly
suitable to detect two-photon absorption signal of the UV pulses. This autocorrelator is
simple and easy to operate, but a bit costly.

As an alternative method, I use a cross-correlation signal resulting from the
multiphoton ionization of Xe in the coincidence machine to measure the UV pulse
duration. Therefore, I employ the common pump-probe setup and two NOPAs output
pulses, where one output is characterized by the SH autocorrelator. This pulse is
acting as the pump pulse and the other NOPA pulse is up-converted to a UV pulse and
serves as the probe pulse. Both pump and probe pulses are focused separately and
recombined on the molecular beam. In the case that ionization occurs non-resonantly,
the cross-correlation function has a FWHM equal to:

\/npu'(Atpu)z+npr'(Atpr)2; (32)

where At and At are the temporal widths of pump and probe pules, n,, and n,,
are the number of pump and probe photons required for the ionization process.

Fig. 3.3D shows the pump-probe transient for Xe ionization (IE= 12.13 eV) by 540
nm (2.30 eV, 33 fs) and 322 nm (3.85 eV) pulses. The Xe ion can be formed by two
different multiphoton ionization pathways: 3+1° and 2+2’ where the number of 540
nm photons is labeled by the prime. The resulting cross-correlation FWHM is 88.7
fs. Therefore the pulse duration of the 322 nm pulse is about 48-53 fs (i.e. for 2+2’:

Atyr = V/(88.72 — 2 x 332)/2 = 53 fs and for 3+1°: Atpr =V (88.72—332)/3 = 48).

3.8 Circularly polarized light

The fundamental laser pulse, second harmonic, third harmonic, NOPA and UV pulses
are all linearly polarized. For the photoelectron circular dichroism (PECD) measure-
ments, circularly polarized light (CPL) is required. Recently, the effect of ellipticity
of ionizing photons on PECD asymmetry has been studied by Baumert ef al. [31]
where they reported a monotonic increase of the measured PECD with respect to the
ellipticity. In addition, they showed that even for a weak elliptical polarization, PECD
effect is still maintained.

The polarization of the optical field can be described in terms of intensity by four
Stokes [90-92] parameters as:

S5 =8%+85+855, (3.3)

where, the parameter Sy describes the total intensity of the optical field, S; and S
describe the degrees of linear polarization and S3 describes the degree of left- (LCP)
and right-circularly polarized (RCP) light. LCP (RCP) is assigned to the state of
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polarization where the electric field at a fixed position, is rotating counter-clock wise
(clock-wise) as a function of time as seen by an observer facing the light source.
The Stokes vector is given by:

So = E,zc +E§,
s=|51 = BB (3.4)
S2 = 2ExEycosd

where Ey and Ey are the amplitudes of the electric field on the horizontal and vertical
axis, 6 = 6 — 0y is the phase shift between the horizontal and vertical component.

The normalized Stokes vectors for horizontal, vertical, left circular and right circular
polarizations are:

1 1 1 1
1 -1 0 0

Shor = 0 Svert = 0 Siep = 0 Srcp = 0 (3.5)
0 0 -1 1

Linearly polarized light can be converted to CPL with the help of a quarter wave
plate (QWP). A QWP is a birefringent material with two orthogonal axes: one fast and
one slow axis. After a linearly polarized light propagates through a QWP the electric
field of the light splits into two components along axes of the QWP where one of them
is retarded in phase with respect to the other. In the case the optical axes of the QWP,
and the polarization of the incident light make a 45° angle, the phase shift is 90° and
CPL is generated.
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Figure 3.5: The retardance plot for the achromatic QWP made of MgF, and quartz
in the range 300-470 nm, adopted from [93]. The retardance at 390 nm+1.2 nm is
0.26061+0.0002A. The calculated |S3| for this range is 1.00.

Femtosecond pulses have a broad spectrum and it is important that the phase shift
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is 90 for all frequencies within the laser pulse bandwidth. An achromatic QWP is
used in our measurement to generate CPL. Figure 3.5 shows the retardance plot of
such a plate as a function of wavelength [93]. The retardance at 390 nm+1.2 nm is
0.2606A+0.0002A. Therefore, |S3| is calculated to be 1.00 in this range.

All Stokes parameters can be measured in the laboratory since they are described
in terms of intensity. The rotating QWP method [36, 92] is employed to determine the
Stokes parameters. The experimental configuration consists of (I) a rotating QWP that
can be rotated 360 throughly, (II) a fixed linear polarizer that transmits horizontally
polarized light and (III) a power-meter to measure the light intensity. The measured
intensity is given by,

1
I10) = > (So + S1 cos®(20) + S, cos(20) sin(20) + Sz sin(260)), (3.6)
where 0 is the angle of rotating QWP. At 6 = 0 the fast axis of the QWP and horizontal

axis are parallel and the QWP is rotated counter-clockwise during the measurement.
The measured intensity curves for both LCP and RCP light for the pulses at 392 nm

Normalized Intensity

o
1

90 180 270 360
Angle of rotating quarter wave plate

o

Figure 3.6: Typical measured graph for the analysis of the Stokes parameters of the
circularly polarized laser pulses near 392 nm using the rotating quarter wave plate
method. The green curve (data points are green squares, best fit is line) was measured
for LCP, the dark red (data points are solid dots, best fit is line) curve for RCP. The
Stokes parameters obtained from the best fit are given in the text.

are shown in Fig. 3.6 and the Stokes vectors obtained from the curves are: RCP: S=(1,

-0.01, 0.03, 0.99) and LCP: S=(1, -0.11, 0.08, -0.99). The results show a nearly perfect
circular polarization of the laser light source (S3 = £1).
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4.1 Introduction

Photoelectron circular dichroism (PECD) using synchrotron radiation has been devel-
oped as an experimental technique to probe molecular chirality over the last decade [14,
15]. A very recent development has been using a table-top femtosecond laser system to
provide the required circularly polarized light source [27, 28]. Multiphoton PECD (MP-
PECD) studies on pure and multi-component mixtures of limonene enantiomers are
demonstrated in chapters 6, 7 and 8 of this thesis. However, the understanding of MP-
PECD in intense laser fields is currently limited. One can develop such understanding
by comparison with single-photon vacuum ultraviolet (VUV) PECD measurements
and theoretical calculations [29]. In VUV one-photon PECD, the initial molecular
orientation is purely random while in multiphoton experiments, the initial alignments
should be worked out by introducing several assumptions which adds uncertainty to
the modeling of the pure ionization dynamics. Another advantage of synchrotron based
measurement is that, potentially, we could cover a much wider range of electron kinetic
energies which makes more meaningful and easier comparison between theory and
experiment. On the other hand, multiphoton ionization cases provide more parameters
(b3, bs, by,...) to examine the theory.

In this chapter, I present the photoionization study of limonene using VUV PECD
and electron-ion coincidence imaging. Single-photon PECD study is of significant
and timely interest per se. Recent PECD investigations have shown that along with
a strong sensitivity to static structural form (conformation) [23, 94, 95] there is a
surprising sensitivity to dynamic (vibrational) structure [26]. The limonene HOMO
orbital photoelectron spectrum (PES) [96, 97] shows well resolved vibronic structure
with minimal dissociation of the corresponding ground state ion [96], making it a good
candidate for vibrational resolved studies.

The chapter is structured as follows. In section 4.2, I explain the experimental
method and setup. In section 4.3, I present and discuss the experimental results. My
conclusion are in section 4.4.

4.2 Experimental and methodology
4.2.1 Samples

The liquid samples of both limonene enantiomers (purchased from Sigma-Aldrich with
a stated purity of 96% (S) and 97% (R)) were held in a reservoir (at room temperature)
just behind a 50 pym diameter nozzle. A stream of He gas with backing pressure
of 0.5 bar flows across the top of the reservoir, allowing vapor to be seeded in the
flow. The gas mixture expands through the nozzle into the SAPHIRS molecular beam
chamber. The molecular beam is doubly skimmed downstream of the nozzle before
it enters the spectrometer chamber where it is crossed at right angle with a circular
polarized light beam at selected photon energies.
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4.2.2 Light source

All experiments reported in this chapter were performed at SOLEIL synchrotron, on
the DESIRS VUV beamline [98]. This is an undulator-based beamline that can deliver
left- (LCP) and right-circularly polarized light (RCP) with Stokes parameter values
of |S3] =93% [99]. The polarization of light is measured accurately with a dedicated
VUYV polarimeter [100]. The higher harmonic light generated by the undulator can be
eliminated by a gas filter [101] filled with 0.25 mbar of Ar for photon energies below
15.76 eV (argon’s ionization energy). A photodiode (AXUYV, IRD Inc.), located right
after spectrometer is used to measure the intensity of the light beam for normalization
of all wavelength scans.

4.2.3 Electron-ion coincident spectrometer

The double imaging coincidence spectrometer DELICIOUS III used in the present work
has been described in detail elsewhere [56]. In short, after the ionization of molecules,
electrons and ions are extracted in opposite directions (up and down respectively),
perpendicular to the molecular and photon beams. In the spectrometer, a velocity
map imaging (VMI) analyzer [40] and a modified Wiley-MacLaren (WM) [102]
spectrometer are used for electron and ion detections respectively. Electrons and ions
can be recorded in a coincidence mode. Due to the quasi-continuous operational mode
of the SOLEIL synchrotron, ion optics are operated with constant DC voltages. A
delay line detector (Roentdek DLLD80) and a custom-made position sensitive detector
[103] are used respectively on the electron and ion sides. By such a design the
ultimate electron kinetic energy resolution of 4% for fast electrons and constant energy
resolution of about 1 meV in the threshold electron mode can be obtained. However, in
slow photoelectron measurement, since we compromise between adequate resolution
and count rate the effective resolution is reduced accordingly (see section 4.3.2). The
ion spectrometer provides a spatial resolution down to 10%, a 3D kinetic resolution
of about 15% (without comprising of mass resolution) and the typical mass resolving
power, m/Am, of 1600.

4.2.4 Photoelectron circular dichroism experiment

PECD is observed as a forward-backward asymmetry in the photoelectron angular
distribution (PAD) along the light propagation direction. The normalized PAD for
single photon ionization should be written as [17, 104]:

I,(0) = 1+ b} Py (cos0) + by P»(cos0), (4.0)

where P, are Legendre polynomials, 0 is the angle between the velocity vector of
ejected electron and the propagation direction of circular polarized light. p is a
polarization index, p=0 for linear polarization, p=+1 for LCP and p=-1 for RCP. The b},
coefficient depends on the photoionization dynamics as well as the light polarization.
bf is zero when either linear polarization or an achiral molecule is used. Switching the
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helicity of the circularly polarized light (or exchanging enantiomers) changes the sign
of the odd Legendre coefficients while leaving the even Legendre coefficients unaltered.
Thus, the odd Legendre terms containing the chiral information can be isolated and
extracted by examining the difference between two polarizations (LCP and RCP) for a
single enantiomer [29]:

Laify(0) = I111(0) — I-1(6) = 2b; cosb. (4.0)

Determination of chiral asymmetry from the difference signal (Eq. 4.2.4) has
some advantages with respect to the direct observation of PAD (Eq. 4.2.4). In fact,
any instrumental asymmetries such as detector efficiency in forward and backward
scattering directions is canceled and consequently results in a higher chiral recognition
sensitivity. Empirically, PECD asymmetry for a given enantiomer at a selected photon
energy is obtained by taking the difference between two accumulated photoelectron
images recorded by LCP and RCP light. The polarization is altered roughly every 15
min. The size of the monochrometer slit is used to control the photon flux and thence
the ionization rate. Controlling of count rate is important, firstly to prevent MCP being
saturated and degraded. Secondly, too high a count rate can lead to coincidence data
loss because of limitations on the hardware data transfer bandwidth. Thirdly, a higher
count rate does not necessary improve the signal to noise ratio due to increasing of
false coincidence. At the end of the experiment, all images recorded with the same
polarization are combined and normalized to the total electron count. Difference (LCP-
RCP) and sum (LCP+RCP) data files are obtained for further analysis. The pBasex
inversion algorithm [105] is used to treat the data and extract PECD asymmetry as
well as PES. The measured Stokes parameter, Ss, is used to correct the PECD data
for each photon energy. The experimental error bars are estimated by using standard
error propagation formulae assuming Poisson statistics in each data bin. A detailed
description of data recording and treatment for a PECD measurement can be found in
Ref. [21].

4.3 Results and discussions

4.3.1 Time-of-Flight spectrum

TOF spectra of limonene obtained at different photon energies are shown in Fig.
4.1. No sign of cluster formation is observed in any of the spectra (see the insets).
Fragmentation appears in the spectra with photon energies above 10 eV (panel B)
and the parent ion (Clong; m/z=136) remains a dominant ionic channel in ionization
with photon energies up to 14 eV. The peaks at m/z=137 in TOF spectra correspond
to the parent molecule isotopomer with 3C. An ion breakdown diagram of limonene
has been published previously by Garcia et al. [96]. The appearance energies of the
m/z =79 fragment ions were all reported around 9 eV. This overall fragmentation
onset is obviously lower than the results shown here. This can be explained due to
different molecular beam expansion and experimental conditions used for these two
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Figure 4.1: Time-of-flight mass spectra of a seeded limonene sample (in 0.5 bar He)
recorded at different photon energies. Insets on the back panel show the extended mass
spectra up to m/z=280 for two exemplified spectra recorded by hv=9.5 eV and hv=18
eV. No sign of cluster formation in TOF spectra is seen.
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experiments. In Garcia’s experiment the sample was heated up to 110 °C and 1.3 bar
Ar was used as a carrier gas to expand the gas mixture through a 75 pm diameter nozzle.
In contrast to this earlier work, there was no necessity to raise the temperature of the
sample reservoir in our measurement to achieve enough signal, and although it is not
quantified, the molecular beam temperature can be judged to be much lower due to
different fragmentation behavior around threshold ionization compared to the earlier
work.

4.3.2 Slow photoelectron spectrum

The DELICIOUS III spectrometer is capable of recording a mass-selected PES either
as single-photon energy mode (VMI-PES) or the scanning photon energy mode. Mass-
selected VMI-PES of limonene enantiomers, recorded at several fixed photon energies,
are discussed in section 4.3.3. Here, the PES for R-limonene is presented by scanning
over the 8 eV to 9.8 eV energy range in 3 meV steps.

In the scanning mode, VMI detection and tunable synchrotron radiation are em-
ployed. The VMI setup is used to focus slow electrons to the central area of the detector.
An Einzel lens is employed in the setup to improve the energy resolution of slow
electrons for a given extraction field. After the scanning, the position and size of the
central part are selected in electron images. The PES is obtained by removing the
contribution of the hot electrons from the center part [55, 56, 106]. Consequently, one
can retrieve a threshold PES (TPES) where only electrons with (close to) zero kinetic
energy are included.

In a direct ionization process, the kinetic energy of electrons and photon energies
are linearly correlated as KE = hv — I.E. (where LE. is the ionization energy). Figure
4.2 shows the kinetic energy of the mass-selected photoelectrons (m/z=136-138) in the
range of 0-1.5 eV as a function of photon energy. As it is obvious, the diagonal lines
in the figure get broader for higher electron kinetic energies as the absolute resolution
of VMI is degraded. Although the threshold photoelectrons have the highest PES
resolution, the drawback is that the signal statistics are very low. In order to circumvent
the low statistics but still have a comparable resolution to TPES, one can retrieve the
so-called slow PES (SPES). SPES comprises the photoelectrons with kinetic energies
up to KE;,4x €V. KEp4x 1s chosen by compromising between resolution and signal
level during data treatment, after the scanning. The SPES method has been introduced
by Neumark et al. [107] and developed in several experiments over the last decade
[108-111].

Figure 4.3 (lower curve) shows SPES of R-limonene. An optimized trade-off
between signal and resolution is found for KE, ;=30 meV where the effective
resolution is around 10 meV. A perviously reported high resolution He(I) PES [97] is
also included in Fig. 4.3 for comparison. The two spectra are very similar by showing
four distinct peaks (A-D) while a significant difference is the absence of smaller peaks
(b-d) in SPES. In the following, I discuss a possible assignment for PES peaks by
examining our results with respect to some earlier works.

Limonene has three low lying equatorial conformers populated at room temperature
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Figure 4.2: Mass-selected 2D spectrum for m/z=136-138 showing the kinetic energy
of the photoelectrons as a function of the photon energy. Diagonal lines are assigned to
ionic states accessed by direct ionization.

[112]. The torsional potential of the neutral limonene is shown in Fig. 4.4 as a function
of dihedral angle [113]. The plot is identical with one reported previously by Monero et
al. [112]. The three minima in the plot correspond to the three most stable conformers
(Eg-1, Eg-2 and Eg-3). There is a relatively low barrier between Eq-2 and Eq-3 and a
much bigger barrier between Eq-1 and the others. Therefore, thanks to the low barrier,
Eg-3 can possibly cool down and convert to Eg-2 in a cold molecular beam and then
only Eg-1 and Eg-2 remain in the sample. This was also experimentally verified by
a Fourier transform microwave spectroscopy measurement. This showed that only
the rotational spectra of Eq-1 and Eq-2 conformers were detected in cold molecular
samples [112].

The ionization energy of limonene derived from photoelectron spectrum has been
reported previously in different studies [96, 97, 114]. The ionization of the highest
occupied molecular orbital (HOMO) and second HOMO (HOMO-1) respectively
correspond to ionization of the m-orbitals in the carbon ring and isopropenyl group in
the molecule. Peak (A) and peak (B) with the maximum at 8.52 eV and 8.69 eV are
assigned to the adiabatic and the vertical ionization energies of HOMO respectively.
Smiatek et al. have shown in their analysis that peaks (A-C) correspond to vibrational
progressions in the ring carbon double bond stretching mode (vs5) with mean energy
of 172 meV [97]. Therefore, peak (C) with the maximum at 8.87 eV is also assigned to
a further member (v=2) of the vibrational progression built on the HOMO ionization.

Moreover, the vertical ionization energy of HOMO-1 is calculated to be around 8.9
eV [96, 97] and 9.0 [113] while there is a huge peak at 9.1 eV (D). This peak is quite
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Figure 4.3: The slow photoelectron spectrum (red line) of R-limonene recorded
between 8-9.8 eV. The He(I) PES (blue line) adopted from Ref. [97]. The indicated
peaks are discussed in the text.

prominent in all VMI PES recorded with different photon energies (see Fig. 4.5 and
4.7). Thus, since the HOMO and HOMO-1 bands are most likely superimposed on one
another in this region, peak (D) at 9.1 eV seems to be the vertical ionization energy
of second band which is distorted by the underlying HOMO band. Alternatively, the
observed structure may depend upon vibronic interaction between these close-lying
electronics states.

The small peak around 8.4 eV (a) is observed in both SPES and He(I) PES but
much weaker in the SPES. Smiatek er al. argued that this peak cannot be reproduced as
a hot band on their simulations. They assigned it to the presence of a dimer. However,
we can decline this supposition since we do not see any indications of any clusters in
our TOF spectra although our molecular beam sample inlet is expected to be colder
than Smiatek’s room temperature effusive source. On the other hand, peaks (a-d) have
the mean spacing of about 175 meV, pretty much the same spacing between the big
peaks (A-C). Therefore, this may suggest an alternative explanation. We have already
discussed that, probably, only two conformers are present in our cold molecular beam.
It is further possible to suppose that one of the conformers has about 80 meV lower
adiabatic IE and also it is less strongly populated in the cold beam. This is reasonably
supported by the calculated adiabatic IE for three conformers where the Eq-2 has about
0.3 eV lower IE than two others [97]. Therefore, PES of these two conformers may
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Figure 4.4: Torsional potential curves for neutral limonene [113]. The inset shows the
molecular structure of S-limonene. The three conformers differ by the a-b-c-d dihedral
angle corresponded to the rotation of the isopropenyl group with respect to the ring.

be effectively offset and so interlaced, where the main peaks (A-C) may only belong
to a single conformer. Moreover, it is plausible to attribute the loss of the small peaks
(b-d) to sample temperature as they are stronger in the room temperature spectrum and
almost eliminated in our cold SPES.

4.3.3 Photoelectron circular dichroism

PECD measurements were made by recording photoelectron images of either R- or
S-limonene in coincidence mode at various fixed photon energies in the range of 8.7
eV to 18 eV. Coincident detection between electron and ion allows each electron to be
tagged to a given ion mass. Here, I present the mass-tagged results of limonene parent
ion (m/z = 136). By that, the contributions of water and any other contaminations
presented in the molecular machine can be excluded from the data, useful for photon
energies above 12 eV. Secondly, since the ionization of HOMO and HOMO-1 do
not produce any fragment ions, selecting electrons in coincidence with limonene
parent ion helps isolate any higher energy, overlapping orbital contributions. The
PECD asymmetry is derived from the difference photoelectron image following the
methodology explained in section 4.2.4 and displayed as a function of ionization energy.
For visual comparison the PES is also plotted in the same graph on the same energy
scale.

Figure 4.5 displays mass-tagged VMI-PES and PECD spectra of the limonene
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Figure 4.5: The mass-tagged m/z=136 PES (green line) and PECD for R- (red filled
square) and S-limonene (blue open circle) measured at 8.7 eV(A), 8.8 eV(B), 9.1(C),
9.3eV(D) and 9.5 eV(E).
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Figure 4.6: PECD asymmetry plotted as a function of ionization energy for low photon
energy measurements. S-enantiomer results are negated.

monomer, recorded with LCP and RCP at low photon energies (< 9.5 eV). The
anticipated mirroring between the dichroism of two enantiomers is shown clearly
in panel E at hv = 9.5 eV that confirms a molecular chirality origin of the asymmetry
and shows the reproducibility of data recorded under similar experimental conditions.

In Fig. 4.6 the PECD values for low photon energy measurements are plotted on
the common ionization energy scale where S-enantiomer values are presented with
an inverted scale. The negation of PECD can be fully anticipated for enantiomers.
Plotting in this fashion gives a better visual comparison between R- and S- enantiomer
data. PECD spectra are strongly structured and show a clear correlation with peaks
in PES. Between the major PES peaks (A-C), the chiral asymmetry slightly drops to
negative values and not zero. Therefore, it may suggest that there is something else
present between the PES peaks but it is not sufficiently intense to be resolved. This
observation may corroborate again what we discussed and suggested in the previous
section. The PECD in the position of the vibrational peaks may correspond to only one
conformer and in between the peaks may associate with the mixture of two conformers
with totally different chirality effects.

Interestingly, the overall PECD sign is also changed from ionization of HOMO to
HOMO-1 across the PES band. This correlation between PECD and the orbital being
ionized has been noted in several experiments [21, 23-25].

At higher photon energies, the extraction field needs to be increased in order to
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Figure 4.7: The mass-tagged m/z=136 PES (green open circle) and PECD for R- (red
filled square) and S-limonene (blue filled circle) from VMI measured at hv=10.5-18
eV. Solid lines are Gaussian fits.
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detect the faster electrons; that in return degrades the absolute electron resolution.
Therefore, VMI PES becomes relatively smooth and featureless. Several mass-tagged
m/z=136 PES and PECD spectra recorded with higher photon energies are illustrated
in Fig. 4.7. Two Gaussian functions have been fitted to the PES profile to nominally
represent the two orbitals’ contribution to PES. Mean PECD values can be extracted by
taking the Gaussian weighted by values.
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Figure 4.8: Experimental Gaussian weighted mean PECD values (open circle) for
nominal HOMO orbitals as a function of electron kinetic energy (bottom axis) and
photon energy (top axis). At lower photon energies the PECD values (filled circle)
read-off from Fig. 4.5 in the position of peak A and B.

Fig. 4.8 plots the energy dependence of PECD in HOMO band. Data points for
hv >10 eV are the Gaussian weighted mean value of experimental b; for the nominal
HOMO orbital. The mean PECD tends toward zero at lower photon energies. It seems
without adequate resolution to resolve the oscillation correlated to vibrational peaks,
a PECD measurement merely see an average value that tends to zero. Due to this the
Gaussian averaging is not extended down to the lowest recorded photon energies but
we simply read-off the asymmetries in the position of peaks (A) and (B) for hv <10 eV.
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4.4 Conclusion

In this chapter, I have presented single-photon PECD of pure limonene enantiomers.
PECD measurements have been performed at the SOLEIL synchrotron using the
DELICIOUS III / SAPHIRS double skimmed end station, with automatic polarization
switching on the DESIRS beamline. SPES shows a high resolution spectrum with
very distinctive vibronic structures in HOMO and HOMO-1 bands. The assignment
of limonene PES was determined by comparing between the experimental results
presented here and previous studies. The torsional potential calculation of the neutral
limonene shows that one out of the three most stable conformers in room temperature
may be frozen out in the cold molecular beam. Therefore, the contribution of this
conformer did not appear in our SPES. PECD measurements have been recorded at
different photon energies among 8.7 eV to 18 eV in electron-ion coincidence imaging
mode to allow filtering of electron spectra by selected ion mass. The low electron energy
region is of most relevance for complementary MP-PECD measurements reported in
chapter 6 and chapter 7. Detailed PECD spectra showed a strong dynamical structure.
In the position of strong vibrational peaks the results may correspond only to one
conformer while in between peaks the contribution of another conformer is dominated.
Moreover, it is observed that the sign of PECD asymmetries also changed by passing
from ionization of the HOMO to HOMO-1 orbital. Finally, the data obtained with
higher photon energies can be used for implementation of reference theoretical models
to describe MP-PECD laser experiments.

60



CHIRAL ASYMMETRY IN THE
MULTIPHOTON IONIZATION OF
METHYLOXIRANE USING FEMTOSECOND
ELECTRON-ION COINCIDENCE IMAGING

Multiphoton photoelectron circular dichroism (MP-PECD) has been
observed as an asymmetry in the angular distribution of photoelectrons
emitted in the ionization of pure enantiomers of the small chiral
molecule methyloxirane using a femtosecond laser operated at 420 nm.
Energetically, this requires the uptake of four photons. By switching
the laser between left- and right-circular polarization, and observing the
differences in the full three-dimensional electron momentum distribution
recorded in an electron-ion coincidence technique, the chiral (odd) terms
in the angular distribution expression can be isolated. Electron events
can additionally be filtered by coincident ion mass, providing mass-
tagged electron distributions and quantitative measures of the MP-PECD
asymmetry that help characterize the different ionization channels. For the
production of ground state parent cation, the magnitude of the mean chiral
asymmetry is measured to be 4.7%, with a peak magnitude exceeding
10%.

this chapter is published as: M. M. Rafiee Fanood, I. Powis, M. H. M. Janssen, J. Phys. Chem. A, 118,
11541, 2014.
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5.1 Introduction

As a small, rigid chiral molecule, methyloxirane (propylene oxide) has assumed a
prototypical role in many formative studies of chiroptical techniques. Nevertheless, its
chiroptical responses are very strongly solvent-dependent due to induced chirality in the
solvation shell, even in achiral solvents such as water. This necessitates incorporation
of solvent shell effects in computational models, complicating both the calculation
and validation of underlying theoretical approaches to chiral light- matter interaction
[115-117]. Consequently, there is a premium placed on gas phase studies able to
explore methyloxirane’s intrinsic chirality in an isolated, solvent-free environment
[118-120]. Even then, methyloxirane proves to be a somewhat pathological case for
theory [121], requiring ongoing investigation and development.

Photoelectron circular dichroism (PECD) is an addition to the rank of chiroptical
methods that measures a forward- backward asymmetry in the angular distribution of
photoelectrons emitted upon ionization by a beam of circularly polarized radiation [14,
122]. These asymmetries fall in the range of one to a few tens of a percent and so are at
least 3 orders of magnitude greater than more typical circular dichroism in absorption
spectroscopies. This inherent sensitivity, combined with the in-built experimental
efficiency of charged particle detection, make PECD an ideal method to probe isolated
chiral molecules in the gas phase, which can even be extended to observe minor cluster
components generated in a supersonic molecular beam [25]. In the present context it is
then no surprise that methyloxirane has been widely investigated, both experimentally
[123-126] and theoretically [95, 123, 126, 127], by PECD. Vibrationally resolved
PECD measurements have lately revealed an inversion of the chiral electron scattering
asymmetry caused by weakly excited normal mode vibrations [26], highlighting the
significance of complete vibronic treatments for fully understanding the chirality
displayed by this molecule.

While PECD has historically been developed using synchrotron radiation sources, a
very important recent development has been the demonstration of PECD in multiphoton
ionization of camphor using ultrafast lasers [27, 28]. Not only does this offer greater
accessibility through the use of laboratory scale light sources, it also suggests a potential
for time-resolved pump-probe circular dichroism of dilute species; greater control and
identification of quantum states in intermediate and final states; and species-selective
ionization of multicomponent mixtures that can enhance analytical applications. These
features are further discussed in a recent perspective article [29].

In this article we further explore the generality and potential of multiphoton
photoelectron circular dichroism (MP-PECD) by demonstrating the chiral asymmetry
in a different class of molecule, the prototypical methyloxirane. Measurements have
been made on pure enantiomeric samples of methyloxirane seeded in a molecular
beam. Ionization by circularly polarized laser pulses occurs in an electron-ion coin-
cidence spectrometer (Figure 5.1). One thus obtains photoelectron spectra, electron
energy-dependent angular distributions, and ion time-of-flight (ToF) mass spectra
from accumulated data; moreover, the delayed coincidence between electron and ion
events can be used to identify individual electron-ion pairs emanating from individual
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molecule ionization events, and this allows the extracted electron distribution data to
be mass-tagged and associated with selected ionization channels.

5.2 Experimental Section

The experimental coincidence imaging apparatus shown schematically in Figure 5.1
has been described in detail before [57, 58]. A supersonic molecular sample beam is
expanded through a 150 ym diameter conical nozzle and is then doubly skimmed by
500 and 200 um diameter skimmers before entering the spectrometer chamber where it
is intersected at 90° by the laser beam. After ionization, electrons are extracted from the
laser interaction region, passing through velocity map imaging (VMI) electron optics to
be detected at a delay line imaging detector. This records time and position (¢, x, y) for
each individual electron, which in turn directly maps to the three electron momentum
components (px, py, pz). Thus, full kinetic energy and angular distributions can be
extracted without requiring inversion techniques for data recovery. lons are extracted
in the opposite direction to another imaging detector, but here used only to record time
of arrival.

Both electron and ion ToF tube are shielded by 1 mm thick p-metal tube. High
voltage switches (Behlke HTS-51) operated at the repetition rate of the laser system
are used to sequentially apply optimized extraction potentials for electrons and then
ions, exploiting the much greater residence and flight times of the ions to accommodate
these differing requirements. In the present experiment we operated VMI voltages
for electron detection and voltages for optimal mass resolution for ion detection. The
typical voltages on the charged particle lenses (repeller (R), extractor (E), and extra
lens (L); see Figure 5.1) used for detecting electrons are R, = =520 V, E,=-385 V,
L, =—-275 V and for detecting ions are R; =2000 V, E; =1460 V,L; =0 V.

Light was provided by a commercial femtosecond laser system (Spectra Physics).
It consists of a titanium:sapphire oscillator (Mai Tai), regenerative amplifier (Spitfire
Ace), and pump laser (Empower 45). The output of the amplifier was optimized to
deliver pulses centered at 840 nm wavelength with 4.2 W power at 3 kHz repetition rate.
The fundamental beam is subsequently frequency doubled in a BBO crystal. During
the measurement the second harmonic spectrum was continuously monitored by a
fiber-based spectrometer (Ocean Optics USB 4000). Figure 5.5 (in the appendix) shows
the frequency doubled spectrum near 420.2 nm. The frequency doubled output had a
pulse duration of about 150 fs, a bandwidth of 2.6 nm, and pulse energy of about 25-30
wJ. It was focused down to a spot size of about 100 pumx 150 ym with a lens of 30
cm focal length. The intensity in the ionization volume is estimated to be 10! — 1012
Wem™2,

A broadband quarter wave plate (B-Halle) was used to generate the circular
polarized light. The polarization of the light was characterized in terms of the Stokes
vectors by the rotating quarter wave plate method [28, 92]. The measured intensity
data for both left and right circular polarized light for pulses at 420 nm are shown
in Figure 5.6 in the appendix and the Stokes vectors obtained from fitted curves are
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Figure 5.1: Schematic overview of the coincidence imaging apparatus. A molecular
sample beam is produced by a nozzle (A), doubly skimmed (B) before entering the
spectrometer chamber (C). Electrons produced by laser interaction in the source pass
through VMI imaging optics to reach a 3-dimensional imaging detector, while the
corresponding positive ions are extracted in the opposite direction, by the applied
electric field, through an ion ToF spectrometer.

Srcp =(1,-0.03,0.01,0.99) and S;cp = (1,—0.18,0.005,—-0.97). With these high, near
perfect values for circular polarization S3 no corrections for ellipticity have been
required.

Both R- and S-enantiomers of methyloxirane were purchased from Sigma-Aldrich
with a purity of 99%. We used 1.7% of enantiomer seeded in Ne with 0.4 bar backing
pressure to avoid the formation of clusters.

During the PECD measurement, the handedness of circular polarized light was
switched every 500 s (1.5 million laser shots (MLS)) to reduce the effect of any
experimental drift in laser intensity and molecular beam stability. The measurements
on each enantiomer were performed for 45 MLS. The average number of electron
events per laser shot in both experiments was about 0.08. These count rates ensure
that the probability for false coincidence is less than 0.3% assuming Poisson statistics.
After careful checks that, among other things, the center of electron image data are
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the same, all files with the same polarization were combined together at the end of the
measurement for data analysis.

5.3 Results and discussions

The full photoelectron angular distribution (PAD), I,,(0), expected from an n-photon
ionization of a chiral molecule with circular polarized light is given by [28]

I 2n
I,0) = 2L {1+ bPP;(cosh) |, (5.1)
4m i1

where p is the polarization of the light, and p = +1 and p = —1 correspond to left
circular polarized (LCP) and right circular polarized (RCP), respectively. P;(cos(0))
are Legendre polynomials, bl’? are the corresponding expansion coefficients, and 6 is the
angle between the electron momentum and the propagation direction of the laser beam.
Switching the helicity of the circularly polarized light (or exchanging enantiomers) can
be expected to generate a sign change of the odd Legendre coefficients while leaving
the even Legendre coefficients unaltered. Thus, the odd Legendre terms containing the
chiral information can be isolated and extracted by examining the difference between
two polarizations (LCP and RCP) for a single enantiomer [28]:

I n
Itcp(@) —Ipcp(0) = 4I—;t Y 2b3!  Pai_i(cosh)|, (5.2)
i=1

The adiabatic ionization energy of methyloxirane, 10.25 eV [26] means that at our
chosen excitation wavelength, 420.2 nm, a minimum of four photons (= 11.8 eV) must
be absorbed to produce ions from methyloxirane neutral. A broad structured VUV
absorption spectrum of methyloxirane covering the range 6.7 to 9 eV has been reported
by Breest et al. [118]. The 7.01 to 8.53 eV region has been assigned to 14 calculated
n = 3 Rydberg transitions [128], but there is no known absorption at the one or two
photon (5.9 eV) energy. Transition to the initial member of the n = 4 Rydberg family,
nop — 4s, is calculated at 8.65 eV with further n = 4 Rydberg expected to account for
the oscillator strength observed at higher energies [128]. Thus, our three photon energy,
8.85 eV, likely coincides with nn = 4 Rydberg excitations.

A typical ToF mass spectrum (estimated mass resolving power m/Am = 600) of
methyloxirane is depicted in Figure 5.2. The spectrum is dominated by the parent
monomer (C3HgO™; m/z = 58) with an abundance of 21%. In addition, several ion
fragments are produced at this laser fluence. The laser intensity was adjusted to
minimize fragmentation, while molecular beam conditions were optimized to avoid
cluster formation. The mass peak at m/z =18 is attributed to ionization of background
water molecules (IP = 12.61 eV) in the spectrometer chamber.

Table 5.1 lists the ions and abundances observed here and presents appearance
energies (AE) of methyloxirane parent and fragment ions as obtained in a recent VUV
threshold photoelectron.photoion ion coincidence (TPEPICO) measurement [126]. The
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Figure 5.2: Time-of-flight mass spectrum of S-methyloxirane measured after
multiphoton ionization at 420 nm, coincident with all electrons.

420.2 nm four photon energy of 11.80 eV is in fact sufficient for the formation of most
of the listed ion fragments. However, ion fragments of m/z = 15, 26, and 27 require
five photons, and an ion of m/z = 40 (observed in the one photon VUV studies, though
not detected in our experiment) would need the energy of six 420 nm photons.

Photoelectron kinetic energy (PEKE) spectra are shown in Figure 5.3. Panel A
shows PEKE of all electrons (no ion coincidences applied) and panels B-F depict mass
tagged PEKE. The PEKE spectrum of all electrons (panel A) shows two broad bands
centered around 1.3 and 0.4 eV. Assuming the ionization energetics correspond to a
four-photon absorption (= 11.8 eV) these peaks correspond to those expected from
ionization of the highest and second highest occupied molecular orbitals (HOMO and
SHOMO) whose vertical ionization energies are, respectively, 10.46 and 11.34 eV
[126]. The HOMO is a localized O 2p lone pair, while the SHOMO has ring o (C-C)
and o (C-O) bonding character. The parent ion (m/z = 58) mass-tagged PEKE (panel
B) shows only the HOMO band centered around 1.3 eV. Conversely, the low energy
SHOMO peak is very strongly enhanced in the m/z = 43 tagged spectrum. These
observations fully accord with VUV TPEPICO results [126], which show the HOMO™!
ground ionic state to be undissociated, whereas the SHOMO™! first excited state is
essentially fully dissociated to m/z =43.

From the evidence adduced so far we infer the dominant ionization process under
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Table 5.1: Fragment and parent (m/z 58) ions in the mass spectrum and their appearance
energies (AE).

Abundance (%) AE. (eV)?

m/z  Formula R-enantiomer S-enantiomer

14 CH; 1.2 1.1

15 CHj 3.3 3.2 12.74
18 H,O* 2 2.8

26 CoHy 5.8 5.7 13.54
27 CH3 10.9 10.7 13.04
28 C;H,/CO* 16.3 16.4 11.32
29 C;H/HCO* 11.1 10.9 10.88
30 C;H{/H,CO* 1.8 1.8 10.84
31 H3;CO* 4.4 4.4 10.94
32 H3COH™* 0.6 0.5 10.94
43 C,H,O0" 8.2 7.3 10.87
57 C3H;07 0.8 1 10.67
58 C3HgO™ 21.1 21.6 10.24
59  C3HgO.H*? 1.6 1.5

& Ref. [126].

b Relative intensity of m/z = 59 exceeds that attributable to 13C at natural abundance.
There is most likely some contribution from protonated methyloxirane resulting from
weak clustering in the molecular beam.

our experimental conditions is a four-photon ionization of the outer two valence orbitals,
probably resonant with n = 4 Rydberg states at the three photon level.

The lighter m/z = 26 — 31 and m/z = 15 mass-tagged PEKE show a strong
HOMO™! peak. Since the TPEPICO AEs (Table 5.1) indicate that most of these
fragments require absorption of five photons we speculate that these minority channels
in fact result from photodissociation of the ground state cation; that is by absorption of
a further photon after the four-photon ionization has been accomplished. A very small
shoulder around 2.1 eV in the total electron PEKE spectrum is seen to correlate with
formation of m/z 18. This corresponds to the ionization of residual water (m/z = 18)
molecules by a five-photon process (14.75-12.62 = 2.13 eV), see panel F.

A simple way to report the MP-PECD asymmetry as a single quantitative value has
been proposed [28, 29]:

Lig—1Iip Iy fp—11p

MP—-PECD = — ,
Ui+ Lap)/2 oy p+19p)/2

(5.3)

where [ p.f» Ipb are the integrated counts in, respectively, the forward and backward
hemispheres. This dichroism is readily evaluated from the detected numbers of
forward/backward scattered electrons, and such MP-PECD values for both R- and
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Figure 5.3: Photoelectron kinetic energy (PEKE) distributions of both S- and R-
methyloxirane measured after ionization by circularly polarized light. In panel A the
distribution of all detected electrons is shown (coincidences not applied). In panels B-F
the mass-tagged kinetic energy of electrons is shown.
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Figure 5.4: Multiphoton PECD of both S- (blue open circle) and R-methyloxirane
(red filled square) for both noncoincident (A) and coincident (B-E) data, plotted as a
function of PEKE binned into bands of width +0.1 eV. Error bars are estimated from
the Poisson count statistics in each data bin. The dashed gray curve at the background
shows the photoelectron spectrum of the given data.
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S- methyloxirane are plotted as a function of the photoelectron energy, in bands of
width +0.1 eV, in Figure 5.4. All plots show the anticipated mirroring between the
dichroism of the two enantiomers, confirming a molecular origin of the observed
asymmetry. From preceding discussion the m/z = 58 mass filtered MP-PECD perhaps
best exemplifies the dichroism associated with formation of the HOMO™! ionic state,
while m/z = 43 filtering best exemplifies the SHOMO™! state. The MP-PECD for
the latter is smaller, up to £4% (panel D), while the MP-PECD of the faster electrons
associated with the HOMO band shows a distinct increase across the band, reaching
values in excess of £10% (panel C). Such variability across the PES band profile is
also apparent in the VUV single photon HOMO PECD [26]. The observed MP-PECD
magnitudes are also commensurate with the single-photon PECD asymmetries, but a
notable difference arises since the VUV PECD displays opposite signs for the HOMO-
1 and SHOMO™! ionizations at comparably low electron kinetic energies [126]. In
contrast, the MP-PECD for the two bands reported here are of the same sign. However,
despite producing the same final ion states it should be recognized that the VUV results
follow a direct ionization from the two outer valence orbitals, whereas in a resonantly
enhanced multiphoton ionization as postulated here, the photoelectron is emitted from
an excited Rydberg orbital. Given the well established orbital specificity of PECD [14],
the single- and multiphoton dichroism of these two bands cannot therefore be directly
compared. However, we see in this observation the first indications of the anticipated
orbitally specific ionization occurring as well in MP-PECD.

It may be observed that the m/z = 26 — 32 tagged MP-PECD (Figure 5.4, panel
E) essentially parallels the MP-PECD associated with production of the ground
state HOMO™! parent ion (panel C). This corroborates our suggestion of a common
ionization pathway leading to production of parent ion, with the light mass chan-
nels differentiated by their subsequent photodissociation by a further post-ionization
absorption.

For understanding the photoionization dynamics the angular coefficients, b;, are
potentially more detailed and informative. The even coefficients are estimated by fitting
the summed (LCP + RCP) PAD with an expansion as shown in Eq. 5.1. The chiral odd
coefficients are better obtained by fitting the dichroism PAD, formed as the difference
between normalized LCP and RCP PADs (Eq. 5.2), there being, again, the benefit that
any residual instrumental asymmetry (due, for example, to detector gain inhomogeneity
rather than photon helicity) can be canceled by treating this difference of alternate
polarizations. In so doing by recording, or scaling, the LCP and RCP data to have the
same total count we become insensitive to any CD in the photon absorptions influencing
ion yields. In practice experiments designed to measure this ion yield CD have to adopt
different measures to counter their residual instrumental asymmetry [120, 129-131].

By integration of the PAD expression, Eq. 5.1, over the forward and backward
hemispheres, it is also possible to rewrite Eq. 5.3 in terms of these odd coefficients
[28]:

1 1 5
MP—PECD:bel—Eb;1+Zbgl—ab;l, (5.4)
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where the inclusion here of terms up to the seventh order coefficient is appropriate for
the anticipated 4 photon process. The resulting MP-PECD asymmetries obtained from
Eq. 5.4 for the electron angular distributions with energies in the window 1.3+0.2 eV
(i.e., the HOMO band) and tagged with parent m/z = 58 ions are listed in Table 5.2,
while the sets of individual Legendre coefficients derived from fitting these PADs are
provided in Table 5.3.

Table 5.2: PECD asymmetry for 1.3+0.2 eV electrons coincident with m/z = 58 parent
ions.

MP-PECD(LP)* MP-PECD (F/B)®

S- methyloxirane 0.047+0.012 0.044+0.011
R- methyloxirane  -0.048+0.011 -0.048+0.011
Mean magnitude 0.048+0.008 0.046+0.008

4 Obtained from Legendre polynomial (LP) fitting coefficients, given
in Table 5.3, using Eq. 5.4. Error estimates are derived from the LP
coefficient fitting uncertainty.

b Obtained from the integrated count in forward and backward
hemispheres (F/B) using Eq. 5.3. Error estimates are obtained by
propagation of standard deviations of the counts assuming Poisson
counting statistics.

The MP-PECD asymmetry values in Table 5.2 are seem to be in excellent agree-
ment, both between enantiomers (after the anticipated sign change) and with the
corresponding values estimated in the same energy range from the forward/backward
hemisphere counts. The demonstrated equivalence of these two alternate approaches
to estimating the chiral asymmetry provides some corroboration for the validity of its
modeling with the Legendre polynomial expansion. It is nevertheless interesting to
examine the individual b; parameters in Table 5.3. It is seen that the b3 and b5 (and
probably also b7) coefficients do not differ significantly from zero, so that the entire
chiral photoelectron asymmetry is in effect attributable to the first order Legendre
polynomial term, by, as would necessarily be the case for a single photon ionization.
The apparent noninvolvement of the higher order chiral terms is a priori unexpected
for a multiphoton process and is certainly in marked contrast to the only previous
investigations of MPPECD in camphor [27, 28]. In that case we found that the b3
coefficient assumed a larger magnitude and opposite sign to that of the b; coefficient,
which we were able to attribute, necessarily, to the multiphoton excitation mechanism
[28].

However, examining the even coefficients in Table 5.3 one sees that the relatively
large b, coefficient (that corresponds to a traditional anisotropy parameter § = +0.69) is
accompanied by nonzero by, bg terms indicating involvement of at least three photons.
The evident differences in the purely chiral behavior of camphor and methyloxirane
merit further investigation.
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Table 5.3: Legendre coefficients of the mass-tagged m/z=58 PADs at 420 nm. The

analysis includes electrons with energies 1.3+0.2 eV.

S- methyloxirane = R- methyloxirane Mean {R-)
bl 0.024+0.005 -0.021+£0.005 -0.023+0.004
b2 -0.345+0.019 -0.344+0.019  -0.345+0.014
b3 -0.004+0.008 0.006+£0.007  0.005+0.006
b4 0.078+0.024 0.056+0.025  0.067+0.017
b5 -0.007+0.011 -0.0194£0.010  -0.006+0.007
b6 0.069+0.031 0.063+£0.032  0.066+0.022
b7 0.009+0.014 -0.012+£0.012  -0.011£0.009
b8 0.000+0.001 0.000+£0.001  0.000+0.001

4 Averaged values for R- and S-enantiomers. Odd coefficients for the S-
enantiomer are negated before averaging; values are thus directly applicable
to the R-enantiomer.

5.4 Conclusion

The results presented here complement the only previous MPPECD studies [27, 28]
and go to establish wider generality and potential of this new technique, while revealing
some different behavior. Chiral asymmetries up to the order of 10% are reported,
commensurate with those observed in single photon PECD. Although the informative
odd b;—’l Legendre coefficients are, in principle, extractable from a single measurement,
examining the dichroism by switching polarization usefully isolates these coefficients
and cancels out instrumental asymmetry. Comparing enantiomers for the anticipated
change in sign of the dichroism helps corroborate the molecular origin of this phe-
nomenon. Finally, the use of electron-ion coincidence detection methods to record
mass-tagged electron distributions has been shown to be advantageous for identifying
and distinguishing different ionization channels and has assisted discrimination of the
PECD associated with production of different states of the parent cation.
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APPENDIX: SUPPORTING INFORMATION

Figures 5.5 and 5.6 show, respectively, laser line spectrum and polarization analysis.
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Figure 5.5: The typical spectrum of frequency doubled femtosecond laser pulse
centered at 420.2 nm. From the Gaussian fit we obtain FWHM = 2.6 nm.
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Figure 5.6: the measured graph for the analysis of the Stokes parameters of the
circularly polarized laser pulses near 420 nm using the rotating quarter wave plate
method. The blue curve (data points are open circle, best fit is line) was measured for
LCP, the red curve (data points are filled square, best fit is line) for RCP.
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ENANTIOSELECTIVE FEMTOSECOND LASER
PHOTOIONIZATION SPECTROMETRY OF
LIMONENE USING PHOTOELECTRON
CIRCULAR DICHROISM

Limonene is ionized by circularly polarized 420 nm femtosecond laser
pulses. Ion mass and photoelectron energy spectra identity the dominant (2
+ 1) multiphoton ionization mechanism, aided by TDDFT calculations of
the Rydberg excitations. Photoelectron circular dichroism measurements
on pure enantiomers reveal a chiral asymmetry of +4%.

this chapter is published as: M. M. Rafiee Fanood, M. H. M. Janssen, 1. Powis, Phys. Chem. Chem.
Phys., 17, 8614, 2015.
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Terpenes are one of the most important and abundant classes of natural products.
The occurrence of chiral terpenes is known to show enantiomeric variation between
species, but recent studies have revealed enantiomeric variations in biogenic emissions
within a single species, [132, 133] and these differences may be linked, for example,
to stress conditions experienced by the plant [134]. Monitoring enantiomer variations
may thus provide key indicators of the responses of crops, forests, and even the marine
ecosphere [135], to environmental stresses such as climate change.

Limonene (Ci9H16- see Fig. 6.1 inset) is a frequently encountered exemplar of
the chiral monoterpenes. Like many other terpenoids, its enantiomers are perceived to
have different odours (R(+)-limonene: citrus fruit; S(—)-limonene: pine/turpentine),
and in the biosphere such enantiomeric variations may be significant in signalling to
populations of predators and/or pollinators. The R(+) enantiomer (D-limonene) finds
widespread domestic uses as an odorant in food, cosmetics, and cleaning products. As
a common component of biogenic volatile organic compound emissions (BVOCs), it
can be expected to play a significant role in certain atmospheric processes. There is,
therefore, an interest in understanding the UV photochemistry and photophysics of
gaseous limonene.

In this context it is interesting to consider the potential of two more recently
introduced methods for enantioselective detection and probing, both based upon laser
photoionization.

Loge and Boesl [130] have reported the resonant two photon ionization yield of
S-limonene at 213 nm laser wavelength (equivalent photon energy of 5.82 eV). This
excitation lies in the red foot of the limonene absorption spectrum and the circular
dichroism (CD) detected in the parent ion yield has a similar asymmetry factor (~
1.6x1073) to that seen in the absorption CD at the same wavelength [114]. In the present
work we wish to evaluate the potential of an alternative new technique, photoelectron
circular dichroism (PECD) using resonant ionization with an ultrafast laser [29]. PECD
detects a forward-backward asymmetry in the photoelectron angular distribution relative
to the photon beam propagation direction with asymmetry factors that range, for single
photon ionization in the VUV and SXR regions, from 0.01 —0.4 [14, 24, 136]. Very
recently it has been shown that similar asymmetries can be seen using 400 nm fs laser
pulses to ionize various bicyclic monoterpenoids [27, 28, 31] or methyloxirane [30],
although very different behaviour in the higher odd Legendre moments - uniquely
accessed by the multiphoton excitation - were apparent. Here we seek further insight
with a different molecular system.

The experiment uses a single detector spectrometer having velocity map imaging
charged particle optics for both electron and ion detection [60]. The position sensitive
delay line detector [57, 58] is capable of measuring the full 3D electron momentum
from the time and position of arrival of individual electrons. Alternatively, by reversal
of the apparatus extraction and detector potentials the time-of-flight of ions can be
measured on the same detector. Because of the much longer flight times of the ions these
voltages can be rapidly switched to ion mode immediately after electron detection,
allowing the delayed coincidence between an electron and ion pair from a single
molecular ionization event to be detected. Electrons can then be mass-tagged according
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to the identity of coincident ion.

A doubly skimmed, seeded molecular beam of limonene enantiomer samples
(obtained from Sigma Aldrich and used without further purification) was produced
after passing Ne gas (0.1 bar backing pressure) through an external stainless steel
bubbler maintained at room temperature. The output of a 3 kHz repetition rate laser
(Spectra Physics) was frequency doubled in a BBO crystal providing of ~ 20 mJ, 150 fs
pulses at 420 nm, loosely focussed into the molecular beam. Circular polarization was
obtained with a 1/4 wave plate and was switched between left-(LCP) and right-(RCP)
circular polarization every 500 s. Stokes parameters were determined by polarimetry
measurements [28], confirming a high degree of circular polarization (|S3| = 0.975).
Measurements on R- and S-enantiomers were accumulated during 49.5 and 45 million
laser shots respectively and the average number of electron events per laser shots
in both measurements was maintained at 0.085 to minimise false coincidences. For
each enantiomer the accumulated counts were reduced to the number released into
the forward (F) and backward (B) hemispheres, combining the LCP and RCP data
in such a way that any residual forward-backward instrumental asymmetry (which
is independent of polarization) is cancelled [28, 30]. Then, the PECD asymmetry is
conveniently expressed as

F-B

G = 4x .
F+B

6.1)

Fig. 6.1 shows a ToF mass spectrum which was the same for either polarization and
both enantiomers. While the parent ion mass is the dominant species there is a range of
smaller daughter ions present. The adiabatic ionization potential of limonene, 8.521
eV, is well established [96, 97, 114] and so ionization requires three 420 nm photons
(equivalent energy 8.86 V). This leaves a maximum excess energy of 0.34 eV available
for the photoelectrons. On the other hand, VUV ionization at 9 eV produces negligible
fragmentation [96] suggesting that there may be partial uptake of at least a fourth
photon by some of the fragmentation channels observed here.

Fig. 6.2 shows the photoelectron kinetic energy distributions derived from the 3D
electron momenta for all detected electrons, and for electrons coincident with selected
parent and fragment ion masses. Again these results do not vary with either polarization
or enantiomer. These photoelectron spectra are essentially identical to one another,
suggesting a common ionization path for both parent and fragment ions, although
the fragment ion-tagged spectra do tail slightly more to high energy suggesting that a
small subset of the fragmentation may arise from more energetic ionization processes.
The range of kinetic energy observed is nevertheless broadly consistent with a net
three photon ionization, although the peak in the distribution is significantly below
the 0.34 eV expected at the adiabatic ionization limit. Before further assigning the
dominant ionization process we consider the assignment of the resonant intermediate
state accessed in our experiments.

The UV absorption, and corresponding circular dichroism (CD) of limonene
vapour in the range 225-150 nm was first reported by Brint ef al. [114] (see Fig.
6.3). Subsequently, the absorption spectrum has been re-measured at slightly higher

77



Chapter 6

- >__<:>7 -

(S)-Limonene

Normalized intensity (a.u.)

|
35 70 105 140

Figure 6.1: Mass spectrum of S-limonene seeded in 0.1 bar Ne after ionization by 420
nm 150p fs laser. The parent ion is m/z 136.

resolution and extended down to ~ 120 nm [97]. Above 200 nm the absorption spectrum
displays a weak pedestal, albeit with a few broad structures. Brint ef al. assigned
the first feature, at 218 nm (5.69 eV), to excitation from the 2 # HOMO, located at
the C=C double bond in the cylcohexene ring. The assignment of the upper level as
the 3s Rydberg state was based upon the observed 22915 cm™! term value of this
excitation [114]. A second weak feature at 210 nm (5.90 eV), also clearly visible in
the CD spectrum, was assigned to the same electronic transition with one quantum of
vibrational excitation, probably in the ring C=C stretching mode. A third feature at
204.9 nm (6.051 eV), this more prominent in the CD spectrum, was tentatively assigned
as being the same excitation but having two quanta in this C=C stretching mode.

On the other hand, making use of the high level EOM-CCSD method and a cc-
pVDZ basis with additional molecule-centred diffuse functions, Smialek et al. [97]
calculated that excitations to the 3s and higher Rydberg series occur at somewhat
higher energies, starting with the 27 — 3s transition at 6 eV. Additionally, they calculate
transitions from the second highest 17 molecular orbital (located at the isopropenyl
double bond) to n = 3 Rydberg series starting at 6.39 eV. However, accepting these
suggested excitation energies leaves unaddressed a question concerning the identity of
the absorptions in the pedestal region below 6 eV.

The assignment offered by Brint ez al. [114] would suggest that our current choice
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Figure 6.2: Photoelectron kinetic energy distributions of limonene measured at 420
nm for all-, and for mass-tagged-electrons, as indicated.
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Figure 6.3: UV CD [114] and absorption [97, 114] spectra of limonene vapour,
arbitrarily scaled to facilitate comparison. CAM-B3LYP/dAug-cc-pVDZ calculated
Rydberg excitations for conformers Eq-1 (red), Eq-2 (green) and Eq-3 (cyan) are
plotted offset with heights proportional to their oscillator strength. The two photon
energy equivalent of the 420 nm fs laser excitation (5.9 eV) is marked, with grey bands
indicating the two photon excitation range (derived from the measured laser bandwidth
FWHM of 2.55 nm [30]).

of 420 nm wavelength is two photon resonant (equivalent energy of 5.90 eV) with the
2w — 3s (v = 1) excitation feature seen in both absorption and CD spectra (see Fig.
6.3). The inferred energy of the excited vibrational mode is ~ 1500 cm™! (0.186 eV).
In the 277! cation ground state, the principal vibrational progression observed in both
threshold and He I photoelectron spectra has a first spacing of 0.174 eV and the mode
has been assigned as the ring C=C stretch [97]. Assuming this is the same mode excited
in the Rydberg intermediate and a Av = 0 propensity for the Rydberg state ionization,
the required ionization energy is then that for the 27~! (v = 1) cation, determined
as 8.695 eV from the He I photoelectron spectrum [97]. At the 420 nm three photon
energy equivalent of 8.856 eV this then leaves an excess energy of just 0.16 eV. This
accords reasonably well with the experimental electron energy distribution (Fig. 6.2)
peaking at ~ 0.1 eV, from which we deduce a dominant two photon resonant, three
photon (2 + 1) ionization mechanism producing v* =1 cation in the current experiment.
This argument also tends to support the 277 — 3s (v = 1) assignment of the 5.9 eV peak.
Further post-ionization photon absorption by the cation states most probably accounts
for the extra fragmentation noted.
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To attempt further corroboration of the spectrum assignment we have performed our
own TD-DFT calculations [by Gaussian09 revision d.01 [137]] using the long-range
adjusted CAM-B3LYP and M11 functionals with a double augmented cc-pVDZ basis
set at BALYP/cc-pVDZ optimised geometries, considering the three lowest energy
equatorial conformers of limonene, Eq-1, Eq-2, and Eq-3 [112]. These results and
previous EOM-CCSD calculations [97] are summarised in Table 6.1. While there is
some spread in the absolute excitation energies calculated, these methods consistently
indicate a ~ 0.4 eV energy gap between the 2w — 3s and first 27 — 37 excitations and
oscillator strengths that are approximately an order of magnitude less for the former
transitions.

Table 6.1: Rydberg excitation energies, E, and oscillator strengths, f, calculated for
limonene conformers.

Smialek et al.? This work? This work®

E(eV) f E(eV) f E(eV) f

2w — 3s
Eg-1 6.006 0.0027 5.79 0.0046 5.426 0.0015
Eg-2 6.013 0.002 5797 0.0039 5.437 0.0012
Eg-3 6.002 0.0026 5.785 0.0043 5.431 0.0013

1m — 3s
Eg-1 6391 0.0253 6.204 0.0358 5.844 0.0028
Eq-2 6.447 0.0118 6.25 0.0327 5.893 0.0087
Eg-3 6435 0.0133 6.238 0.0096 5.882 0.0096

2n—3p
Eq-1 6454 0.0142 6.242 0.0412 5.792 0.0304
Eq-2 647 0.0206 6.232 0.0419 5.815 0.0219
Eq-3 6439 0.0247 6.214 0.068 5.803  0.025

2n—3p
Eq-1 654 0.0107 634 0.0361 5.928 0.0066
Eg-2 6.555 0.0044  6.36 0.007 5948 0.0023
Eg-3 6538 0.0036 635 0.0048 5.929 0.0016

2n—3p
Eqg-1 6.674 0.0026 6.493 0.0162 6.168 0.012
Eg-2 6.761 0.0033 6.518 0.0022 6.181 0.0035
Eg-3 6.755 0.0002 649 0.0066 6.17 0.0014
41971

b TDDFT CAM-B3LYP/dAug-cc-pVDZ.
¢ TDDFT M1 1/dAug-cc-pVDZ.
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Guided by these observations we have plotted the CAM-B3LYP transition energies
and relative oscillator strengths on Fig. 6.3 with an empirically chosen -0.1 eV energy
offset. Although ignoring e.g. Franck-Condon factors the theory-experimental spectra
match with this empirical adjustment is convincing. The calculated 27 — 3s excitation
is brought into alignment with the 5.7 eV pedestal peak previously so assigned [114]
while the steep rise in the VUV absorption spectra, and in particular a weak inflection
at 6.12 eV in the higher resolution spectrum [97], coincides with the cluster of 27 — 37
and 1 — 3s transitions. Similar results are obtained by plotting the EOM-CCSD
calculations with an offset of -0.32 eV. (Systematic studies have found EOM-CCSD
can overestimate excitation energies by a few tenths eV, so that this adjustment is
not intrinsically surprising [138].) Overall, we therefore favour assignment of the
transitions in the pedestal region below 6 eV to the 2w — 3 electronic excitation, with
higher Rydberg excitations falling above this and infer a (2 + 1) ionization mechanism
at 420 nm producing vibrationally excited cations.
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Figure 6.4: 420 nm multiphoton PECD asymmetry of limonene enantiomers using all
electrons (no mass-tagging). Error bars are derived from Poisson count statistics. Also
shown on the same energy scale as a dashed grey line is the normalised photoelectron
energy distribution from Fig. 6.2, plotted on the same energy scale (dashed grey line,
right hand axis).

Fig. 6.4 shows the multiphoton PECD asymmetry obtained for both enantiomers
as a function of electron energy. The absolute magnitude is greatest in the vicinity of
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the peak in the electron energy distribution, and decreases on passing towards faster
electrons. The R- and S-enantiomer PECD effectively mirror each other, as would be
expected, an observation which also helps establish the molecular origin of the forward-
backward asymmetries that are detected. Selecting a photoelectron energy of 0.0-0.2 eV
that encompasses the photoelectron energy peak region we obtain asymmetry factors
of —0.044 + 0.002 for the R-enantiomer, and +0.046 + 0.002 for the S-enantiomer, a
magnitude about 30-fold greater than the corresponding asymmetry factors previously
observed in absorption [114] and ionization yield [130] measurements. There is then a
decrease in the asymmetry towards higher kinetic energies which might be expected to
correlate with production of vibrational ground state cation, although as noted there is
no distinct structure associated with this.

6.1 Conclusions

These preliminary observations of fs laser multiphoton PECD in limonene demonstrate
this to be a convenient and, because of the large asymmetry factors, a potentially
sensitive approach to enantiomeric identification in conjunction with laser ionization
mass spectrometry. They also raise some challenges and opportunities for developing
better theoretical insights. First, because of the existence of various conformers of
limonene it will be necessary to develop understanding of the plausible conformer
populations under experimental conditions and to account for these in computational
models, since PECD is known to be exceptionally sensitive to molecular conformation.
Secondly, it will be necessary to consider PECD generated not by ionization from
ground state neutrals, but from excited Rydberg states, and to account for additional
anisotropies introduced in the two photon excitation step. A first extension of successful
single photon PECD treatments in this manner, considering the MP-PECD of camphor,
provided encouraging results but much remains to be done [28]. Thirdly, according
to the interpretation offered here this will be the first instance in which PECD is
clearly observed from a vibrationally excited state. Recent evidence suggests that
vibronic interactions with odd quanta of vibrational excitation can exert a very dramatic
influence on PECD asymmetries [26, 139] and such possibilities will need to be
carefully checked out and validated. Further experiments using different wavelengths
and excitation schemes are planned as a contribution towards tackling these challenges
and opportunities.
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7.1 Introduction

Photoelectron circular dichroism (PECD) is a powerful technique to study the structural
and electronic characteristics of chiral molecules [15, 21, 22, 24, 123, 124] using a
synchrotron radiation light source. Recently the technique has been extended to the
multiphoton ionization regime utilizing femtosecond laser pulses [27, 28, 30, 31].

Two previous PECD studies on pure limonene enantiomers have been reported in
the earlier chapters of this thesis. In chapter 4, the single-photon ionization of limonene
with circularly polarized VUV light has been discussed and the PECD asymmetry was
found to show a strong correlation with vibrational structures in the first two ionic
bands. Moreover, in chapter 6, the first multiphoton PECD experiment on limonene is
presented using a 420 nm laser pulse and the single detector coincidence spectrometer.
At this wavelength, ionization takes place via a vibrational excited Rydberg state and
PECD asymmetry of about 4.5 % is reported.

In this chapter, I present a more extended study of multiphoton PECD of limonene
enantiomers using different laser wavelengths and ionization schemes. The results in
this chapter are compared with those two other results to improve the understanding of
multiphoton PECD.

This chapter is structured as follows. In section 7.2, I explain the experimental
method and setup. In section 7.3, I present and discuss the experimental results of both
limonene enantiomers ionized with femtosecond pulses at 420 nm, 412 nm and 392
nm and propose the possible multiphoton process in relation to the results reported in
previous chapters. Finally, I conclude the discussion in section 7.4.

7.2 Experimental method and setup

7.2.1 Vacuum system and coincidence spectrometer

The electron-ion coincidence spectrometer used for this work has been described in
detail before [57, 58] and is shown in Fig. 7.1.

The liquid samples of both Limonene enantiomers (purchased from Sigma-Aldrich
with a stated purity of 96% (S) and 97% (R)) were held in an external stainless steel
bubbler maintained at room temperature. A stream of pure Ne gas sweeps the sample
vapor through a stainless steel transfer line to a 150 ym diameter nozzle in the source
chamber. The Ne backing pressure was 0.2 bar for measurements at 420 nm and 412 nm
and 0.6 bar for the one at 392 nm. The expanding gas mixture generates a continuous
molecular beam in the source chamber. The molecular beam is double skimmed
downstream from the nozzle as it passes through the buffer chamber into the imaging
spectrometer chamber. In the imaging chamber, the molecular beam interacts with laser
light perpendicularly. After the ionization of the molecule, electrons are extracted by
velocity map imaging (VMI) [40] optics toward a time-and position sensitive delay line
detector. The full three dimensional momentum of each electron is directly obtained
from its position and time of arrival. Subsequently, ions are extracted downward toward
the opposing delay line detector where only time of arrival is recorded. Home-built
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Figure 7.1: Schematic overview of the experimental setup. Limonene sample is held in
the stainless steel reservoir at room temperature. The vapour of limonene is swept into
the coincidence machine by pure Ne gas. The continuous molecular beam is intersected
by a laser beam. After the ionization of the molecule the electron and ion pair are
detected in delayed coincidence on two opposing time- and position-sensitive delay
line detectors mounted perpendicular to the molecular beam and photon beam.

high-voltage switches, consisting of Behlke switches (HTS-51), are used to change the
magnitude and polarity of the high voltages on the ion lenses. The switches are operated
at the repetition rate of the laser system (3 kHz). Both electron and ion time-of-flight
(TOF) tubes are shielded by a Imm thick pu-metal tube. The typical voltages of the
charged particle lenses (repeller (R), extractor (E) and extra lens (L)) used for detecting
electrons and ions are R,=-520V, E,=-385V, L,=-275V and R;=2000 V, E;=1460V,
L;=0V, respectively.

7.2.2 Laser systems

The commercial femtosecond laser system (Spectra Physics) consists of a
Titanium:Sapphire oscillator (Mai-Tai) used for seeding the chirped regenerative
amplifier (Spitfire-Ace). The fundamental output of the laser was frequency doubled in
a BBO crystal and this second harmonic pulse was used for multiphoton ionization of
gaseous samples. In this work, three different pulses at 420.3 (AA1=2.5 nm), 412.5 nm
(AA =2.4 nm) and 392.3 nm (AA=2.3 nm) were used. The laser pulse duration was
about 150 fs and the pulse energies were about 18 uJ (420 nm), 20 pJ (412 nm) and
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10 nJ (412 nm) at 3 kHz repetition rate. The light beam was loosely focused into the
molecular beam sample (to a spot size approximately 100 pum x 150 um) by a lens
(f=30 cm). The corresponding intensity in the ionization volume is estimated to be
101-10'2 Wem ™2,

An achromatic quarter wave plate (B-Halle) was used to generate circularly polar-
ized light. The polarization of the light was characterized in terms of the Stokes vector
[90-92] by the rotating quarter-wave plate method as described by Lehmann [36]. The
Stokes parameter, S3, was determined to be S3 > 0.98 for all circular polarization states
used in this study.

7.2.3 Data acquisition and treatment

During the measurement, circular polarization (LCP/RCP) was switched every 500
s (1.5 million laser shots (MLS)) in order to reduce the effect of the drift in laser
intensity, signal stability and beam pointing. The measurement on each enantiomer
was performed during 36 MLS at 420 nm, 45 MLS at 412 nm and 63 (58.5) MLS for
R-(S-)limonene at 392 nm. The number of electron events per laser shot (e/LS) ratio
was set to be about 0.07- 0.08 for all experiments.

After careful checks that the center of the electron images were the same, all files
with the same polarization were combined together post measurement for data analysis.
Before the subtraction of the data files of opposite polarization, each combined data
file was scaled to the same total photoelectron intensity in the electron kinetic energy
region of interest. Multiphoton PECD asymmetry (G) has been formulated in such a
way that any residual forward-backward instrumental asymmetry can be canceled (see
chapter 2):

F-B
G = 4><( , (7.1)

F+B

where, F = NLCP,f + Nrcpps B= Nicpp + NRCP,f- Np.f and Np,b are the number of
electrons emitted in forward and backward hemispheres respectively. The error in G is
obtained by standard error propagation assuming Poisson statistics.

Equation 7.1 is used to examine the PECD spectra (Fig. 7.6) that follow in the next
section. Subsequently, the angular distribution will be examined in terms of Legendre
polynomials fit, to further highlight the photoionization dynamics.

7.3 Results and discussion

7.3.1 Time-of-Flight

Fig. 7.2 shows ion time-of-flight (TOF) spectra of limonene after multiphoton ioniza-
tion at (A) 420 nm, (B) 412 nm and (C) 392 nm. At each wavelength, TOF spectra are
identical regardless of the laser polarizations and sample enantiomers.

The parent ion (C1oH}; m/z=136) clearly forms the dominant ionic channel in all
measurements. The inset in Fig. 7.2(B) depicts the mass spectra in the region of 15-130
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Figure 7.2: Ion time-of-flight spectrum of limonene resulting from multiphoton
ionization at (A) 420 nm, (B) 412 nm and (C) 392 nm. Insets show a zoom-in of the
parent ion (m/z=136), fragment ions (15<m/z<130) and dimer (m/z=272) respectively.
Peak at masses 137 is parent molecule isotopomer with 13C.

amu where several fragment ions (labeled by their number of carbons) are observed.
During the measurement, the laser intensity was adjusted to minimize fragmentation.
Slightly higher Ne backing pressure in the 392 nm measurement caused the dimer
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cluster formation in the molecular beam (see panel C) while there is no sign of any
cluster ions in the two other measurements at 420 nm and 412 nm.

The ionization energy (IE) of the highest occupied molecular orbital (HOMO)
and second HOMO (HOMO-1) of limonene are 8.52 eV and 9.1 eV respectively
(see chapter 4). HOMO and HOMO-1 ionizations correspond to ionization of the
m-orbitals in the carbon ring and isopropenyl group in the molecule, respectively
[96, 97]. Thus, ionization requires at least three photons of our chosen wavelengths
(3hv(420 nm)=8.86 eV, 3hv(412nm)=9.01 eV and 3hv(392nm)=9.48 eV). Contrary to
the results presented here, VUV TOF spectra obtained for single photon ionization by
hv < 9.5 eV, show no fragmentation at all (see chapter 4). This may suggest that the
fragmentation arising from absorption of a further photon after the ionization and/or
a different ionization mechanism. I will discuss the ionization scheme further in the
next section by comparing mass-selected photoelectron spectra of the parent ion and
fragment ions.

7.3.2 Multiphoton ionization process and PECD

Figure 7.3 displays the photoelectron spectra (PES) of limonene derived from full
3D electron momenta for all (non-coincident) electrons detected and for mass-tagged
electrons (coincident with parent ion and fragment ions) at different wavelengths.
Moreover, Fig. 7.4 shows the dimer-tagged PES at 392 nm. For a given photon
wavelength the PES obtained for either polarization and for either enantiomer are
essentially the same. The overall similarity between parent and fragment ions tagged
PES suggests a similar ionization pathway for them i.e. most fragmentation comes after
ionization. However, the tail of fragment ions mass-tagged spectra seems to extend
more to higher photoelectron kinetic energies. This may support the supposition that a
small portion of fragmentation results from a more energetic ionization process, which
leads also to more fragmentation than expected from the three photon energy process.
Recently, Baumert et al. [31] studied the laser intensity dependence of fragmentation
for camphor where they showed that ionization of camphor precedes fragmentation.

Intermediate states may play a major role in multiphoton ionization experiments.
Lehamnn er al. [28] presented a theoretical calculation considering one-photon
ionization from the pre-aligned 3s-Rydberg state due to the interaction of the laser field.
The calculation provided acceptable agreement with experimental results in the limit
of weak-field ionization (10'> Wem™2) and described the importance of the resonant
intermediate states on the observed multiphoton PECD effect. In support of this figure,
Baumert et al. confirmed that the ionization from the resonant intermediate state is
the origin of the PECD in their recent intensity dependence studies of PECD [31].
Therefore, it is essential to consider the assignment of the resonant intermediate states
involved in a multiphoton ionization experiment.

Brint et al. [114] and later Smialek er al. [97] (with better resolution) recorded the
UV absorption of limonene in the range of 5.51-8.26 eV and 3.9-10.8 eV respectively.
Fig. 7.5 shows absorption spectra and corresponding circular dichroism (CD) spectrum
of limonene (recorded by Brint). The total energies of two-photon excitation for
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Figure 7.4: The photoelectron spectrum of mass-tagged m/z=272 of limonene
measured at 392 nm.

the indicated laser wavelengths are also shown in the graph. The assignment of the
transitions in the region below 6 eV has been already discussed in chapter 6 where the
small feature at 5.68 eV is assigned to 27 — 3s excitation and one and two quanta of
vibrational excitation in the same electronic transition respectively correspond to 5.90
eV and 6.05 eV energies [114].

I will now present and discuss the results obtained at different wavelengths individ-
ually.

Multiphoton PECD at 420 nm

The multiphoton ionization process of limonene at 420 nm is discussed in detail in
chapter 6. Here, I present the results obtained under different experimental conditions.
In the current experiment, the double-detector spectrometer setup was used and the
laser wavelength was also slightly different (420.3 nm). Three-photon ionization at
420.3 nm (2.95 eV) provides an energy of 8.86 eV which is only sufficient for HOMO
ionization. The maximum available excess energy of electron is 0.34 eV (=8.86 e V-
8.52 eV). This value is not matched with the experimental PES peak around 0.1 eV
(peak I). However, two-photon energy of 420 nm (=5.90 eV) matches the 27 — 3s
(v = 1) state with vibrational spacing of 1500 cm™! (=0.186 eV) from the origin. On the
other hand, the vibrational progression seen in the cation ground state has a first spacing
of 0.172 eV, believed to correspond to a double-bond stretching mode. Assuming a
Av = 0 propensity for Rydberg ionization to the parent ion, an energy loss of about
0.172 eV with respect to maximum electron kinetic energy is estimated. The excess
energy of 0.16 eV is now in acceptable agreement with experimental data. Therefore,
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we infer a two-photon resonant to 3s (v = 1) Rydberg state and three-photon ionization
mechanism (2+1) for the measurement at 420 nm.
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Figure 7.5: Absorption [97, 114] and circular dichroism [114] spectra of limonene.
The gray lines indicate total energies of two-photon excitation for indicated laser
wavelengths.

Fig. 7.6(A) shows the PECD asymmetry values obtained at 420 nm for both
enantiomers as a function of photoelectron energy in an energy window of +0.1 eV. All
plots depict the mirroring effect expected between the dichroism of two enantiomers
that in principle confirms the molecular origin of the chiral asymmetry and also shows
the reproducibility of the data. Furthermore, the results presented here (double-detector
mode) are very similar to the one reports in chapter 6 (single-detector mode).

Multiphoton PECD at 412 nm

The photoelectron spectrum of limonene from multiphoton ionization at 412.3 nm (3.0
eV) displays a prominent peak with maxima at 0.15 eV (II) with a small broad shoulder
centred at 0.5 eV (III) (see Fig. 7.3). Three-photon energy at 412.3 nm is equal to 9.01
eV resulting in the maximum available excess energy of 0.49 eV. This value accords
very well with the experimental PES peak III suggesting that here all the available
excess energy converts to kinetic energy of the photoelectron.

On the other hand, the energy shift between peak II (412 nm) and peak I (420 nm)
matches very well with the energy difference of a single photon; 3.01 eV(412 nm) -
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Figure 7.6: Multiphoton photoelectron circular dichroism asymmetry of both limonene
enantiomers for (i) all and (ii, iii) mass-tagged electrons measured at different
wavelength (A-C). Error bars are calculated from Poisson count statistics. The dashed
gray plot in the background is the photoelectron spectrum of given data.
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2.95 eV(420 nm)= 0.06 eV, suggesting peak II in PES can be assigned again to the
ionization of the vibrationally excited 3s Rydberg state while excess energy deposited
in the Rydberg intermediate state at the two photon level remains as the internal energy
in the ion state.

The PECD asymmetry values at 412 nm (see Fig. 7.6(B)) are very similar to the
one obtained at 420 nm. In both measurements the highest asymmetry is in the middle
of the PES peak and the asymmetry reduces for the faster electrons. This similarity, in
fact, suggests again that peak I and II are resulted from similar ionization mechanism.
Moreover, PECD values degrade to zero for photoelectron kinetic energy of about 0.4
eV. Low statistics does not allow further PECD determination around peak III.

Multiphoton PECD at 392 nm

The three 392 nm (=3.16 eV) photons provide an energy of 9.48 eV which is in
fact sufficient to ionize both 2z (HOMO) and 17 (HOMO-1) orbitals. Moreover, in
two-photon excitation, the Rydberg spectrum starts getting more complicated as we
need to consider all possible (2r — 3s, 2m — 3p, 1m — 3s) transitions resulting in
different ionization channels. Therefore, what we may observe in the experimental
data is the convolution of all of the plausible ionization paths, which makes it difficult
to deduce the dominant ionization process. I will continue firstly by presenting the
experimental data obtained at 392 nm followed by some possible explanations toward
better understanding of our experimental data.

The mass tagged parent and fragment ions PES of limonene from multiphoton
ionization at 392.3 nm show two peaks centered at 0.38 eV(IV) and 1.04 eV (V).
Moreover, the dimer PES shows a single peak with maximum around 0.6 eV (VI)
suggesting that a very different ionization process is taking place.

Fig. 7.7 shows slow PES (adopted from chapter 4), and He(I) PES [97], against
the electron kinetic energies available by three-photon excitation of our given laser
wavelength. One can use this figure to examine directly peaks (I-V) in multiphoton
excitation PES with respect to VUV PES.

The expected available excess energies from the ionization of HOMO and HOMO-1
are 0.96 eV (= 9.48 eV (3hv) - 8.52 eV (HOMO IE)) and 0.38 eV (=9.48 eV - 9.1
eV(HOMO-1 IE)) which fit well with the position of peak V (1.04 eV) and peak IV
(0.38 V) in the the PES respectively. Therefore, one possible assignment for peaks
IV and V would be that they are assigned to the ionization of different orbitals. Peak
V corresponds to adiabatic ionization of HOMO and peak IV could be assigned to
ionization of HOMO-1.

Moreover, the 17 to 3s Rydberg excitation is calculated to be at 6.12 eV (see
chapter 6). Two-photon excitation near 392 nm (equivalent to 6.32 eV) produces a 3s
Rydberg with a 17 hole, and 0.2 eV vibrational excitation (assume that the C=C stretch
is around 0.2 eV). Assuming 0.2 eV is retained in vibrational excitation of the cation,
and since 9.48 eV (3hv) - 9.1 eV (HOMO-1 IE)= 0.38 eV, again, this would seem to
suggest that the 9.1 eV peak in Fig. 7.7 is the HOMO-1(vg¢yetcn=1) peak.

Interestingly, the sign of PECD is switched between two PES peaks for a given
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Figure 7.7: He(I) [97] and threshold PES of limonene plotted against the electron
kinetic energies available by three-photon excitation of 420 nm, 412 nm and 392 nm
pulses.

enantiomer as is seen in Fig. 7.6(C). A flip in the sign of PECD between adjacent
bands, corresponding to different orbital ionizations, has often been observed in single
photon PECD studies [21, 23—-25]. Therefore, ionization from two different orbital,
proposed here, could possibly be consistent with the sign change in PECD.

A direct comparison of the VUV single photon experiment results (reported in
chapter 4) and multiphoton PECD results is shown in Figure 7.8. In the top panel,
single photon PECD and PES obtained with hv = 9.5 eV photons for R-limonene are
plotted against a common ionization energy scale. In the bottom panel, multiphoton
(non-coincidence) PECD and PES (measured at 392 nm) are displayed as a function
of photoelectron kinetic energy correlated with the top axis. Although the overall
ionization process between one and three photons are different, the sign (and more or
less the magnitude) of PECD asymmetries in these two experiments are very similar
in the position of peaks (A) and (D). This may support again the above mentioned
assignment for peak IV and V.

An alternative assignment for peak IV would be the ionization of the vibrationally
excited HOMO. Particularly, the two outermost bands of limonene (HOMO and HOMO-
1) are very close and it seems they are somewhat overlapped in the VUV photoelectron
spectra. The energy shift between peak IV (392 nm) and peak I (420 nm) fits reasonably
with the energy difference of a single photon, 3.16 (392 nm)- 2.95 (420 nm)= 0.21
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Figure 7.8: (Top panel) VUV PES (green line) and PECD (filled red squares) for
R-limonene measured at hv=9.5 eV. (Bottom panel) Multi-photon PECD (filled red
squares) and PES (blue line) measured by 392 nm laser light.

eV. Therefore, one may conclude that peak IV and peak I are ionized from a common
electronic state. The ionization takes place through the vibrationally excited 3s Rydberg
state and maintain that vibration in cation state.

The same sign of PECD asymmetry around peak I (420 nm), II (412 nm) and IV
(392 nm) indicates that they correspond to a similar transition. The different signs of
PECD at the position of peak IV and V could possibly imply ionization from different
vibrational levels.

The sensitivity of PECD to different vibrational ion levels has been studied previ-
ously [26] for methyloxirane where the sign of the asymmetry is also switched from
one vibrational level to another. It would be then feasible that the ionization from
different vibrational excited states leads to different signs in PECD.

In summary, I suggested two plausible interpretations for the assignment of peak
I'V. Either of these is possible but in reality both might occur. At the moment I do not
have any evidence which definitely rules one out in favor of the other.

Finally, the dimer PES is clearly different from the other spectra. The dominant
peak is around 0.6 eV. However, due to lack of theoretical and experimental information
for the cluster ions of limonene, it is difficult to interpret the ionization pathway of the
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Figure 7.9: Schematic multiphoton ionization scheme of limonene for indicated
femtosecond laser wavelengths.

dimer. Since there are very low dimer counts, the PECD asymmetry determination has

not been done .
The multiphoton ionization mechanisms proposed in this contribution are summa-

rized in Fig. 7.9.

7.3.3 Photoelectron angular distributions and PECD

The PECD asymmetry can be determined alternatively from angular coefficients [28,
29]. The photoelectron angular distribution (PAD) arising from n-photon ionization of
a chiral molecule with circularly polarized light is given by

I 2n
1,0 = “tot (1 +) bfP,— (cos@)), (7.2)
4 i=1

where p is the polarization of the light, and p=+1 and p=-1 correspond to left circular

polarized (LCP) and right circular polarized (RCP), respectively. P;(cos0) are Legendre
polynomials, bf are the corresponding expansion coefficients and @ is the angle between
the electron momentum and the propagation direction of the laser beam. Switching the
helicity of the circularly polarized light (or exchanging enantiomers) changes the sign
of the odd Legendre coefficients while leaving the even Legendre coefficients unaltered.
Therefore, the chiral information is embedded in odd Legendre terms which can be
isolated by subtracting PAD of one polarization from another for a single enantiomer:

I n
Icp©) — Igcp©) = Lort > 2bf 1 Py;_1(cosO)|. (7.3)
i=1
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The multiphoton PECD asymmetry can be also expressed as a single value in terms of
odd Legendre coefficients (assuming a three-photon process):

1 1

The b; coefficients also contain information which can be used for a better understand-
ing of photoionization dynamics.

An alternative quantity, called quadratic PECD (QPECD) has been proposed
recently [31] to quantify PECD as:

2

b’
QPECD=v12x | Y — (7.5)

i 2i+1

This new measure is useful particularly for situations where the odd b; coefficients
have a similar sign and may cancel each other in Eq. 7.4.

Table 7.1 tabulates the multiphoton PECD asymmetries of all three experiments
reported in this work plus the results from the measurement presented in chapter 6.
PECD values are derived from Eq. 7.4 and Eq. 7.5 for non-coincidence electrons in
selected energy windows of 0.1£0.1 eV (420 nm; peak I), 0.15+£0.15 eV (412 nm; peak
II), 0.38+0.2 eV (392 nm; peak IV) and 1.04+0.2 eV (392 nm; peak V ). Table7.2
presents the b; coefficients of various limonene measurements.

The asymmetry values given in Table 7.1 are not only consistent between two
enantiomers at a given photon wavelength but also with values obtained from the
forward-backward hemisphere analysis (Eq. 7.1 and Eq. 7.5) across the same energy
ranges.

However, there are two exceptions: firstly, the absolute PECD value of S-limonene
measured with the double-detector (discussed in this chapter) is rather different in
magnitude from three other measurements at 420 nm that may result from the instability
of laser pointing during the measurement. A slight variation in the center of the images
of such slow electrons may affect PECD values. However, the data reproducibility of the
three other measurements is very convincing. Secondly, the absolute asymmetry value
of S-limonene is essentially half that of the corresponding R-limonene results at 412 nm.
This inconsistency can be explained by examining the Legendre coefficients. Although,
the odd b; of S-limonene are much reduced, the even (non-chiral) coefficients for both
enantiomers are essentially identical. The result suggests that "S" measurements may
have been contaminated with "R" enantiomer and what we observed is actually the
enantiomeric excess (e.e.) ratio results.

The individual evaluation of b; coefficients show a similar trend as in the multi-
photon PECD study of methyloxirane [30]. The photoelectron asymmetry strongly
depends on the first Legendre coefficient, by, while b3 and bs contributions are almost
negligible. This would be necessarily the case for a one-photon ionization process,
where the angular distribution is limited to 0, 1 and 2 order Legendre polynomials.
However, the non-zero by and bg coefficients corroborate the involvement of angular
momenta from multiple photons. The reason why this does not appear to translate into
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non-zero values for the higher odd moments remains unclear and should be a topic
for future theoretical work. Finally, as we expected, G and QPECD values are very
similar due to the fact that the higher odd b; coefficients are very small and they are
also altered in sign.

7.4 Conclusions

In this chapter, I have presented the results of a multiphoton PECD experiment
performed on limonene at three wavelengths of 420 nm, 412 nm and 392 nm. The
double-detector electron-ion coincidence imaging spectrometer and femtosecond laser
system have been used to investigate the chiral asymmetry between both enantiomers.
This work complements the experiments reported in previous chapters on limonene
at 420 nm using a single detector coincidence spectrometer and the VUV single
photon ionization performed at the SOLEIL synchrotron facility. PECD results showed
mirroring between the dichroism of the two enantiomers corroborating the molecular
origin of the observed asymmetry. The chiral asymmetry up to order of 9% is reported
at 392 nm. I also discussed the possible ionization process occurring in all experiments
and what intermediate excitation states would be involved. Evaluating of PES of
parent and fragment ions explains that most fragmentation comes after ionization.
PECD asymmetry was determined from two approaches. The integrated count in
forward-backward hemispheres and also the Legendre coefficients show an excellent
agreement.
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ENANTIOMER SPECIFIC ANALYSIS OF
MULTI-COMPONENT MIXTURES BY
CORRELATED ELECTRON IMAGING-ION
MASS SPECTROMETRY

Simultaneous, enantiomer specific identification of chiral molecules in
multi-component mixtures is extremely challenging. Many established
techniques for single-component analysis fail to provide selectivity in
multi-component mixtures and lack sensitivity for dilute samples. Here
we show how enantiomers may be differentiated by Mass-Selected
PhotoElectron Circular Dichroism (MS-PECD) using an electron-ion
coincidence imaging spectrometer. As proof of concept, vapours
containing 1% of two chiral monoterpene molecules, limonene and
camphor, are irradiated by a circularly polarized femtosecond laser,
resulting in multiphoton near-threshold ionization with little molecular
fragmentation. Large chiral asymmetries (2% - 4%) are observed in
the mass-tagged photoelectron angular distributions. These asymmetries
switch sign according to the handedness (R- or S-) of the enantiomer in
the mixture and scale with enantiomeric excess (e.e.) of a component.
The results demonstrate that mass spectrometric identification of mixtures
of chiral molecules and quantitative determination of enantiomeric excess
can be achieved in a table-top instrument.

this chapter is published as: M. M. Rafiee Fanood, N. B. Ram, C. S. Lehmann, 1. Powis, M. H. M.
Janssen, Nature Communications, 6, 7511 (2015)
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Chapter 8

8.1 Introduction

There is an increasing awareness of the benefits stemming from enantiomer specific
analysis of mixtures of volatile organics (VOCs). These advantages have long been
apparent in the analysis of food odors where hundreds of chiral odorant pairs having
different perceived smells are known [140]. Recent work has highlighted the role
for enantiomer specific detection of for example, the monoterpene limonene in an-
alyzing biogenic emissions of VOCs [132, 141]. In a related manner, detection of
enantiomeric metabolites in clinical breath analysis may play an increasing role in the
understanding and development of chiral pharmaceuticals. Much progress has been
made in the analysis of mixtures of VOCs in such areas using direct injection mass
spectrometry [142, 143] where "soft" ionization techniques can obviate the need for
prior chromatographic separation, a particular advantage for field and in-vivo studies.
Yet mass spectrometry, traditionally a "chirally blind" technique, does not directly
address the identification of enantiomers in these mixtures, providing a stimulus for the
development of enhanced approaches that can provide such capabilities.

Mass spectrometric techniques for determination of single component enantiomeric
excess (e.e.) relevant to pharmaceutical development have, however, developed greatly
over the past decade [144, 145] and rely on interactions with a known chiral reference
reagent to discriminate enantiomers. These reference compounds have to be carefully
chosen in advance according to the specific target species, and have themselves to be
sourced in enantiopure form. Likely interference from contaminants in the analysed
sample stream has also to be considered, although hybrid MS/MS techniques can be
used to reduce such interferences.

As an alternative to chemical discriminants, a fully generic chiral reference is
provided by circularly polarized light (CPL), readily prepared and characterized by
well-established optical techniques. Chiroptical methods, such as electronic circular
dichroism (CD) and vibrational optical activity (VOA and VCD) rely on typically rather
weak chiral asymmetries (0.001-0.01%) in light-matter interaction, but are widely used
techniques for the detection and structural determination of solvated chiral molecules
[146, 147].

Recently, CD in ion yields generated by CPL multiphoton laser ionization of chiral
molecules has been shown to be capable of discriminating enantiomers in solvent
free conditions [12, 13]. An alternative, gas phase approach for the analysis of
chiral isomer mixtures, based on phase sensitive microwave spectroscopy, has also
been demonstrated [148, 149]. By eliminating the often indeterminate contributions
from solvation [150], gas phase studies of biomolecules can be of considerable value
for developing fundamental understanding [151] and permit the weak interactions
responsible for chiral molecular recognition to be directly examined [152, 153].

In this report we describe a proof of concept demonstration of a direct, generic
method for the simultaneous determination of enantiomeric components of a gaseous
mixture by laser-based mass spectrometric detection, coupled with coincident electron
imaging detection in a single table-top instrument. The detection of mass selected
parent ions in coincidence with energy dispersed electrons allows the electron spectra
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to be tagged by the precursor neutral. Recent work with synchrotron radiation has
demonstrated the analytical potential of recording correlated ion and photoelectron
ion spectra in this fashion [154]. Here, we add the convenience and additional
capabilities of a laboratory based ultrafast laser ionization source for optimized parent
ion production with, crucially, the use of circular polarizations and energy- and angle-
resolved imaging detection of the coincident electron. The latter provides the capability
of enantiomeric differentiation by photoelectron circular dichroism (PECD) [14, 17, 29,
33]. PECD derives from chiral asymmetries in the photoelectron angular distribution
that, for single VUV photon ionization, routinely fall in the range 1-10%. These
expectations are maintained in the recent emergence of multiphoton PECD where,
again, asymmetries of up to 10% have been reported from single pure enantiomers
[27, 28, 30, 31, 155]. Such large asymmetries provide more than sufficient sensitivity to
identify enantiomers of even minor (i.e. few %) components in a mass spectrum [25].
Hence, electron-ion coincidence imaging [58] is here shown to create the capability
to record fully multiplexed mass-tagged photoelectron circular dichroism spectra of
chiral molecules in multi-component mixtures.

8.2 Results

8.2.1 Coincidence detection of electrons and ions

Key features of the mass-selective photoelectron circular dichroism (MS-PECD)
experiment are provided in Fig. 8.1. Briefly the electron and ion from an individual
molecular ionization by a laser pulse are projected to respective detectors by electric
fields. The 3-D momentum distribution of the electron is recovered from its position
and time of flight (ToF) at the detector, while the mass of the ion can be determined
from its ToF. Coincident detection of the pair establishes their common origin, and
allows the electron data to be "tagged" according to the parent molecular mass. The
accumulated electron data from many such tagged coincidence detections can be used
to create the species-specific photoelectron energy and angular distributions required
for PECD analysis.

8.2.2 Mixture analysis

As a demonstration we sample prepared mixtures containing < 1% of two enantiomeric
monoterpenes, camphor (C19H;60) and limonene (C1oHjg), in an inert carrier gas
(Ne). Both terpenes occur as biogenic VOCs with stereoiosomerism of limonene, in
particular, being of significant interest in odor analysis and monitoring terrestrial plant
emissions [132]. Very recently, PECD asymmetries of ~8% have been demonstrated
for pure camphor enantiomers in multiphoton ionization using femtosecond (fs) laser
pulses around 400 nm [27-29, 33] while multiphoton PECD asymmetries of ~4%
have been reported for limonene using fs laser pulses centered at 420 nm [155]. Figure
8.2 shows schematically the simultaneously excited two-photon resonant, three-photon
ionization scheme for this mixture.
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Figure 8.1: Concept and implementation of Mass-Selected PhotoElectron Circular
Dichroism (MS-PECD). (A) Following an ionizing laser pulse that crosses a molecular
sample beam, ions and electrons are extracted in opposing directions by electric fields
to reach their respective detectors. Electrons are focussed using a velocity mapped
imaging (VMI) arrangement of electrodes to yield the complete (px,py,pz) momentum
from the time- and position-sensitive imaging detector [57]. For the present experiment
mass analysis is achieved from measuring just the ion time-of-flight (ToF). Detection
of a mass-selected ion in delayed coincidence with an electron identifies particles from
a single molecular ionization event and these electron-ion correlations can be used to
"tag" the accumulated electron data by their respective parent molecular masses. Panel
(B) shows how the mass-tagged electron angular distributions recorded with circular
polarized light display a forward-backward asymmetry that can distinguish between
enantiomers, while the radius maps the electron kinetic energy.

In Figure 8.3, the ion ToF mass spectra for two different mixtures of enantiomeric
vapours, Mix-RR (R-limonene/R-camphor) and Mix-RS (R-limonene/S-camphor),
are shown after ionization with circular polarized 150 fs duration laser pulses with
wavelength centered at 392.3 nm. The bandwidth of these fs laser pulses simultaneously
encompasses two-photon resonant excitations to excited 3s Rydberg states of either
molecular species [28, 97], followed by absorption of a third photon taking each system
above its ionization limit (Fig. 2A). Ion ToF analysis produces similar mass spectra
from both RS-(Fig. 8.3A) and RR-(Fig. 8.3B) mixtures. Only a small change in relative
peak heights of the camphor versus limonene is observed between the Mix-RS and
Mix-RR samples, due to slightly different experimental conditions, of no relevance here.
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Chiral Chiral
Molecule 1 Molecule 2

Figure 8.2: Multiphoton ionization by femtosecond laser excitation for a two
component mixture. Panel (A) shows schematically the "soft", two photon-resonant,
three photon-ionization producing parent molecular ions and coincident electrons
(el,MIr ) and (eg,Mgr ). Panel (B) indicates how the laser may be tuned to excite
via specific resonant neutral states. The different photoelectron energy distributions
(spectra) obtained from the mass-tagged coincident electrons e; and ep are shown
schematically and may be used to help chemical identification.

The insets in Figure 8.3 show the mass spectra in the region of 136-152 amu where the
peaks corresponding to the parent ions of limonene (136 amu) and camphor (152 amu)
can be clearly observed. From the width of the peaks in the mass spectra we can extract
a mass resolution of m/Am ~ 1100 in this mass region. In this study we aimed for soft
ionization with as low as possible fragmentation. The intensity and focus position of
the femtosecond laser were adjusted such that the peaks due to fragmentation of the
parent ion were only minor components in the mass spectra. As was reported before
for ionization of pure camphor samples near 400 nm [28], parent ion fragmentation
can be easily induced by increasing the laser fluence although, noting the invariance
of mass-selected photoelectron spectra of various ionic fragments, it was concluded
that fragmentation was induced after photoionization of the neutral molecule. So, in
principle, the laser fluence could be adjusted to obtain further structural identification
from the fragmentation fingerprint [156, 157], and furthermore, the wavelength could
be varied to achieve more selective ionization of preferred mixture components.
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Figure 8.3: Measured time-of-flight (ToF) spectra of two mixtures of limonene (136
amu) and camphor (152 amu). In panel (A) the ToF spectrum of a mixture containing
R-limonene and S-camphor is shown, while in panel (B) the ToF spectrum of a mixture
containing R-limonene and R-camphor is shown. The mixtures were seeded in neon and
expanded through a nozzle as a molecular beam. The parent mass region is expanded
in the insets. The small peaks at masses 137 and 153 are parent molecule isotopomers
with 13C at natural abundance.
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Figure 8.4: Photoelectron kinetic energy (K.E.) spectra. The mixtures Mix-RR and
Mix-RS were irradiated with a femtosecond laser beam at 392 nm with either left
circular polarization (LCP) or right circular polarization (RCP). In panel (A) the kinetic
energy of all detected electrons is shown; below that are shown the kinetic energy
of coincident mass tagged electrons at m/z = 136 (limonene - panel (B)) and m/z =
152 (camphor - panel (C)). The mass-tagged electrons in the shaded areas around the
main peaks, (0.25+0.25) eV for limonene and (0.6+0.2) eV for camphor, were used to
extract the three-dimensional angular distribution from which the PECD asymmetry
was calculated, see Fig. 8.5.
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In Figure 8.4, we show the photoelectron spectra (PES) obtained after ionization at
392 nm with circularly polarized light. The electron kinetic energy distributions are
extracted from their full three-dimensional (3D) momentum distributions recorded by
position and time of arrival encoding of individual electrons at our imaging delay line
detector [57]. Furthermore, the coincidence between ion and electron events allows
each electron to be associated with formation of an ion of given mass. For each mixture
PES are shown for ionization with both Right and Left Circular Polarized (RCP and
LCP) light. In panel 8.4A the PES obtained from the arrival of all electrons without
any correlation of the electron with the mass of the coincident ion are shown; in panel
8.4B the PES of electrons coincident with an ion mass 136 (limonene) are shown, and
in panel 8.4C the spectra of electrons coincident with an ion mass 152 (camphor) are
presented. As expected the PES for the mixtures Mix-RR and Mix-RS and the two
light helicities are all the same for a given choice of electron mass-tagging. However,
we do see clear differences between the mass-tagged electron spectra coincident with
camphor or limonene parent ions within a single mixture. A prominent peak around
0.6 eV is observed in the camphor tagged PES. Using the ionization energy of camphor
of 8.7 eV and a laser photon energy of 3.16 eV the electron peak at 0.6 eV is assigned
to three-photon ionization of the HOMO orbital [28], leaving only 0.18 eV of internal
vibrational excitation in the camphor parent ion. The limonene tagged PES shows
somewhat broader structures with a dominant peak around 0.3 eV. This peak is assigned
to three-photon ionization of the HOMO-1 orbital [97].

Multiphoton PECD measurements can be used to characterise the selected enan-
tiomer by means of a simple asymmetry factor, defined for a given CPL as [28]:

N/ —N
G = 4|1 %) 8.1)
Nf+Nb

where N t and N}, are, respectively, the number of electrons emitted into forward

and backward hemispheres (i.e. 0 <6 <n/2 and n/2 < 0 < & relative to the light
propagation direction) and are derived from the accumulated electron distribution data
after filtering by coincident ion mass and the preferred energy range. In practice,
measurements are made by alternating LCP and RCP light and the two counts, Ny
and Np, obtained by combining the two polarization measurements in a manner that
cancels any residual instrumental forward-backward asymmetry, as detailed below in
Methods and section II of ref. [28]).

In Figure 8.5 the mass-tagged PECD asymmetries for 392 nm excitation, determined
across the respective PES peak ranges identified in Fig. 8.4, are plotted for Mix-RR and
Mix-RS. It is observed that PECD is different from zero (absolute PECD values around
2% and 4%), indicating that the compounds in this gaseous mixture at both the mass
136 and mass 152 are chiral. Furthermore, when changing from Mix-RR to Mix-RS
the mass 136 (limonene) tagged PECD does not change (within experimental error,
see Table 8.1), while for mass 152 (camphor) PECD reverses sign when changing the
mixture. This latter sign reversal is anticipated and clearly correlates with the change
of the camphor enantiomer in the mixture. Conversely, the absence of change in the
mass 136 tagged PECD indicates that the enantiomer composition of limonene has not
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Figure 8.5: Mass selected PECD asymmetries, G, measured by multiphoton MS-
PECD for two mixtures of enantiomerically pure limonene and camphor. Between
Mix-RR (Rlimonene/R-camphor) and Mix-RS (R-limonene/S-camphor) the camphor
MS-PECD asymmetry flips sign, as anticipated for a change from R- to S-camphor,
while for limonene the MS-PECD asymmetry remains the same. See also Table 8.1 for
explicit values with uncertainties.

changed between the two mixtures. This is exactly in agreement with the composition
of the two mixtures that we prepared in this experiment.

8.2.3 Analysis for enantiomeric excess

As a final demonstration recordings were made with Mix-S[Rs], a combination of S-
limonene and a 3:1 mix of R:S camphor vapours (50% e.e.). The results are compared
with those for the previous two mixtures in Table 1. The S-limonene PECD retains the
same magnitude but, as would be predicted, opposite sign to the previous R-limonene
mixtures while the camphor PECD is reduced in magnitude, reflecting the reduction in
enantiomeric purity.

For any component the observed PECD can be written as G=fgrGr+fsGs=(2fr —
1)Gg, where fYx is the fractional abundance of enantiomer X and Gy its PECD asymme-
try. But since e.e.=(fg — fs) x100% it is straightforward to show that e.e.=G/Gg*x100%.
We can obtain a value for camphor Gg under the conditions of these measurements,
assuming 100% e.e. of our commercial R- and S- camphor products, from the mean
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Table 8.1: MS-PECD asymmetry factor G measured for the various mixtures and pure

samples.
Mass-tagged data Non-Mass-tagged data
Component  limonene camphor  Allions All ions
Ton Mass (m/z) 136 152
Electron Energy 0005  04-0.8  0.0-0.5 0.4-0.8
Range (eV)

Mix-RR  -0.022(9) 0.042(11) -0.003(4) 0.023(5)
Mix-RS  -0.023(9) -0.039(12) -0.019(4) -0.015(4)
Mix-S[Rs] 0.024(7) 0.022(9)  0.017(4) 0.020(4)

Pure R-limonene -0.019(11)
Pure S-limonene  0.020(11)

Mean |G|  0.022(2)°  0.041(2)°

& G value derived by Forward/Backward differences in coincident electron counts, see Eq. 8.4.
Quoted uncertainties (in brackets of last digits) are estimated assuming Poisson counting
statistics and using standard error propagation. The filtered electron energy ranges are those
shown shaded in panels B and C of Fig. 8.4.

Mean absolute value of MS-PECD, G, for limonene obtained from the 5 values above. The
sign corresponds to the value for S-limonene and ionization with LCP light. The standard
deviation of the sample (in brackets of last digits) is shown.

Mean absolute value of MS-PECD, G, for camphor obtained from the 2 values above
and excluding the value of the enantiomerically mixed camphor in Mix-S[Rs]. The sign
corresponds to the value for R-camphor and ionization with LCP light. The standard
deviation of the sample (in brackets of last digits) is shown.

b

C

magnitude measured for Mix-RR and Mix-RS, which from Table 8.1 gives Gr=
0.041(2) where the uncertainty in the last digit is the sample standard deviation. Hence
the measured camphor PECD for Mix-R[Rs] (Table 1) suggests the result e.e.=0.5+0.2,
in excellent agreement with the prepared composition of this sample.

8.3 Discussion

It is evident from the preceding results that the PECD asymmetry factor, G (Egs. 8.1
and 8.4), evaluated simply from the electron emission yields in forward and backward
directions (relative to the laser beam direction) provides a convenient, quantitative
characterization of enantiomeric composition. These are identical to asymmetry factors
obtained from the full analysis of the photoelectron angular distribution (see Methods
section and Supplementary Table 8.2) allowing us to conclude that a full angular
resolving electron detector is not a prerequisite for MS-PECD enantiomeric analysis;
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in principle a bi-detector, capable of discriminating just forward and backward electron
scattering directions would be sufficient. Table 8.1 includes another comparison, this of
results obtained with energy selection but without mass-tagging of the electrons. Even
the partial overlapping of the photoelectron spectra regions assigned to camphor and
limonene in Fig. 8.4 leads to a complete scrambling of the non-tagged PECD G values
which no longer display an intuitively discernable pattern. Interpretation of such data
therefore poses at best a considerably greater challenge and would require far greater
a priori knowledge concerning the mixture under examination. The correlation of
electron and ion data by coincidence detection methods therefore is capable of yielding
a level of insight additional to either the electron- or ion mass-spectroscopy alone.

Many (chiral) molecules have two-photon absorptions accessible at single photon
wavelengths around 400 nm and ionization energies in a corresponding three-photon
region around 9 eV. Combined with the large spectral bandwidth of an ultrafast laser
pulse, the simultaneous ionization of multiple molecular components in a mixture can
be expected to be relatively facile. Conversely, at longer wavelengths more selective
ionization via selected chromophores becomes feasible. PECD itself provides a very
rich signature of the ionized species, with asymmetries that vary depending on initial
orbital, photon energy, and molecular conformation [14, 29]. Variation of the resonant
laser ionization scheme would allow for effective exploitation of these properties,
perhaps by employing more selective excitation through different resonant states (see
Fig. 8.2) or by establishing conditions that optimize the magnitude of detectable PECD
asymmetry - and hence further enhance sensitivity. (In this context it may be noted
that despite the large excess of neon carrier gas (>99%) ionization of Ne is completely
suppressed precisely because there is no accessible resonantly enhanced pathway with
392 nm photons, and a non-resonant mechanism would demand much higher laser
intensity.) Furthermore, with picosecond lasers one can selectively excite individual
vibrational bands within the electronically excited intermediate. This may provide
opportunities for conformer specific resonant ionization [158] and also open the door
to possible rich vibronic phenomena in PECD capable of providing further structural
insights [26, 139].

The precision of our e.e. determination is comparable to that achieved, with
comparable data acquisition times, using a polarized microwave double resonance
technique [148, 149, 159] with detected phase providing enantiomer discrimination;
for example an e.e. for (-)-menthone was measured as 0.625+0.242 [160]. Shorter
acquisition times have been reported using a variation of this technique, permitting
an e.e. of 0.025+0.005 to be measured with a 1,2- propanediol mixture with a known
prepared 0.02 enantiomeric excess [161]. The asymmetry factors reported here are
determined as a relatively simple function of two effective counters recording the
number of electrons emitted into forward and backward hemispheres. These counts
are assumed to be subject to Poisson statistics, which will determine the precision of
the reported asymmetries, and especially the e.e. ratio. The reproducibility of repeated
MS-PECD determinations, in both single and multi-component samples is, as shown in
Table 8.1, very encouraging. Nevertheless, it is clear that an increase in data acquisition
rate would provide benefits of reduced uncertainty associated with measurements
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and/or reduced measurement times with correspondingly improved convenience and
sample consumption.

One obvious, and (in a limited sense) trivial to implement improvement would
be an increase in laser repetition rate. A hundred-fold increase from the current 3
kHz, would yield a tenfold improvement in statistical uncertainty, reducing that in the
e.e. determination reported here to the level of a few %. Coincidence measurements
with high (MHz) repetition rate sources are well established using synchrotron sources
operating in their "few bunch" temporal modes; indeed the first electron-ion coincidence
imaging PECD measurements were obtained in such conditions [20]. More recently,
electron-ion coincidence experiments with a 400 kHz short pulse laser source have
been reported [52] and indeed suitable high rep-rate fibre lasers providing ps-fs pulse
durations are now commercially available. An alternative, and not mutually exclusive,
possibility would be a relaxation of the severe ionization rate limitation, here set
at less than 0.08 electrons per laser shot, imposed to minimise false coincidences.
The adoption of covariance mapping techniques to replace electron-ion coincidence
detection [162], may offer one route to accommodate significantly enhanced count
rates without loss of the fundamental capabilities we have demonstrated. But this
limitation can be eliminated completely if mass tagged electron detection were not
required for discriminating mixture components; for example if wavelength selective
excitation/ionization techniques could instead be employed, or for e.e. determinations
on single components. It is clear in such cases that, subject to detector dynamic range,
ionization rates increased by three or more orders of magnitude could then be utilized.
A combination of higher laser repetition rate and relaxation of the limiting ionization
rate per laser shot can feasibly be expected to yield an order of magnitude improvement
in both precision and acquisition times.

There is an alternative approach to enantioselective laser ionization mass spectrom-
etry, LIMS-CD, that measures CD in the overall ion yield. To date, most reported
experiments have utilised low-order (n+n’) resonance enhanced excitations by ns UV
lasers [13, 129, 130], although recently Weitzel and co-workers have demonstrated fs
laser LIMS-CD, including non-resonant 800 nm excitation [12] LIMS-CD and MS-
PECD experiments with an ultrafast laser can thus share the potential capabilities of this
ionization technique, as detailed above. Beyond that, while the (multiphoton) PECD
effect develops in the pure electric-dipole approximation, LIMS-CD appears to depend
on higher order multipole interactions, and in some way conflates CD contributions
from various linear and non-linear photon absorption steps. This can be evidenced
by the observation of different CD from nascent parent ion and more photon hungry
fragmentation channels [12, 163]. In MS-PECD any post-ionization absorption should
not contribute differently to the measured asymmetry.

Both LIMS-CD and MS-PECD require steps to reduce instrumental asymmetry.
In LIMS-CD intensity differences in the LCP and RCP beams, and pulse-to-pulse
fluctuations of the temporal and spatial distribution of the laser pulse energy are most
effectively overcome for a single chiral component by concurrent measurement of an
achiral reference which is thus required to have a similar absorption spectra and laser
intensity dependence [12, 130, 131] ideally for both parent and daughter ion channels.
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In some circumstances this might be quite demanding to arrange in a multi-component
simultaneous measurement. In contrast, our MS-PECD data acquisition methodology
(outlined in Methods, below) deliberately accumulates equal counts from the two
polarizations such that when forming the dichroism as a difference between the two
polarizations any residual, polarization independent instrumental asymmetry in the
angular distributions, e.g. resulting from detector spatial inhomogeneities, gets fully
cancelled. This precaution is trivially implemented for all species, but so doing actively
precludes observation of any CD that may be present in the ionization yields.

A laboratory scale ultrafast laser imaging mass spectrometer capable of simultane-
ously detecting multiple enantiomeric species in gaseous mixtures without requiring
prior separation techniques or reactions with complexing reagents, such as we have
considered here, will open new analytical applications for the sensitive and selective
detection of chiral molecules. As the measurements are performed on mass-selected
species we can envisage extending the the technique to molecular complexes like chiral
dimers, or microsolvated chiral molecules [25]. Furthermore, the combination of MS-
PECD with laser desorption of chiral molecules from site-selected regions of surface
samples [151], will extend the MS-PECD technique to sample chiral molecules directly
from spatially selected regions on a two dimensional surface [164]. A complementary
approach using a table-top laser source of elliptically polarized VUV for single photon
PECD measurements has also been recently described [165].

Finally we note that theoretical modeling of single photon PECD is generally of
sufficient quality to identify unambiguously absolute molecular configuration from the
experimental observations [14, 122]. The current theoretical modeling for multiphoton
PECD is less developed [28, 166] although work such as that presented here should
help stimulate further theoretical efforts to model and quantify multiphoton PECD.

8.4 Methods

8.4.1 Experimental setup

The experimental setup used in the present work has been described in detail before [57]
and 1s schematically shown in Figure 8.1. The expanding gas mixture generates a con-
tinuous molecular beam in the source chamber which is doubly skimmed downstream
of the nozzle as it passes through the buffer chamber into the imaging spectrometer
chamber. In the imaging chamber the molecular beam intersects the laser beam at 90°.
After ionization of a molecule, the electron and ion are detected in coincidence on
two opposing time- and position-sensitive delay line detectors. In our experiment we
operated velocity map imaging (VMI) voltages for electron detection and optimized
voltages for optimal mass resolution (and not necessarily optimal voltages for VMI of
ions) for ion detection.

Camphor and limonene enantiomers - R and S forms - of high purity (> 96%) were
purchased from Sigma-Aldrich. The liquid limonene samples were held in an external
stainless steel reservoir maintained at room temperature. A stream of pure neon gas
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at 0.6 bar backing pressure sweeps the vapor of limonene through a stainless steel
transfer line and through a further sample reservoir, containing camphor solids, also at
room temperature . A continuous seeded molecular beam is created by expanding the
gas mixture through a nozzle into the first vacuum chamber from where it is doubly
skimmed before entering the ionization region. To prepare Mix-S[Rs] a 3:1 mixture of
R:S camphor (e.e.=50%) was accurately weighed out. It was then ground together to
ensure a homogeneous sample of the enantiomers before being placed in the reservoir.

A commercial femtosecond laser system manufactured by Spectra Physics was
used. The laser had a pulse duration of about 150 fs with 3 kHz repetition rate, and the
frequency doubled output at 392 nm was attenuated to provide pulse energies of about
10-12 pJ (Mix-RR and Mix-S[Rs]) and 13-16 pJ (Mix-RS). It was loosely focused
into the molecular beam with a lens of about 30 cm focal length. The corresponding
intensity in the ionization volume is estimated to be 1011-10!2 W cm™2. Further details
are provided in Supplementary Figures 8.6-8.9 and Supplementary Methods.

8.4.2 Data acquisition and analysis

For each mixture data were accumulated for ~ 2 x 102 laser shots, during which the
circular polarization (LCP/RCP) was switched every 500 seconds in order to reduce
the effect of any experimental drift. The average number of electron events per laser
shot, independent of coincident ion was limited to about 0.08. This count rate ensures
that the probability for false coincidences is less than 0.3% assuming Poisson statistics.

The photoelectron angular distribution, I, (6), arising from an n-photon ionization
of a chiral molecule with circular polarized light is given by [28]

I 2:n
1,0 = 4t_;>; (1+Zlbfp,~ (cose)), (8.2)
1=

where p is the polarization ( p=+1 and p=-1 correspond to left circular polarized (LCP)
and right circular polarized (RCP) radiation, respectively). Here, 0 is the angle between
the electron momentum and the propagation direction of the laser beam, P;(cosf)
are Legendre polynomials, and bf are the corresponding coefficients. Because the
odd bf coefficients are antisymmetric with respect to circular polarization switching
(bl?Ll = —bl._1 ,1=1,3,5,...), whereas the even coefficients are unaltered [28, 29, 33] the
chiral (odd) coefficients can be isolated by forming the dichroism or difference angular
distribution:

Ircp(0) — Ircp(0) I10)-1-1(0) (8.3)

Itot

n
Y 2b;  Psiy(cosO)|.
i=1

Forward-backward asymmetry arises from these odd polynomials in cosf . A useful
measure to quantify the enantiomeric sensitivity of multiphoton PECD in a single
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asymmetry parameter has been suggested as
+1 1 +1 1 +1
G = 2bj —=by +-b; +.., (8.3)
2 4
(truncated as shown for a three photon process) and this can be trivially evaluated from

considering, for each polarization p, the numbers of electrons emitted in the forward
and backward hemispheres (respectively Ny, ¢ and Np, 5 ) [28, 29, 33]:

F-B
G = 4><(—; (8.4)
F+B
F=Ni1f+N1p 5 B=Niyp+Noyf.

This form of combining polarization measurements has the experimental advantage
of cancelling any polarization-independent residual instrumental asymmetry that might
result e.g. from detector gain inhomogeneity. To ensure optimum cancellation it is
arranged that we achieve the same total count for each polarization such that (N, ¢ +
Ni1,p)=(N-1,¢ + N_1,5). Assuming Poisson counting statistics there is an uncertainty
V'N in each count and so the error in G is obtained by standard error propagation.

Mass-tagged and photoelectron-energy selected coincidence events were filtered
from the data for the various polarization settings, and PECD asymmetry factors
calculated using Eq. 8.4 are presented in Table 8.1, with errors estimated by error
propagation assuming Poisson counting statistics.

Further experimental details are provided in Supplementary Methods and we also
compare G factors derived from the full electron angular distribution analysis (Eq. 8.3)
with those from application of Eq. 8.4 in Supplementary Table 8.2.
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8.5 Electron-ion coincidence imaging apparatus

The experimental setup used in the present work, shown schematically in Figure 8.1,
has been described in detail before [57]. In brief, the coincidence imaging apparatus
consists of three UHV chambers, the source chamber, a buffer chamber and the imaging
chamber. A continuous molecular beam is generated by expansion through a 150 m
diameter conical nozzle into the source chamber and is doubly skimmed downstream of
the nozzle by a 500 m diameter skimmer followed by a 200 m diameter skimmer as it
passes through the buffer chamber into the imaging spectrometer chamber. The overall
distance between nozzle and interaction region is about 45 cm. In the imaging chamber
the molecular beam intersects the laser beam at 90°. The electron and ion resulting
from a molecule’s ionization are detected in coincidence on two opposing time- and
position-sensitive delay line detectors. High voltage switches are used to change the
magnitude and polarity of the high voltages on the ion lenses. The switches are operated
at the repetition rate of the laser system (3 kHz). Both electron and ion time-of-flight
(ToF ) tubes are shielded by a 1mm thick -metal tube. In our experiment we operated
velocity map imaging (VMI) voltages for electron detection and tuned voltages for
optimal mass resolution (and not necessarily optimal voltages for VMI of ions) for ion
detection. The typical voltages on the particle lenses (repeller (R), extractor (E) and
extra lens (L), see Figure 2 in ref. [57]) that were operated for detecting electrons are
R,=-520V, E,=-385V, L,=-275 V and for detecting ions are R;=2000 V, E;=1460V,
L;i=0 V.

8.6 Energy calibration of the electron detector

The three-dimensional (3D) electron velocity distribution is obtained directly from the
position encoding delay-line detector and Micro-Channel-Plate arrival time pickup
[57]. Unlike the more conventional arrangement using CCD camera imaging of the 2D
projection image of (non-coincident) photoelectrons, no inversion routine (like Abel
transformation or pBasex deconvolution [105]) is needed to recover data. The energy
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scale and the origin of the 3D electron velocity distribution were carefully calibrated
on multiphoton ionization of a seeded beam of 5% Xe in Ne. In Supplementary Figure
8.6 we show a typical mass spectrum of Xe, showing all the isotopes with clear mass
resolution. In Supplementary Figure 8.7 a typical photoelectron spectrum as measured
for Xe is shown. These calibration images on Xe photoionization were taken under the
same conditions, using the same position and polarization settings of the laser beam,
within the same experimental runs. This allows for a careful analysis of the calibration
of the photoelectron images.
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Figure 8.6: Typical mass spectrum as obtained on a seeded beam of 5% xenon in neon.
The mass spectrum is measured under similar experimental conditions regarding laser
and imaging spectrometer settings as the mixtures of limonene and camphor. All the
isotopes of xenon can be clearly observed with good mass separation.

8.7 Laser system, characterization of spectrum and
polarization of pulses

In the present experiments a commercial femtosecond laser system manufactured by
Spectra Physics was used. It consists of a Titanium:Sapphire oscillator (Mai-Tai) that
seeds the chirped regenerative amplifier (Spitfire-Ace). The output of the amplifier was
optimized to deliver pulses centered at 784.6 nm wavelength with >5 W power at 3 kHz
repetition rate and 120-150 fs pulse duration. The fundamental beam is subsequently
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Figure 8.7: Typical photoelectron spectrum as measured in coincidence with Xe™
ions. With the ionization energy of xenon (IP = 12.12984 eV) and the measured
wavelength of the femtosecond laser it can be concluded that the electrons result from
4 photon ionization. The electron kinetic energy can then be calibrated using energy
conservation: 4*photon energy - IP = photoelectron energy.

frequency doubled in a BBO crystal. The spectral width and centre wavelength are
continuously monitored with a fiber-based spectrometer (Ocean Optics USB 4000). In
Supplementary Figure 8.8 a typical spectrum of the frequency doubled femtosecond
laser pulse near 392.3 nm is shown.

A broadband quarter wave plate (B-Halle) was used to generate circular polarized
light. The polarization of the light was characterized in terms of the Stokes vector
by the rotating quarter wave plate method [92]. The measured intensity curves for
both left- and right circular polarized light for the pulses at 392 nm are shown in
Supplementary Figure 8.9 and the Stokes vectors obtained from the curves are: RCP: S
=(1,-0.01,0.03,0.99) and LCP: S = (1, -0.11, 0.08, -0.99). Hence, we achieve nearly
perfect circular polarization of the laser light source (S3 = +1).

8.8 Sample composition and consumption
The samples of limonene/camphor, held in room temperature reservoirs, are co-

expanded with 0.6 bar Ne behind the nozzle into the spectrometer. Taking the room
temperature sample vapour pressures to be 2 mbar (limonene) and 0.5 mbar (camphor)
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Figure 8.8: Typical spectrum of the frequency doubled femtosecond laser pulse with a
central wavelength of 392.3 nm and a Full-Width-Half-Maximum of 2.3 nm.

[167] we can estimate the respective composition in the molecular beam, assuming
seeding fractions correspond to the relative partial pressures, to be 0.33% and 0.08%,
respectively. An estimate of the sample consumption can be made using the pressure
and pump speed in the source chamber. Given the observed pressure increase in
the source chamber to be about 2 x 10~% mbar when the beam is on, we can derive
an estimate for the partial pressure of limonene as (2 x 1073/0.6) x 2 x 10~ mbar =
6.7 x 10”7 mbar. With an effective pump speed of about 1000 liter per sec in the source
chamber the pumped limonene sample volume is 1000 x 6.7 x 10~/ mbar liter per sec =
6.7 x 1077 bar liter per sec ~ 2.7 x 1078 mol per sec of limonene sample. In the present
experiment we measured about 102 laser shots per polarization which corresponds to
7 x 10* sec for a complete measurement made with the current laser rep rate of 3 kHz.
From this we estimate that we used about 1.9 mmol of limonene. Consumption of
camphor, which has a vapour pressure of about 25% relative to limonene, will therefore
be about 0.5 mmol.

8.9 Measurement procedure and data analysis

The measurements on each mixture were performed switching between LCP and RCP
polarization at 500 sec intervals. After careful checks that, among other things, the
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Figure 8.9: Measured graph for the analysis of the Stokes parameters of the circularly
polarized laser pulses near 392 nm using the rotating quarter wave plate method [92].
The green data (data points are green squares, best fit is green line) was measured for
LCP, the dark red data (data points are solid dots, best fit is red line) for RCP. The
Stokes parameters obtained from the best fit lines are given in the text.

centre of the electron data are the same (by checking the xenon data files taken during
the measurements), all files with the same polarization were combined together at
the end of the measurement for data analysis. The coincident data on electrons and
ions provide direct time and position information for each event that can be converted
directly (after calibration of the electron and ion spectrometers with Xe) to ion mass
and full three-dimensional momenta (px, py, pz) of the electron. The latter is in turn
reduced further to an emission direction into either the forward or backward direction
(relative to the laser beam). Under our present experimental conditions of laser fluence,
sample density and detector efficiencies, we detect about 0.08 electrons per laser shot,
and obtain about 0.012 detected (e,ion) coincidence events per laser shot. Selection of
ion mass and electron energy range filters a total of about 50000-80000 mass-tagged,
energy selected (e,ion) events out of the total set of coincidence events per LCP or RCP
polarization measurement per mixture.

Although equal recording time is devoted to the two polarizations, small intensity
differences mean that there is a need to adjust the two data sets to have the same total
count after which the PECD asymmetry, G, is calculated using Eq. 8.4. Because of
this adjustment we are effectively insensitive to any differences of overall detection
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efficiency between LCP and RCP in this multiphoton excitation scheme.

The analysis (see main text) using the forward/backward differences in events is
compared with the alternative analysis of fitting the full angular distribution of electron
scattering by a Legendre polynomial series up to rank six in the Supplementary Table
8.2. As expected these two alternative analysis methods to extract MS-PECD G-values
agree very well. Hence the forward/backward analysis presented in the main paper and
Figure 8.5 can be judged as a representative method to report MS-PECD G-values.

Table 8.2: A comparison of MS-PECD G values, obtained by two alternative analyses
(see main text) for the various multi-component mixtures.

Fwd/Bkwd Analysis? LP Analysis”

Component limonene  camphor  limonene camphor

Ion Mass (m/z) 136 152 136 152

Electron Energy 95 408 0.0-0.5 0.4-0.8
Range (eV)
Mix-RR  -0.022(9) 0.042(11) -0.025(11)  0.042(8)
Mix-RS  -0.023(9) -0.039(12) -0.022(11) -0.043(16)
Mix-S[Rs] 0.024(7)  0.022(9)  0.025(7)  0.025(6)

4 G value derived by Forward/Backward differences in coincident electron
counts, see Eq. 8.4. Quoted uncertainties (in brackets of last digits) are
estimated assuming Poisson counting statistics and using standard error
propagation.

b G value derived from fitted electron angular distribution Legendre
polynomial coefficients, see Eq. 8.3. Quoted uncertainties (in brackets of
last digits) are derived from the errors in the fitted Legendre polynomial
coefficients and using standard error propagation.
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