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Abstract 

In this work we have measured photoelectron angular distributions (PADs) from small 

polyatomic molecules in the weak-field limit. We have conducted experiments in a 

variety of multiphoton schemes in different polarization geometries with a view to 

gaining insight into molecular photoionization dynamics. In particular, we have 

performed novel experiments using the techniques of strong-field alignment and 

photoelectron circular dichroism.  

The use of a strong-field alignment pulse has enabled us to approach a molecular frame 

measurement in the two-photon ionization of aniline and naphthalene. We have 

compared our measured PADs with calculations performed using the ePolyScat 

package.  In the case of naphthalene good agreement is observed with molecular frame 

simulations, but in the case of aniline the experimental results cannot be reproduced 

by the calculations.  This is attributed to perturbation of the ionization process by the 

alignment pulse in the case of aniline.  

Multiphoton photoelectron circular dichroism (MP-PECD) has been used to study the 

chiral monoterpenes α-pinene, 3-carene and fenchone. MP-PECD experiments 

performed with table-top femtosecond UV laser sources have previously been shown 

to enhance the chiral anisotropy observable in one-photon schemes. In this work we 

use a picosecond laser source which has enabled us in addition to unravel the vibronic 

dependence of the photoionization dynamics. 
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Chapter 1 Introduction  

 Overview  

The process of photoionization involves the interaction of a radiation field with matter 

and the subsequent ejection of a photoelectrons. In the case of molecular 

photoionization, the emitted photoelectrons scatter off the molecular ion in such a way 

that they carry a signature of the neutral and ionic structure. Photoelectron energy 

spectra provide information on the energy levels of the ion created during the process, 

whereas photoelectron angular distributions (PADs), which result from the 

interference of photoelectron partial waves, are sensitive to molecular configuration. 

PADs have been used as probes of, for example, valence photoionization dynamics of 

polyatomic molecules [1–3], intramolecular processes such as internal conversion, 

intersystem crossing and photodissociation [4–7], and the chirality of biologically 

significant molecules [8–11].  One of the themes in this thesis is an exploration of 

photoelectron circular dichroism (PECD), in which PADs from chiral molecules are 

measured with both left- and right-handed circularly polarized light. The PECD 

technique has been used to differentiate enantiomers and to perform fast real time 

determination of their absolute handedness [12, 13], exceeding the performance of 

standard mass spectrometry methods. 

In recent years techniques have been developed to maximise the information contained 

in PADs by relating measurements to the frame of reference of an individual molecule; 

this gives rise to so-called molecular frame (MF) PADs [14]. The MF-PADs 

measurements can be achieved by detecting electrons relative to a dissociative bond 

[15, 16] or through strong field alignment technique [17–19]. Unlike the first method, 

strong field alignment method can be applied to non-dissociative ionization processes 

and polyatomic molecules, providing that the molecular polarizability is axis 

dependent. The pioneering work of Stapelfeldt and co-workers have demonstrated the 

one- and three-dimensional alignment of both naphthalene [17] and benzonitrile [18]. 

One dimensional alignment is achieved through interaction of molecular polarizability 

with linearly polarized light, whereas three-dimensional alignment is achieved through 

using elliptically polarized light. If the measurements are done in weak field limit, they 

can provide a means of obtaining a complete description of photoionization dynamics 

[20–22]. 
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In the work presented in this thesis we use the techniques of PECD and strong-field 

alignment to study molecular photoionization dynamics of polyatomic molecules.  In 

the experiments described we prepare a molecule in an excited electronic state prior to 

ionization and then monitor the emitted photoelectrons using velocity-map imaging. 

Two main topics have been addressed: (i) can the technique of strong-field laser 

alignment be used to “freeze” molecules prior to ionization and (ii) can state-selection 

provide enhanced information on molecular chirality compared with other techniques. 

In this introductory chapter we lay out the ingredients that are needed in order to 

address these topics. 

 Born-Oppenheimer approximation  

Molecules are inherently quantum mechanical and are therefore described by the 

Schrödinger equation. Although this cannot be solved exactly for a molecular systems 

(more than one electron systems) we can make use of the fact that the mass of an 

electron is much smaller than the mass of a proton to infer that the motion of the nuclei 

is much slower (picosecond time scales) than the motion of electrons (attosecond time 

scales). This observation is the root of the Born–Oppenheimer (BO) approximation 

which allows the two motions to be treated separately. Within the BO approximation 

the molecular wavefunction can be written in the form, 

 𝜓𝑡𝑜𝑡𝑎𝑙 = 𝜓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 ∗ 𝜓𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝜓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛   (1.1) 

and therefore that the energies due to each type of motion are additive, 

 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝐸𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐸𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛   (1.2) 

where 𝜓𝑡𝑜𝑡𝑎𝑙 and 𝐸𝑡𝑜𝑡𝑎𝑙 are the wavefunction and total energy of the system. This 

approximation gives rise to independent quantum numbers that can be used to describe 

electronic and vibrational states. The BO approximation is extremely essential to the 

work presented in this thesis as it provides the framework to discuss the observations 

in terms of states and various quantum numbers.  
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Understanding the molecular system in this framework leads to the concept of potential 

energy surfaces. A potential energy surface shows the energy of a molecule as a 

function of the positions of its nuclei. These potential energy surfaces are obtained by 

solving the electronic Schrödinger equation for different nuclei positions. This 

potential is then used to solve the nuclear part of the Schrödinger equation. This step 

of the BO approximation leads to separation of vibrational, and rotational motions of 

a molecular system. Figure 1.1 shows an example of a potential energy curve for a 

diatomic molecule, where R is nuclear coordinates and De is the dissociation energy. 

Each electronic state of a molecule has a separate potential energy surface, and the 

separation between these surfaces yields the electronic spectrum. 

 Photoionization and photoelectron spectroscopy 

In a photoionization process the wavefunction of the ejected electrons can be treated 

as a sum of partial waves with different angular momenta, each of which carries a 

phase shift:   

 𝜙𝑒 = ∑ 𝑐𝑙𝑚𝑒
𝑖𝛿𝑙

𝑙𝑚 𝑌𝑙𝑚(𝜃, 𝜙)  (1.3) 

where 𝑐𝑙𝑚 are the coefficients which contains radial and angular information about the 

state from which the scattering occurred and about the continuum, and 𝛿𝑙 is a scattering 

induced phase shift. The spherical harmonic functions, 𝑌𝑙𝑚(𝜃, 𝜙), are known as partial 

Figure 1.1. Potential energy curve for a diatomic molecule (AB) showing vibrational and 

rotational levels. 
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waves and are labeled by an orbital angular momentum quantum number 𝑙 and a 

laboratory frame projection quantum number 𝑚. The whole process of ionization can 

be represented in terms of a bound-free matrix element, which contains the details 

about the dynamics of the photoionization. Within the electric dipole approximation, 

this ionization matrix element can be written using the photoelectron wavefunction, 

𝜙𝑒 , the wavefunction of the state from which the electron has been ejected, 𝜓𝑖 , and the 

wavefunction of the ion formed, 𝜓+, 

 𝜇𝑖+ =  〈𝜓+,  𝜙𝑒|𝜇. 𝐸|𝜓𝑖〉 (1.4) 

where 𝜇 is the electric dipole operator and 𝐸 the electric field vector of the ionizing 

radiation. For the bound-free transitions it is necessary to find the square of the 

transition matrix elements to determine the transition probability. Furthermore, to 

calculate angular distributions of photoelectrons, I (θ, ϕ), it is necessary to consider 

the coherent square of the transition matrix elements as the presence of coherence in 

the angular distribution makes it sensitive to the relative phases of the photoelectron 

partial-waves, and thus a sensitive probe of the photoionization dynamics. 

Photoelectron spectroscopy involves the measurement of the kinetic energies of 

electrons ejected from a molecule during the process of ionization. In the next sections 

we will discuss the required topics to follow photoelectron spectroscopy technique 

used in this work.  

1.3.1 Resonance enhanced multiphoton ionization 

In order to probe molecular energy levels we use photoionization process. The 

ionization process regimes are determined by the Keldysh parameter, 𝛾 =

 𝜔(2𝐼𝑃)
1/2/𝐸𝑜 , where 𝜔 is the frequency, 𝐼𝑃 is the ionization potential and 𝐸𝑜 is the 

maximum electric field of the laser [23]. When 𝛾 ≪ 1, it is referred as tunnelling 

ionization, where the electron can escape from the static barrier formed by the 

Coulomb potential and laser electric field. In the opposite regime when 𝛾 ≫ 1, the 

electron is ionized from molecules by absorbing multiple photons, known as 

multiphoton ionization regime. In the work presented in this thesis has been performed 

in multiphoton ionization regime. We used the technique of Resonance-Enhanced 

Multiphoton Ionization (REMPI) which provides information on excited electronic 

states and their vibrational structure. In the REMPI process n photons from a tunable 

light source (the pump) excite molecules to a resonant intermediate state prior to 
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ionization in a probe step with either m photons from the same source, or m photons 

from a different source. The experimental work presented in this thesis, a (1+1) 

REMPI was used to study the photoionization dynamics of aniline and naphthalene 

and (2+1) REMPI was used to study -pinene, 3-carene, and fenchone. In a REMPI 

spectrum the total ion current is monitored as the wavelength of the pump laser beam 

is tuned. Figure 1.2 shows an example of (1+1') REMPI spectrum [24]. The resulting 

spectrum consists of peaks that occur every time the pump laser comes into resonance 

between a ground state vibrational level and an excited state vibrational level. In order 

to understand the information this provides we need to introduce the Franck-Condon 

principle. 

1.3.2 Franck-Condon principle 

In an electronic transition the propensity of vibrational transitions can be explained on 

the basis of the Franck-Condon (FC) principle. The FC principle states that when a 

molecule is undergoing an electronic transition, the nuclear configuration of the 

molecule experiences no significant change. In analogy to the Born-Oppenheimer 

approximation, this is due to the fact that nuclei are much more massive than electrons 

so that the electronic transition takes place faster than the nuclei can respond. Thus, 

the relative intensity of a vibrational transition from the vibrational level 𝑣′′ in the 

ground state of the molecule to 𝑣′  in the excited or ion  state is given by the square of 

the overlap integral between the ground and excited state vibrational wavefunctions 

𝜒𝑣′′ and 𝜒𝑣′,  

 𝐹𝐶𝐹 = |〈𝜒𝑣′|𝜒𝑣′′〉|
2   (1.5) 

Figure 1.2. An example of a (1+1') REMPI spectrum of p-fluorotoluene [24]. 
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which is known as the Franck-Condon factor (FCF). As a result, the probability of 

populating a specific vibrational level is more likely if there is a significant overlap of 

the two vibrational wavefunctions. Figure 1.3 shows an example of vibronic transitions 

for the emission and absorption of a photon. The two potential wells show a favoured 

transition from 𝑣′′ = 0 to 𝑣′ = 2 upon absorption and emission. In the case where there 

is little change in the shape of the potential energy surface from the lower to upper 

electronic state, i.e. little change in bond length, force constants etc., the strong 

transitions are those in which the vibrational quantum number remains the same in 

going from the lower to upper electronic state, i.e. ∆𝑣 = 0.  This generality is known 

as a propensity rule. An example of this is where an electron in a Rydberg state 

undergoes a transition to a cation state.  As the shape of the Rydberg potential energy 

surface is almost parallel to the cation state, these transitions tend to follow a ∆𝑣 = 0 

propensity rule upon ionization from these states. The direct result of this propensity 

rule can be seen more clearly in Chapter 3, 4, 5.  

Figure 1.3. Franck–Condon principle energy diagram. Since electronic transitions are very 

fast compared with nuclear motions, vibrational levels are favoured when they correspond to 

a minimal change in the nuclear coordinates. The potential wells are shown favouring 

transitions between v'' = 0 and v' = 2. 
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1.3.3 REMPI-PES 

Resonance enhanced multiphoton ionization photoelectron spectroscopy involves the 

detection of electrons ejected from a molecule during the process of ionization. This 

technique can be used to identify the molecular properties such as ionization potential, 

and electron affinity by observing how much energy is imparted to the outgoing 

electron ejected during ionization. As shown in figure 1.4, vibrational levels below the 

energy provided by the probe photon can be populated as excess energy can be carried 

away by the ejected photoelectron. The vibrational population distribution in the cation 

follows the Franck-Condon principle, as discussed in Section 1.3.2. The energy 

distribution of photoelectrons reflects the distribution of vibrational states formed in 

the cation.  

Photoelectron spectra can be measured using a number of techniques, including Time-

Of-Flight (TOF) spectroscopy, Zero Electron Kinetic Energy (ZEKE) spectroscopy, 

and the related Mass Analysed Threshold Ionisation (MATI) spectroscopy. In the time-

Figure 1.5. (a) Velocity Map Imaging, (b) Photoelectron spectrum and angular distribution. 

 

   

    

  

 Intermediate 

electronic state 

Cation vibrational 

states  

Figure 1.4. Schematic diagram of the (1+1) REMPI-PES process. 
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of-flight method, the kinetic energy of the electrons is determined by the time it takes 

for them to travel through a field-free region after ionisation. 

In this work, however, Velocity Map Imaging (VMI) and PhotoElectron PhotoIon 

COincidence (PEPICO) methods are used (Chapter 2).  VMI spectroscopy is a method 

to investigate the velocity-distribution of charged particles in a volume. The VMI 

spectrometer consists of three parts. The electrostatic lens (a combination of three 

electrodes), the flight tube and the detector system. Figure 1.5 (a) shows the VMI 

setup, based on the design of Eppink and Parker [25]. 

1.3.4 Effect of laser pulse duration 

Laser pulse width has an important role in multiphoton ionization. A longer pulse is 

always more efficient when the life-time of an excited state is longer than the pulse 

widths of the lasers used in the multi-photon ionization process [26]. For an excited 

state with a short lifetime a strong pumping is required to overcome the fast decay. 

Thus different laser pulse widths can be chosen according to requirements of the study 

that needs to be done. For example, a femtosecond laser pulse can be used to study the 

fast electron dynamics, whereas picosecond and nanosecond pulses can be used to 

study the vibrational and rotational dynamics respectively, but there are also caveats 

to using different pulse widths. The femtosecond pulses are broader spectrally, 

therefore are capable of exciting many energy levels hence the loss of resolution and 

information on vibrational dynamics. However, picosecond pulses are narrower 

spectrally and can excite specific energy level, thus, improving resolution and are 

capable of studying any vibrational dynamics. In the present work we aim to study the 

effect of vibrational state on PECD; thus a picosecond laser pulse is used to achieve 

the required vibrational resolution for multiphoton PECD experiments. 

 Photoelectron angular distributions 

The intensity of photoelectron emission as a function of the angle of ejection with 

respect to the polarization vector of the ionizing light is known as the photoelectron 

angular distribution (PAD). The PAD provides complementary information to the 

photoelectron spectra.  

The angle-dependent photoelectron intensity results from the square of the transition 

dipole matrix given in Eq. (1.4) [27]: 
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 𝐼(𝜃, 𝜙) = |〈𝜓+,  𝜙𝑒|𝜇. 𝐸|𝜓𝑖〉|
2 (1.6) 

If we now substitute Eq. (1.3) into Eq. (1.6) we find [27] 

 𝐼(𝜃, 𝜙) ∝  ∑ ∑ 𝐵𝐿𝑀𝑌𝐿𝑀(𝜃, 𝜙) 
𝐿
𝑀=−𝐿

𝐿𝑚𝑎𝑥
𝐿=0   (1.7) 

where 𝑌𝐿𝑀(𝜃, 𝜙) is a spherical harmonic and the 𝐵𝐿𝑀 coefficients are given by 

 𝐵𝐿𝑀 = ∑ ∑ ∑ (−1)𝑚√
(2𝑙+1)(2𝑙′+1)(2𝐿+1)

4𝜋𝑚𝑚′𝜆𝜆′𝑙𝑙′   (1.8) 

∗ (
𝑙 𝑙′ 𝐿
𝑚 −𝑚′ 𝑀

)(
𝑙 𝑙′ 𝐿
0 0 0

) 𝛾𝑁+𝑙𝜆𝑚𝑙′𝜆′𝑚′   

∗ 𝑟𝑙𝜆𝑟𝑙′𝜆′cos (𝜂𝑙𝜆 − 𝜂𝑙′𝜆′) 

The 𝛾𝑁+𝑙𝜆𝑚𝑙′𝜆′𝑚′ terms are geometrical parameters and incorporate all of the angular 

momentum coupling in the system, which can be evaluated using algorithms. The 

dynamics is contained in the magnitudes and phases of the radial dipole matrix 

elements, 𝑟𝑙𝜆 and 𝜂𝑙𝜆, whose calculation is beyond the scope of this thesis. However, 

if we determine the geometrical parameters we can use Eq. (1.8) to determine 𝑟𝑙𝜆 and 

𝜂𝑙𝜆 by fitting photoelectron angular distribution data from experiment [28]. The form 

of this equation results from the interference of pairs of photoelectron partial waves 

with orbital angular momenta l and l' where l + l' = L. In the laboratory frame, 

assuming the sample is initially isotropically distributed in space, Lmax = 2n, where n 

is the number of photons used in the photoionization scheme. The first coefficient in 

Eq. 1.7, 𝐵00, is proportional to the angle-integrated photoelectron intensity and the 

subsequent 𝐵𝐿𝑀 coefficients describe the anisotropy of the PADs. The number of terms 

in Eq. 1.7 can be reduced through the use of symmetry.  For example, in the case where 

there is reflection symmetry L must be even and cylindrical symmetry requires M = 0.

 In the case of atomic photoionization, there is no body-fixed axis system to 

refer to, and only the anisotropy of the light gives a point of reference to the emitted 

photoelectrons. But molecular photoionization is different, in that a reference frame 

for the photoelectrons is provided by both the molecular axis and the projection of the 

polarization of the ionizing light onto it. The angular distribution with respect to the 

molecular axis reflects orbital angular momentum partial waves that contribute to the 

photoelectron wave function and may show rich structure. In order to maximize the 

information extracted from angular distributions it is desirable to measure them 

relative to the molecular frame of the molecules rather than to the laboratory frame. 
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Molecular frame photoelectron angular distributions have been used to perform the 

examination of a quantum mechanical phenomenon [7, 8] and provide an extremely 

useful means to study the continuum resonance both in ionization [29] and dissociation 

[10, 11]. It has also been shown that MF-PADs provide direct information on 

molecular orbitals if the ionization is in the tunneling regime [30]. So achieving MF-

PADs is extremely useful for fundamental studies. One method of accessing these MF-

PADs involves aligning the molecules by interaction with a laser pulse prior to the 

photoionization. For example, it is possible to align an ensemble of symmetric top 

molecules using resonant steady-state excitation with polarized light; this causes the 

molecular symmetry axes to have a well characterized ensemble alignment in space 

[31]. 

An alternative is to use non-resonant polarized laser light to create alignment in the 

molecule. In this technique, the polarizability of a molecular system is exploited to 

align it along with the polarization of the laser light. In the past few years, this 

technique has been extended to the alignment of polyatomic molecules in three 

dimensions as well [17–19]. An advantage of this technique is that it is not inherently 

limited to small molecular systems. This interaction depends on the polarizability of 

the molecule; the laser field induces a maximum dipole moment along the most 

polarizable axis which then aligns with the axis of the laser field [19]. For the work 

presented in this thesis, we used the strong field alignment technique. In the next 

section, we will discuss the strong field alignment technique and various lab 

parameters which can affect the alignment of the molecules. 

 Alignment 

Usually in gas phase photoionization experiments the ensemble of molecules is 

randomly oriented. The principle axis of the molecules is in all possible directions with 

respect to the lab frame. The lab frame is defined by the polarization of the ionizing 

laser pulse in case of linear polarization and propagation direction in case of circularly 

polarized light. If an anisotropy arises in the randomly oriented molecular ensemble, 

then the system is said to be aligned with some degree. Thus, alignment refers to order 

of the molecules with respect to given axes fixed in space. If, in addition, the molecules 

also have a preferred direction with respect to the space fixed axes, i.e., the inversion 

symmetry is broken, they are said to be oriented. 
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 In the previous section we briefly mentioned two techniques which can lead to 

anisotropy in the molecular system. This degree of alignment can be expressed 

mathematically as [32], 

 𝑃(𝜃, 𝜙) = ∑ ∑ 𝐴𝐾𝑄𝑌𝐾𝑄(𝜃, 𝜙) 
𝐾
𝑄=−𝐾

𝐾𝑚𝑎𝑥
𝐾=0   (1.12) 

where 𝜃 and 𝜙 are defined with respect to a laboratory frame Z-axis defined by the 

ionizing light beam. The value of coefficients in the Eq. 1.12 can be varied by changing 

the experimental polarization geometry, and some coefficients can be set to zero by 

careful choice of geometry. For example, for cylindrical symmetry only 𝑄 = 0 is 

allowed, and for reflection symmetry 𝐾 is even. For one-photon excitation, the 

distribution of molecular axes is described as,  

 𝑃(𝜃) = 𝐴00𝑌00 + 𝐴22𝑌22  (1.13) 

𝑌00 =
1

2
√
1

𝜋
, and 𝑌22 =

1

4
√
5

𝜋
(3𝑐𝑜𝑠2𝜃 − 1) are the relevant spherical harmonics. In 

general, the values of the contributing alignment moments can be determined from a 

known distribution of molecular axes through the relationship, 

 𝐴𝐾𝑄 = ∫ ∫ 𝑃(𝜃, 𝜙)
𝑌𝐾𝑄(𝜃,𝜙)

𝑌00(𝜃,𝜙)
sin 𝜃𝑑𝜃𝑑𝜙

𝜋

0

2𝜋

0
  (1.14) 

However, the full distribution of molecular axes is generally unknown in a given 

experiment, and one-dimensional alignment is typically characterized by the single 

parameter 〈cos2 𝜃〉 [19] where 

Figure 1.6. Plotted distribution for 𝑃(𝜃) =  𝑐𝑜𝑠2𝜃. 
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 〈cos2 𝜃〉  = ∫ ∫ cos2 𝜃 𝑃(𝜃, 𝜙) sin 𝜃𝑑𝜃𝑑𝜙
𝜋

0

2𝜋

0
  (1.15) 

𝐴𝐾𝑄 coefficients can be calculated for a specific molecular alignment which is feasible 

experimentally. For example, setting  𝑃(𝜃) =  𝑐𝑜𝑠2𝜃,  𝐴20 = 2/√5𝐴00. So, if 𝐴00 =

1  𝐴20 = 0.8944.  Figure 1.6 shows the plotted distribution for 𝑃(𝜃) =  𝑐𝑜𝑠2𝜃.  

 Strong field alignment  

In strong field alignment (SFA), molecules can be aligned using non-resonant laser 

fields by exploiting their polarizability anisotropy. This can be understood by solving 

the Schrödinger equation using the Hamiltonian for a molecule placed in an electric 

field [33]. If the electric field is given by  

 𝐸 = 𝑒𝑧̂𝐸0cos (𝜔𝑡)  (1.16) 

then the Hamiltonian of the system is  

 𝐻 = 𝐵𝐽2 − 𝜇. 𝐸 (1.17) 

where B is the rotational constant of the molecule, 𝐽2 is the squared angular momentum 

operator, and 𝜇 is the dipole moment of the molecule, and 

 −𝜇. 𝐸 = 1/4𝐸0
2([𝛼∥ − 𝛼⊥]𝑐𝑜𝑠

2𝜃 + 𝛼⊥)  (1.18) 

Figure 1.7. Illustrating the effect of laser intensity and molecular beam temperature on the 

degree of alignment characterized by 〈𝑐𝑜𝑠2 𝜃〉 for the symmetric top molecule, methyl iodide. 

〈 c
os

2
𝜃
〉  
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where, 𝜃 is the polar angle between the electric field and the molecular axis, and 𝛼∥ 

and 𝛼⊥are the polarizability component parallel and perpendicular to the molecular 

axis. The 𝜇. 𝐸 term will be determined by the interaction between the field and the 

induced dipole moment averaged over an optical period, as the interaction between 

field and permanent dipole moment time averages to zero. If 𝛼∥ > 𝛼⊥, Eq. 1.18 shows 

potential minima around 𝜃 = 00 and 𝜃 = 1800. This will force the most polarizable 

axis of the molecule to align along the direction of the electric field. Experimentally, 

the degree of alignment for a molecule is usually quantified by the expectation value 

〈cos2 𝜃〉. An isotropic distribution of molecular axes would result in 〈cos2 𝜃〉 = 1/3 

and a distribution that is perfectly aligned along the laboratory frame Z axis would 

have 〈cos2 𝜃〉 = 1. If the duration of the laser pulse is long compared with the 

rotational period of the molecule the axis which has the largest polarizability will align 

along the polarization axis as long as the pulse is on; this is called adiabatic alignment. 

On the other hand, if the duration of the laser pulse is shorter than a rotational period, 

then a coherent rotational wavepacket is prepared.  In this case non-adiabatic 

alignment, alignment occurs right after the pulse and then decays and fully revives 

after a rotational period [34]. The rotational period of a linear molecule is 1/2B (B 

being the rotational constant expressed in Hz). Therefore, a full revival is observed at 

1/2B and a half revival at 1/4B for a linear molecule. 

The degree of alignment that can be achieved depends on various factors, such as the 

rotational temperature of the molecular beam, laser intensity, and polarizability of the 

molecule. Figure 1.7 shows how 〈cos2 𝜃〉 depends on molecular beam temperature and 

laser intensity for methyl iodide. The values shown in this figure were obtained using 

software provided by the Stapelfeldt group at Aarhus University. It can be seen that 

high laser intensities and efficient cooling of the molecular beam help to achieve the 

best degree of alignment. However, it should be noted that high intensities come with 

the drawback of the strong field causing significant Stark shifts, Coulomb explosion 

and multiphoton ionization. 

It is useful to compare the experimental measure of alignment, 〈cos2 𝜃〉 with the 

alignment coefficients introduced in the previous section. We will briefly discuss the 

formalism provided by Reid [35] to express this degree of alignment in terms of 

alignment coefficients. As mentioned in the previous section the degree of alignment 

can be expressed in terms of spherical harmonics (Eq. 1.12). This equation can be 
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simplified based on cylindrical symmetry (𝑄 = 0). The degree of alignment can also 

be well represented using a Gaussian form if we assume cylindrical symmetry and no 

orientation of the molecules [36], 

 𝑃(𝜃, 𝜙) = 𝑛𝜎𝑒𝑥𝑝 (
−𝑠𝑖𝑛2𝜃

2𝜎2
), (1.19) 

where 𝑛𝜎 is a normalization constant and 𝜎2 relates to angular width with 0 < 𝜎2 ≤

1. For small values of 𝜎2, it is very approximately related to 〈cos2 𝜃〉 by 

 lim
 𝜎2→0

 𝜎2 = 1 − 〈cos2 𝜃〉. (1.20) 

In some strong-field alignment experiments  𝜎2 is measured directly; alternatively,  𝜎2 

can be determined from an experimentally determined value of  〈cos2 𝜃〉, using Eqs. 

1.15 and 1.19. Once  𝜎2 is known, the alignment moments needed to characterize the 

molecular axis distribution can be calculated using Eq. 1.14. Table 1.1 shows the 𝐴𝐾𝑄 

coefficients corresponding to any experimentally achievable degree of alignment, 

〈cos2 𝜃〉. The next section presents some model calculation showing the effect of 

degree of alignment (expressed in terms of 𝐴𝐾𝑄 coefficients) on lab frame PADs. 

Table 1.1. Alignment coefficients for 𝑃(𝜃) =  𝑐𝑜𝑠𝑛𝜃, 𝑛 = 2, 4, 6, 8 as well as the 

corresponding degree of alignment in terms of 〈𝑐𝑜𝑠2 𝜃〉  

 

A00 A20 A40 A60 A80 P () 〈𝒄𝒐𝒔𝟐 𝜽〉, 

1 0 0 0 0 1 0.5 

1 0.8944 0 0 0 cos2 0.75 

1 1.277 0.381 0 0 cos4 0.83 

1 1.491 0.727 0.1344 0 cos6 0.875 

1 1.626 1.007 0.323 0.043 cos8 0.9 
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1.6.1 Early work on MFPADs 

Early work on MFPADs was done using an axial-recoil approximation method known 

as COLd Target Recoil-Ion Momentum Spectroscopy (COLTRIMS). If the 

dissociation of a molecule after photoionization is fast compared to its rotational time 

scale, one can derive the molecular axis orientation in space by measuring the 

momentum vectors of the molecular fragments. This technique developed during the 

late ’80s, gives access to “kinematically complete” experiments on atomic and 

molecular fragmentation processes by coincident and momentum resolved detection 

of recoiling target ions and emitted electrons. In 2002, Gessner et al. [37] presented 

the molecular frame angular distribution of NO molecules at a photon energy of 40.8 

eV. In 2003 Lebech et al. [20] presented the MFPADs experimental results in 

comparison with the theoretical results for NO at photon energy of 23.65 eV. Similar 

work by Lebech [38] explored the valence and inner valence-shell photoionization of 

CO in the range of 26-33 eV. In 2014 Stener et al. presented the off-resonance 

dynamics of MFPADs as a function of photoelectron energy and polarization geometry 

for CH3F. This is a very powerful technique, but it is limited to a small molecular 

system that dissociate in the axial recoil limit.  

The strong field alignment technique, as discussed in the previous section, creates an 

aligned distribution of molecules prior to ionization [19]. In this case the measured 

PADs will converge on the molecular frame if complete alignment can be achieved in 

three dimensions, and this technique can, in principle, be applied to large molecular 

systems. This is a well-established technique which makes use of intense infrared 

pulses to align molecules in either adiabatic or non-adiabatic regime as mentioned in 

the previous section. Early work using the SFA technique was presented by 

Figure 1.8. Molecular frame PADs of CS2 molecules [6]. 
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Kumarappan et al. [39]. These authors used two 800 nm pulses, one to align and a 

second for multiphoton ionization of CS2. They presented a clear observation of a 

change in angular distribution between aligned and unaligned system and showed the 

dependence on the angle between the two pulses (aligning and ionizing). In pioneering 

work by Stolow and coworkers, a UV pump pulse was used to prepare a dissociative 

state in laser aligned CS2 molecules (figure 1.8).  The dissociating molecules were 

ionized with a time delayed UV probe pulse, enabling the dissociation to be tracked 

through the evolution of the PADs [6]. In 2010, Holmegaard et al. [18] presented work 

on OCS and benzonitrile molecules using the SFA technique. This time the authors 

had used an electrostatic field to orient the molecules along with the alignment. The 

authors presented a clear difference in the angular distribution for oriented molecules 

when ionized with left and right circularly polarized light. In 2011, Hansen et al. [17] 

presented work on time-resolved PADs from adiabatically aligned naphthalene 

molecules. They used a nanosecond pulse to align the system and a 200 fs pulse to 

kick to the system, which rotates the molecule around the fixed axis. A third probe 

pulse (30 fs) was used to image the H+ fragments and electrons while molecule rotates. 

A clear change in PADs was observed as the molecule rotated around the fixed axis, 

as a result of the kick pulse. Another method was presented by Maurer et al. to measure 

the full 3D molecular fame using tomographic reconstruction for naphthalene [40].  

In recent years more work has been shown using a single VUV photon from a High 

Harmonics Generation (HHG) source enabling determination of photoionization 

dynamics. Kelkensberg et al. presented work using a HHG source and free-electron 

lasers (FELs) combined with the SFA technique on CO2 molecules [41]. Similar work 

was presented by Rouzée et al. using a HHG source and SFA on O2, N2, CO, and CO2 

[42, 43]. Recently, Marceau and co-workers have presented the complete 

photoionization dynamics of CO2 using time-domain photoionization interferometry 

[44].  

The work presented in this thesis employs intense 800 nm laser pulses to create the 

aligned distribution of aniline and naphthalene molecules. This work used a sharp 

spectrally cut pulse at 800 nm (more details in Chapter 2) to reduce the field effect on 

the photoionization dynamics. The molecules are subsequently ionized in the weak-

field regime using a resonant two-photon ionization scheme, with photoelectrons 

collected using VMI.   
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 Chirality  

The word chirality comes from the Greek word cheir, which means ‘hand,’ because 

hands are the most widely recognised example of chirality – they are not identical 

when superimposed on their mirror image. Chirality is a striking property of the 

biological world. Most, but not all, molecules in the plant and animal world are chiral, 

and usually only one handedness is found. It can also be found in animals such as 

snails, where the population can be divided based on shell handedness. These two 

types of snails are genetically separated, and these two types do not mate, is an 

excellent example of chirality in selective biology. In nature, various types of chirality 

can be found, such as central, helical, axial, planar. Figure 1.9 shows such few 

examples of chirality found in nature. Trefoil knot and Mobius strip are an excellent 

example of topological chirality. A chiral molecule is non-superimposable on its 

mirror image, and these mirror images are known as optical isomers or enantiomers. 

In the context of the pharmaceutical world, chirality is extremely important. As most 

building blocks of nature, for example, our DNA is right-handed, amino acids are left-

Figure 1.9. Few examples where chirality can be found in nature. (a) chirality in snail shells, 

(b) chirality in flower pattern, (c) chirality in DNA, (d) topological chirality, trefoil knot, (e) 

chirality in molecules. 

(a) 

(c) (d) 

(b) 

(e) 
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handed, all carbohydrates are right-handed, and even our olfactory receptors are chiral.  

As a result, chirality plays a huge role in drug delivery and processing. The ‘wrong-

handed’ version of a molecule in a drug can work totally different in the body. There 

are several techniques available these days to quantify the chiral nature of the 

molecules. The most common method used today to separate enantiomers is liquid or 

gas chiral chromatography. Once enantiomers are separated, one can determine their 

respective enantiomer excess by methods such as circular dichroism, vibrational 

circular dichroism, optical rotation, nuclear magnetic resonance (NMR) and x-ray 

crystallography. Most of these methods need the support of a reference compound of 

known handedness or computer simulation. 

All these methods mentioned above have limitations, however. For example, in 

chromatography, the interaction of each enantiomer with the chiral selector is 

different, which guides the separation. As a result, this method is very sensitive and 

relies on very carefully controlled surface chemistry and is also very susceptible to 

external parameters. Chromatography at the moment cannot be used as a plugin and 

play machine because every individual chemical requires tweaking with the setting. 

The technique itself requires skilled operation to get consistent results every single 

time. Thus, it has not been established as a standard to study chirality. Moreover, the 

various spectroscopy techniques have their own merits and demerits; some of these 

techniques are discussed below.  

1.8.1 Spectroscopy techniques to determine the chirality of molecules 

As mentioned above, many biologically active molecules are chiral; thus, chirality is 

deeply embedded in our nature. The origin of the homochirality of life on earth remains 

a subject of research and speculation, and this motivates the understanding and 

investigation of chirality and chiral phenomena [8]. Since the pioneering work of 

Pasteur on optical activity (OA), it has been recognized that polarized light provides a 

tool that is sensitive to chirality [45]. Later, this became the basis for a variety of 

spectroscopic methods for the study of chiral molecules. One of the techniques used 

routinely in analytical chemistry is circular dichroism (CD) in photoabsorption. In this 

technique, the difference in the absorption of left- and right-circularly polarized light 

by the chiral molecule is measured. The CD signal is measured in the UV-Vis region, 

where an electronic transition occurs. The resulting dichroism signal is typically small 

(<<0.01%), as it arises solely from the interference between the electric- and much 
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weaker magnetic-dipole interaction terms. This technique is often used to quantify the 

chiral character in complex structures, such as proteins. However, this technique lacks 

the required precision. 

Another extension of CD is vibrational circular dichroism (VCD) [46] which is much 

more precise. VCD is done in the infrared (IR) region where the vibrational transition 

occurs. The IR region has more absorption bands than the UV region, which gives this 

technique an enhanced ability to sense chirality and distinguish enantiomers. VCD is 

a popular technique used in major pharmaceutical companies these days to distinguish 

the enantiomers. Another method of chirality detection and analysis emerging for 

broader use is Raman optical activity (ROA) [47]. This measures the difference in 

Raman scattering between right and left circularly polarised light in the scattered 

radiation. ROA is complementary to VCD, and its strength is in its sensitivity to the 

structure of proteins in the solution.  

The work presented in this thesis is based on a variation of angle-resolved 

photoelectron spectroscopy known as photoelectron circular dichroism (PECD) which 

can be used to study chiral molecules. In PECD angle-resolved photoelectron intensity 

is measured following ionization with left- and right- circularly polarized light, with 

the difference between the two measurements providing the dichroism. The technique 

provides a sensitive and reliable means of studying chirality in the gas phase can be 

used to quantify chiral signatures and differentiate enantiomers. One-photon and 

multiphoton variants of the technique exist which are outlined below.  

  One-photon photoelectron circular dichroism   

In the late 1970s, a different form of circular dichroism was predicted by Ritchie [48] 

and later discussed by Cherepkov [49]. It was pointed out that there will be a forward-

backwards asymmetry in the photoelectron angular distribution measured upon 

ionization with left or right circularly polarized light from a randomly oriented chiral 

molecule, as shown in figure 1.10. This effect arises from the interference between 

different components of the electric dipole matrix element. As a result, it was 

suggested that this effect could be of the same order of magnitude as the differential 

cross-section itself. Initially, this new effect was known as circular dichroism in the 

photoelectron angular distribution (CDAD), but this was later changed to 

photoelectron circular dichroism (PECD) to distinguish it from the CDAD effect 
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which arises from the ionization of aligned or oriented nonchiral molecules.  Now we 

will present the PECD formalism using Legendre polynomials. In PECD experiments 

there is always a cylindrical symmetry in the system with respect to the lab frame, 

which is defined by the laser propagation direction. Therefore, m is always zero 

allowing us to use Legendre polynomial for the expression of general form for angular 

distribution. The general expression for the angular distribution of photofragments 

ejected from a randomly oriented molecule in the gas phase for the case of one photon 

is given by: 

 𝐼𝑙𝑖𝑛(𝜃) = 1 + 𝛽𝑃2(𝑐𝑜𝑠 𝜃)  (1.21) 

 𝐼𝑐𝑝𝑙(𝜃) = 1 − (
𝛽

2
)𝑃2(𝑐𝑜𝑠 𝜃),  (1.22) 

Equation 1.21 applies to linearly polarised light, where 𝜃 is the ejection angle 

measured with respect to the electric field vector, while Eq. 1.22 applies to circular 

polarization, and 𝜃 is measured relative to the laser propagation direction. 𝑃2 is the 

second Legendre polynomial. The parameter 𝛽 takes a value ranging from −1 to +2; 

these limits for linear polarization correspond, respectively, to pure sin2 or cos2 

distributions while 𝛽 = 0 corresponds to an isotropic distribution. Therefore 𝛽 

characterizes the anisotropy of the distribution and is commonly also referred to as an 

asymmetry parameter. In a way, Eqs. 1.21 and 1.22 are subcases of a more general 

form we discussed in the previous section 1.5.  

Moreover, Ritchie [48] proposed that even in a pure electric dipole approximation, 

another term was required for completeness and hence the general form of 

photoionization angular distribution function, should be written as [50]: 

Figure 1.10. Principle of photoelectron circular dichroism [78]. Photoelectrons will eject 

forward and backward when right and left CPL is used, respectively. 
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 𝐼{𝑝}(𝜃) = 1 + 𝑏1
{𝑝}𝑃1(cos𝜃) + 𝑏2

{𝑝}𝑃2(cos 𝜃),  (1.23) 

where 𝑃1 is the first Legendre polynomial. The coefficients 𝑏1
{𝑝}

 and 𝑏2
{𝑝}

 depends on 

the photoionization dynamics. They also depend explicitly on the polarization as 

expressed by the superscript  𝑝 (𝑝 = 0 linear polarization, 𝑝 = ±1 left, right circular 

polarization). These coefficients have the following symmetry relationships [41, 43]: 

 𝑏1
{0} = 0 (1.24) 

 𝑏1
{+1} = −𝑏1

{−1}
 (1.25) 

 𝑏2
{0} = −(1/2)𝑏2

{±1}
   (1.26) 

It can be clearly seen from Eq. 1.24 that for linearly polarized light the 𝑃1 term vanishes 

from Eq. 1.23 and Eq. 1.21 is recovered for linear polarization. Moreover, for linear 

polarization 𝑏2
{0}

 is equivalent to the 𝛽 anisotropy parameter. For achiral molecules 

𝑏2
{𝑝} = 0 for any polarization; only for circular polarization and chiral molecules 𝑏2

{±1}
 

have non-zero values. Furthermore, the antisymmetry of 𝑏1
{±1} (Eq. 1.25) leads to a 

reversal of the forward-backward asymmetry when the helicity of the laser pulse is 

exchanged, thus giving rise to circular dichroism or difference between the response 

to left- and right-handed circular polarization in the angle-resolved photoelectron 

spectrum. A similar reversal is anticipated when the handedness of the enantiomeric 

molecular target is exchanged keeping the helicity of light the same. Most of the time 

it is more convenient to measure the dichroism with different helicities of the light 

while keeping the enantiomers same. From Eq. 1.23 and the antisymmetry property 

Eq. 1.25 one obtains an expression for the PECD: 

 𝐼𝑙𝑐𝑝(𝜃) − 𝐼𝑟𝑐𝑝(𝜃) = (𝑏1
{+1} − 𝑏1

{−1})𝑃1(cos 𝜃) = 2𝑏1
{+1} cos 𝜃,  (1.27) 

where 𝐼𝑙𝑐𝑝(𝜃) and 𝐼𝑟𝑐𝑝(𝜃) are the angular distribution measured using left and right 

circularly polarized light respectively. The PECD measurement clearly takes the form 

of a cosine function with an amplitude given entirely in terms of the single chiral 

parameter, 𝑏1. In the context of molecular photoionization, measurement of the chiral 

𝑏1 parameters by PECD introduces a new observable, in addition to  𝛽 and the cross-

section, 𝜎. The advantage of examining the PECD over the single angular distribution 

𝐼𝑃(𝜃) is that by looking at the differential angular distribution we are likely to include 
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some cancellation of purely instrumental asymmetries and consequently improve 

sensitivity. 

Figure 1.11 illustrates an actual experimental observation of the photoelectron circular 

dichroism obtained from the hν = 10.3 eV photoionization of camphor enantiomers 

[51]. The figure shows the intensity differences 𝐼𝑙𝑐𝑝(𝜃) − 𝐼𝑟𝑐𝑝(𝜃) that have been 

observed by an electron imaging technique. In this example there are clearly two ring 

structures, an outer ring structure corresponding to ionization of the highest occupied 

molecular orbital (HOMO), and an inner ring structure corresponding to slower 

electrons from ionization of the HOMO-1. 

The first calculations of the PECD effect were presented by Powis who provided a 

quantitative estimate of the magnitude of the PECD effect in D-glyceraldehyde, D-

lactic acid, and the biomolecule L-alanine using the CMS-X method [51, 52]. The 

PECD signal was calculated to range typically from 10% to 40% and sometimes 

exceeds 60% of the differential cross-section, confirming the prediction by Ritchie that 

the effect would be orders of magnitude greater than that observed in conventional 

CD. The first-ever experimental demonstration of PECD was provided by Heinzmann 

and co-workers [53]. Measurements were carried out on randomly oriented 

bromocamphor molecules in the gas phase, using vacuum ultraviolet (VUV) radiation 

from a synchrotron facility. The photoelectrons were detected at a fixed angle with 

respect to the light beam using two channeltron detectors mounted opposite to each 

Figure 1.11. Photoelectron circular dichroism angular distribution (𝐼𝑙𝑐𝑝(𝜃) − 𝐼𝑟𝑐𝑝(𝜃)) for 

the hν = 10.3 eV photoionization of (a) R-camphor and (b) S-camphor [51]. 
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other. The authors reported the PECD signal of ± 3%, and it changed sign with the 

change in helicity of light. Later, Powis and co-workers observed PECD of camphor 

enantiomers near-threshold using a circularly polarized VUV light source together 

with a state-of-the-art photoelectron-photoion coincidence (PEPICO) spectrometer 

[54].  PECD signal of 3% at 9.2 eV photon energy was observed and showed that 

asymmetry reverses on the exchange of either the helicity of the radiation or of the 

molecular enantiomer similar to the previous work [53], confirming theoretical 

predictions of an effect that arises in the pure electric-dipole approximation. 

Since these early demonstrations of the effect, PECD has been studied extensively 

using VUV one-photon ionization scheme and angle-resolved emission detection later 

applying the velocity map imaging techniques. In the next section, we will briefly 

discuss various PECD effects. For example, various authors showed in their 

experiments and calculations that PECD is both an initial state (orbital specific) [11], 

and the final state (continuum) [55] dependent effect. Due to the pure quantum nature 

of PECD is also extremely sensitive to molecular structures, such as chemical 

substitution [56, 57], conformers [58–61], dimerization and clustering [62–64], as well 

as to dynamical ones such as vibration [65, 66]. Thus, PECD can be used as a probe to 

investigate such properties. 

 Resonance enhanced multiphoton photoelectron circular dichroism 

According to Yang’s theorem [67], for an n excitation and m ionization process, the 

expansion terms in Eq. 1.4 are limited to 2(n + m). In this work we use a (2+1) REMPI 

ionization scheme; thus we use lmax = 6 for analysis of our work and expression for 

multiphoton (MP) PECD has b1, b3 and b5 terms and PECD value can be defined as 

shown in Eq. 1.28 (see next section for more detail).   

 𝑀𝑃𝑃𝐸𝐶𝐷 =  2𝑏1
+1 −

1

2
𝑏3
+1 +

1

4
𝑏5
+1 (1.28) 

Early work on the multiphoton regime started in 2006. It was observed that circular 

dichroism could occur in the mass resolved multiphoton ionization yield from chiral 

molecules following REMPI [68–70]. This early work was done using nanosecond 

laser pulses, and time-of-flight mass spectrometer and it was shown that the technique 

could be used to distinguish enantiomers and determine enantiomeric excess with 99% 

confidence limits. Similar work has been done using a femtosecond laser source in the 
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visible and near UV [71, 72]. However, this CD in ion yield is not detectable in all the 

molecules. Thus, the technique fails to be recognised as a standard tool to explore 

multiphoton regime. 

In recent years PECD following resonant multiphoton ionization with short laser 

pulses has been investigated, as illustrated schematically in figure 1.12. As we saw in 

Section 1.9, the single-photon PECD study could be used as a probe for 

photoionization dynamics. Similarly, using multiphoton ionization, it can be used to 

shed significant light on intermediate state photoionization dynamics. In 2012, Lux 

and co-workers presented work on PECD in multiphoton regime using femtosecond 

laser pulses and a velocity map imaging spectrometer. PECD signals were observed in 

the range of  10% to  15% for camphor and fenchone [73]. Shortly afterwards, 

Lehmann and co-workers presented the REMPI-PECD data for camphor using a state-

of-the-art photoelectron-photoion coincidence imaging setup (see Chapter 2), capable 

of recording mass-selected data [74]. Unlike the previous work by Lux and co-workers 

[73], in which an effusive source of camphor molecules was used (internal temperature 

300 K), here a seeded supersonic molecular beam of camphor was used, with a 

rotational temperature in the range 1-5 K. These authors presented a method that could 

be used to quantify the chiral electron asymmetry in a single parameter for a 

multiphoton ionization scheme, referred to as multiphoton PECD (MP-PECD, Eq. 

1.28). The results obtained were interpreted as arising from a sequential mechanism, 

where resonant two-photon transition brings the molecules into low-lying Rydberg 

states and the third photon subsequently causes ionization. 

Figure 1.12. (a) Schematic illustration of single-photon and multiphoton ionization of a chiral 

molecule. (b) Principle of measuring photoelectron circular dichroism [73]. 
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Since that time, the REMPI-PECD technique has been used to study various chiral 

molecules such as methyl oxirane [75], limonene [76], and bicyclic ketones [77] using 

femtosecond laser pulses, and the universality of PECD as a means of studying 

chirality has been demonstrated by Beaulieu and co-workers who presented data in the 

single-photon, multiphoton, above threshold and tunnel ionization regimes [78]. The 

magnitude of the REMPI-PECD effect has been shown to depend on the wavelength 

of the photon [79] and the intermediate state accessed in the multiphoton process [80]. 

It has also been shown that a time-resolved version of this technique could be a very 

sensitive tool for ultrafast molecular dynamics in chiral systems [81]. To fully 

understand the molecular dynamics of these chiral system using REMPI-PECD 

technique, the effects of the initial, intermediate, and final state of the system need to 

be decoupled. Beaulieu and co-workers have studied the effect of the intermediate state 

on PECD and demonstrated that the anisotropy created during the photoexcitation 

process is critical [82]. Further, the authors pointed out that polarization of the photon 

deriving the excitation process has a negligible effect on PECD, proving the prediction 

made by Goetz and co-worker in their theoretical work [83]. 

Most of the studies in the multiphoton regime have employed femtosecond laser 

pulses. As a result of a large bandwidth associated with femtosecond pulses, the 

vibrational resolution is lost, thus masking any vibronic dependence on the observed 

PECD. The goal of the present work is to study the intermediate electronic, vibrational 

and electron kinetic energy dependence of the PECD observed in chiral molecules 

such as -pinene, 3-carene, and fenchone using picosecond laser pulses.  

 Theoretical formulation for REMPI-PECD 

This section presents the formulation for expressing MP-PECD in a single quantity. 

The photoelectron angular distribution for one-photon ionization with circularly 

polarized light of a random isotropic sample of chiral molecules in the lab frame, 

𝐼𝑝(𝜃), can be expressed as, [74]:   

 

𝐼𝑝(𝜃) =
𝐼𝑡𝑜𝑡
4𝜋
(1 + 𝑏1

𝑝𝑃1(𝑐𝑜𝑠𝜃) + 𝑏2
𝑝𝑃2(𝑐𝑜𝑠𝜃)), 

where   𝐼𝑡𝑜𝑡 = ∫ ∫ 𝐼𝑝(𝜃)sin (𝜃)𝑑𝜃𝑑𝜙
𝜋

0

2𝜋

0

 

(1.29) 

Here,  is the angle between the velocity vector of the ejected electrons and the 

propagation direction of the circularly polarized light. Pn is the nth order Legendre 
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polynomial and 𝑏𝑛
𝑝
 are the associated coefficients that depend on the polarization 

p. The polarization is indicated with p = 0 for linear polarized light, p = +1 for Left-

Circularly-Polarized (LCP), and p = −1 for Right-Circularly-Polarized (RCP). 

The quantitative characterization of the magnitude of the PECD asymmetry in the case 

of one-photon ionization is achieved by calculating the difference in photoelectron 

intensity at an angle   following ionization with LCP and RCP for a given enantiomer. 

The difference in the angularly resolved intensity can be written as, 

 𝐼𝑑𝑖𝑓𝑓(𝜃) = 𝐼𝐿𝐶𝑃(𝜃) − 𝐼𝑅𝐶𝑃(𝜃) =  
𝐼𝑡𝑜𝑡
4𝜋
. 2𝑏1

+1𝑃1(𝑐𝑜𝑠𝜃) (1.30) 

The general convention is to define PECD as the ratio of the intensity at  = 0 to the 

average flux, i.e., 

 𝑃𝐸𝐶𝐷 =
𝐼𝑑𝑖𝑓𝑓(𝜃 = 0)

𝐼𝑎𝑣𝑔
= 2𝑏1

+1, 𝐼𝑎𝑣𝑔 =
𝐼𝑡𝑜𝑡
4𝜋

 (1.31) 

Similarly, the expression for multiphoton PECD can be derived. In the case of 

multiphoton ionization, assuming that cylindrical symmetry is maintained, the 

photoelectron angular distribution resulting from n-photon ionization of a chiral 

molecule can be expressed as, 

 𝐼𝑝(𝜃) =
𝐼𝑡𝑜𝑡
4𝜋
(1 +∑𝑏𝑖

𝑝

2𝑛

𝑖=1

𝑃𝑖(𝑐𝑜𝑠𝜃)) (1.32) 

For one-photon ionization, the above expression results in 𝑏𝑖
𝑝 = 0, for 𝑖  3, giving 

back the one-photon ionization PECD equation. For a (2+1) REMPI ionization 

scheme, where n = 3, the above equation results in 𝑏𝑖
𝑝 = 0, for 𝑖  7. The intensity 

difference can be obtained by measuring the PADs for same enantiomer using LCP 

and RCP light, or by measuring the PAD with either LCP or RCP for both the S- and 

R-enantiomers. For this study, we have used the former method to avoid any residual 

contamination while changing the sample. For a (2+1) ionization scheme, the 

difference in the angle-resolved intensity following ionization with LCP and RCP for 

a single enantiomer can be expressed as, 

 

𝐼𝑑𝑖𝑓𝑓(𝜃) = 𝐼𝐿𝐶𝑃(𝜃) − 𝐼𝑅𝐶𝑃(𝜃) =  𝐼+1(𝜃) − 𝐼−1(𝜃) 

=
𝐼𝑡𝑜𝑡
4𝜋
(∑𝑏2𝑖−1

+1

6

𝑖=1

𝑃2𝑖−1(𝑐𝑜𝑠𝜃)) 
(1.33) 

The overall magnitude of the multiphoton PECD in terms of Legendre coefficients. 

For a (2+1) ionization scheme can be expressed as, 
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 𝑀𝑃𝑃𝐸𝐶𝐷 =  2𝑏1
+1 −

1

2
𝑏3
+1 +

1

4
𝑏5
+1 (1.34) 

In all the chapters we use the above equation to express the chiral asymmetry in a 

single quantity.  

 Thesis layout 

In this chapter we presented the relevant background and theory required for following 

the subsequent Chapters. Chapter 2 presents the methodology of the work and divided 

into three sections; firstly, the theory and principles of each technique are discussed; 

secondly, the experimental set up is described and thirdly the data analysis procedures 

are outlined. Chapters 3 presents the REMPI, photoelectron spectroscopy and 

photoelectron circular dichroism measurements recorded via the 3spd Rydberg states 

of fenchone. Further, a comparison is presented with the previous work on fenchone. 

Chapter 4 presents the REMPI and photoelectron spectroscopy measurements for α-

pinene and 3-carene via the 3spd Rydberg states. Chapter 5 presents the photoelectron 

circular dichroism measurements for α-pinene and 3-carene via the 3sp Rydberg states. 

Further discussion is presented on the effects of electronic and vibrational state on 

PECD. Chapter 6 presents the photoelectron angular distribution from the aligned 

aniline and naphthalene molecules and a comparison with simulated PADs is also 

included. In Chapter 7, the conclusions of previous chapters are summarised, and 

future studies are discussed.  
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Chapter 2 Experimental methodology  

In this chapter, the different experimental techniques used in this work are discussed, 

followed by the corresponding detection techniques and spectrometers. Data 

acquisition and analysis is presented for PECD and adiabatic alignment experiments.  

2.1 Experimental techniques:  

2.1.1 Resonance enhanced multiphoton ionization photoelectron circular 

dichroism (REMPI PECD) 

The REMPI PECD experiments were carried out by a picosecond laser system and a 

velocity map imaging spectrometer, both are discussed in the coming sections (2.2.1 

and 2.2.2 respectively). In these REMPI PECD experiments, molecules (fenchone, α-

pinene, and 3-carene) were excited to an intermediate state though the absorption of 

two photons followed by an ionization step by absorption of another photon. Work 

presented this thesis (Chapter 3, 4, and 5) used circularly polarized UV photons to 

drive the excitation step (S0 → 3spd Rydberg states) and ionization step (3spd → D0
+). 

When the whole process is driven by a single wavelength, the technique is labelled as 

(2+1) REMPI. When two different wavelengths are used, it's called (2+1') REMPI.  

2.1.2 Truncated pulse alignment and molecular frame photoelectron angular 

distributions (MFPADs) 

Alignment experiments were carried out at Aarhus University (Denmark), with Prof. 

Henrik Stapelfeldt's group. In these experiments, the molecules were aligned prior to 

the (1+1) REMPI. As discussed in Chapter 1, using alignment techniques, we can 

access the molecular frame photoelectron angular distribution (MFPADs). Molecular 

alignment can be obtained through laser-induced methods, relying on the interaction 

between a moderately intense laser field and the anisotropic polarizability of gas-phase 

molecules (Chapter 1 section 1.6). If the laser field is switched on slowly in 

comparison to the rotational period(s) of the molecules, it is possible to obtain one-

dimensional (1D) alignment, where the most polarizable molecular axis is fixed in 

space, by a linearly polarized field or three-dimensional (3D) alignment [84], and 

where all three principal polarizability axes are fixed in space with an elliptically 

polarized field. The work presented in this thesis uses a slightly different alignment 
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experimental technique. Spectrally truncated chirped laser pulses were used [85] to 

align the molecules with an aim to create aligned molecules after the laser pulse is 

turned off. These pulses were generated by addition of 800nm longpass filter (Thorlabs 

FELH0800) into the alignment beam path. After transmission through this filter the 

spectrum is abruptly cut at 800 nm. This technique offers a best of both worlds 

compromise between adiabatic alignment, which enables a high degree of alignment 

at the cost of a field present, and impulsive alignment, which enables field-free 

alignment, but often with a lower degree of alignment. This was followed by ionization 

using a UV pulse; the molecules (aniline and naphthalene) were excited to an 

intermediate state (S1) by absorption of a photon followed by one photon ionization 

((1+1) REMPI). 

2.2 Experimental setup: REMPI PECD 

2.2.1 Picosecond laser system 

The REMPI PECD experiments were carried out by using the picosecond laser system, 

which is described next. The picosecond laser system consists of a Ti:Sapphire 

oscillator (Coherent, Vitesse), a regenerative amplifier (Coherent, Legend elite), two 

single-pass amplifiers (Coherent), and two optical parametric amplifiers (Light 

Conversion, TOPAS). These are described in more detail below, and a schematic of 

the laser system is shown in figure 2.1. A 50/50 beamsplitter is located between the 

regenerative and single-pass amplifiers in order to create two separate beams for the 

pump and time-delayed probe. Each input beam to the TOPAS systems has a fixed 

wavelength of 800 nm, a pulse width of 1.3 ps, a repetition rate of 1 kHz and a power 

of 3.4 W. The output beams from the TOPAS systems have independently tuneable 

wavelengths from 1100 to 2950 nm, which are subsequently converted to ultraviolet 

wavelengths using sum-frequency and higher-harmonic generation. So the final output 

Figure 2.1. A schematic of the picosecond laser setup 
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of the system is two tuneable beams in the wavelength range 240 – 1140 nm, with a 

pulse duration of ~ 1.3 ps and a bandwidth of ~ 34 cm-1.  

The Vitesse is a mode-locked Ti:Sapphire laser which is pumped by a VERDI diode 

laser. Vitesse generates 100 fs pulses of light at a wavelength of 800 nm, with a spectral 

bandwidth of 10 nm and a repetition rate of 80 MHz. These pulses then pass into the 

Legend Elite regenerative amplifier which contains a pulse stretcher and a Q-switched 

Evolution-30 Nd:YLF laser pumping the regenerative amplifier. The system uses a 

chirped pulse amplification technique; the pulses are stretched using a diffraction 

grating which disperses the different frequencies of the laser pulse, so each wavelength 

travels a slightly different optical pathlength. This stretches the pulse to ~ 200 ps 

consequently reducing the peak intensity and preventing damage to the optical 

components during amplification. The beam also passes through a mask in this stage 

which blocks some of the wavelengths dispersed by the diffraction grating to reduce 

the spectral bandwidth ensuring a final pulse duration of ~ 1.3 ps. The regenerative 

amplifier contains a Ti:Sapphire crystal in a resonant optical cavity which is pumped 

by Nd:YLF laser. A pair of Pockels cells trap each pulse within the amplifier cavity 

for approximately 20 round trips. The amplification occurs as the pulse passes through 

the crystal, resulting in an amplification of greater than 106 before the pulse is ejected. 

The output from the regenerative amplifier is then passed through 50/50 beamsplitter, 

which is located between the regenerative and single-pass amplifiers in order to create 

two beams. 

The two single-pass amplifiers (SPA) consist of two Ti:Sapphire crystals, both 

pumped by an Evolution-HE Nd:YLF diode laser, as shown in figure 2.1. The split 

output of the regenerative amplifier is passed through these two SPAs. The pulses are 

then compressed to 1.3 ps duration using gratings for both the arms. Upon leaving the 

two SPAs units, both beams have a wavelength of 800 nm, a repetition rate of 1 kHz 

and a power of around 3.4 W. Both beams are then sent into an optical parametric 

amplifier or TOPAS (Light Conversion).  These produce infra-red light in the range 

1100–2950 nm, which is then converted to ultraviolet light using sum-frequency and 

higher-harmonic generation. For the present work wavelengths between 350-450 nm 

were generated. One of these beams was set up to produce range 405-450 nm, and the 

other beam was setup to generate the 350-405 nm range. Using this 100 nm wavelength 
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tunability, we were able to explore the 3spd Rydberg regions of α-pinene, 3-carene, 

and fenchone. 

The beams are then focussed into the velocity map imaging spectrometer using a 30 

cm focusing lens. Both beam paths included a half waveplate and quarter waveplate to 

control the polarization of laser pulses. 

2.2.2 Velocity map imaging spectrometer 

The technique used in this work is velocity map imaging (VMI), based on the Eppink 

and Parker design [25]. A VMI spectrometer focuses all the particle with a given 

velocity onto the same point on the screen, regardless of their starting position. This 

gives an image with a series of spherical rings; the outer ring corresponding to the 

fastest moving photoelectrons and the inner ring corresponding to the slowest 

photoelectrons. 

A schematic of the VMI spectrometer is shown in figure 2.2. The spectrometer is made 

of two vacuum chambers. The first chamber is the source chamber where a molecular 

beam is generated using an adiabatic expansion from a kHz rep rate pulse valve (see 

next section). The second vacuum chamber consists of the VMI spectrometer 

described above, and this chamber is called the 'ionization' chamber, which is 

connected by a skimmer to the first 'source' chamber. The molecular beam then passes 

through this skimmer and into this detection chamber, where it intersects with the laser 

beam. At this point, the molecules are vibrationally cold, and the rotation temperatures 

are expected to be around 10-25 K. These two chambers are differentially pumped by 

diffusion pumps to maintain a high vacuum of around 2x10-5 mbar in the source 

Figure 2.2. Schematic of the velocity map imaging spectrometer.  
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chamber (when pulse valve operational) and 1x10-7 mbar in the detection chamber. To 

ensure the photoelectrons generated are not subject to any external magnetic fields 

which would interfere with their trajectories, a double μ-metal shield surrounds the 

ionization chamber.  

The electrostatic extractor lens (figure 2.3) is made up of three circular stainless-steel 

plates: the repeller plate, the extractor plate and the ground plate (0 V). Each plate has 

a hole in the centre which allows the molecular beam to pass through. The molecular 

beam intersects with the laser beams in between the extractor and repeller plates. The 

extractor voltage is initially held at ~70% of the repeller voltage. This voltages ratio 

on the repeller and extractor plates is adjusted until a sharp image is obtained. The 

magnification of the image is determined by the absolute voltage on the plates; the 

slower electron requires lower extraction voltage as it leads to a longer time of flight 

and vice-versa. Therefore, the voltages are chosen so that the outermost ring in the 

image with the largest radius resulting from the fastest electrons is as large as possible 

without touching the edges of the detector.  

These accelerated photoelectrons travel 400 mm along a field-free region and strike a 

40 mm dual microchannel plate/phosphor screen detector (Photek) at the end. The 

MCPs acts as an amplifier, and it generates a cascade of electrons each time a single 

photoelectron hits it. This cascade of electrons then hits the phosphor screen, forming 

a 2D image of the 3D photoelectron velocity distribution. The MCP detector is gated 

by applying a stepping voltage to improve the signal to noise ratio. A trigger from the 

pulse valve is used, which itself is triggered by the laser pulse (Q-switch of the regen 

Figure 2.3. Electrostatic lens used for velocity map imaging. The photoelectrons are produced 

at the cross-section point between molecular beam and laser pulse. 
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pump laser). This only allows photoelectrons from the molecular beam to get amplified 

and filters out the background electrons. A CCD camera (Basler A302f, 782 (H) x 582 

(V) pixels) records the images of the phosphor screen, which are transferred to the 

computer using a LabView acquisition software. The final images are saved in a FITS 

format (Flexible Image Transport System). 

The VMI spectrometer can also be set up to detect ions, which is necessary for REMPI 

spectroscopy, by changing the voltages applied to the electrostatic lens and time-gate. 

Positive voltages are instead applied to the extractor and repeller plates to extract the 

ions and focus them towards the detector. Unless the ion fragments there will be no 

rings in the image, so the camera is left running and the integrated signal is recorded 

as a function of excitation laser wavelength. Moreover, ion detection mode is useful 

for ensuring there are no clusters in the molecular beam. 

2.2.3 Molecular beam: kHz valve 

For REMPI PECD work the 40 Hz molecular beam valve in the VMI spectrometer 

was upgraded to a kHz piezo valve (Amsterdam cantilever piezo valve ACPV2), with 

an opening diameter of 150 µm. The piezo valve was operated by a EDU1 controller 

(more details in ref [86]). Figure 2.4 shows the valve, controller, and the mount to hold 

it inside the source chamber. The valve was mounted directly on a manipulator to 

controller the direction of the supersonic jet. The TTL trigger input from the laser was 

Figure 2.4. Installation of kHz valve (a) kHz valve, (b) controller, (c) mount to hold the valve, 

and (d) manipulator. 

(a) (b) 

(c) 

(d) 
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used to control the operating timing of the valve. The opening time of the valve can be 

adjusted between 5 to 200 microseconds. The valve also requires a constant voltage of 

about 140-150 V (Max) to operate at a repetition rate between 0-3 kHz. When this 

centre voltage is at 140-150 V, the valve will be closed, and when this voltage is pulsed 

to 0 V, it will open the valve.  

The sample is introduced into the source chamber through this kHz valve with an inert 

backing gas of helium (~1 bar,) producing a supersonic jet expansion which cools the 

molecules. The opening time of the valve is kept between the 25-30 microseconds 

because this was limited by the pumping capacity of the diffusion pumps. The valve 

has a very small orifice (diameter ~150 µm), so the high pressure backing gas expands 

into the source chamber which is at a much lower pressure (10-7 mbar maintained by 

diffusion pumps) forming a supersonic jet expansion of He atoms seeded with sample 

molecules. At this point, the molecules are vibrationally cold, and the rotational 

temperature is expected to be around 10-25 K.  

2.3 Fourier transform spectroscopy 

In this section, we will briefly discuss the VUV Fourier transform (FT) spectroscopy 

technique, as some later chapters (3, 4, 5) present a comparison of the VUV absorption 

spectrum with the measured REMPI spectrum of several molecules (α-pinene, 3-

carene, and fenchone). 

The absorption spectrums of these molecules were recorded using the VUV FT 

spectrometer on the DESIRS beamline at Soleil synchrotron facility. The FT 

spectroscopy experimental branch has been previously described in detail [87, 88]; 

here we shall give only the relevant characteristics. DESIRS is an undulator based 

beamline that provides the continuum background for the absorption measurement in 

the shape of a pseudo-Gaussian 7% spectral bandwidth that can be tuned over a large 

UV-VUV range [89]. Fourteen different spectral windows were required in order to 

cover the range 5 - 10 eV. A windowless gas cell installed in a vacuum inside the 

multipurpose environmental sample chamber of the FT spectroscopy branch was used 

for the measurement. Following three freeze-pump-thaw cycles, room temperature 

vapour was admitted to the windowless gas cell via a needle valve to control pressure. 

Typical entrance pressures covered the range 0.10 - 0.27 mbar and were set for each 
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individual spectral window in order to record approximately a 50% absorbance 

spectrum.   

The FT spectrometer was set to provide a spectral resolution of 17.2 cm-1. In the frame 

of our experimental conditions, an inspection of the spectrum gave no evidence for 

any feature requiring a better spectral resolution. During the campaign, and due to 

technical problems, it was not possible to set the absolute absorption cross-section 

scale by the procedure usually adopted [88]. Nevertheless, the cross-section was 

calibrated against a limonene spectrum recorded under comparable flowing 

conditions, itself cross-calibrated against literature values [90]. 

2.4 Photoelectron photoion coincidence detection  

Femtosecond measurements were also made to get a better understanding of 

photoionization dynamics at the two timescales (femtosecond and picosecond). A 

femtosecond laser pulse with a 3 kHz repetition rate and 150 fs pulse duration laser 

coupled with a dual imaging electron-ion coincidence spectrometer [75, 79, 91] was 

used for these measurements. These measurements were recorded at Radboud 

University, Nijmegen (Netherlands). Thus, in this section, we will briefly discuss the 

detection technique known as photoelectron photoion coincidence (PEPICO).  

PEPICO is a combination of photoionization mass spectrometry and photoelectron 

spectroscopy. Both the electrons and the ions are extracted by applying electric 

potentials and are detected with time-sensitive detectors. Electron times-of-flight are 

Figure 2.5. Schematic of a PEPICO setup [79]. After ionization of the molecule the electron 

and ion pair is detected in delayed coincidence on two opposing time- and position-sensitive 

delay line detectors mounted perpendicular to the molecular beam and photon beam. 
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typically three orders of magnitude smaller than those of ions, which means that the 

electron detection can be used as a timestamp for the ionization event, starting the 

clock for the ion time-of-flight analysis. In contrast with pulsed experiments, such as 

REMPI, in which the light pulse must act as the time stamp, this allows the use of 

continuous light sources. In a usual PEPICO experiment, the photoelectrons are 

detected by a VMI technique while a time of flight mass spectroscopy is used to detect 

the ion fragments, as shown in figure 2.5 [79]. As these electrons and ions are 

correlated to each other, the recorded photoelectron images can be filtered with respect 

to one or more masses appearing in time of flight, providing background free 

photoelectron images.  

2.5 Alignment experiment 

2.5.1 Experimental setup 

The work presented in this thesis on the alignment of aniline and naphthalene was done 

at Prof Henrik Stapelfeldt's lab at Aarhus University. Schematics of the key elements 

in the experimental setup is shown in figures 2.6(a) and 2.6(b), further details can be 

found in ref [92].   

A schematic of the laser setup is shown in figure 2.6(a). Two laser pulses originate 

from the same pulsed Ti:Sapphire laser system (customized Solstice ACE, model 80L-

35F-1K-HP-T Spectra-Physics, 1 kHz, 6W, 40 fs). As shown in the figure one of the 

laser pulses is an uncompressed 800 nm output of the laser system, which was used as 

the alignment laser pulse. These laser pulses have a duration of 110 ps (FWHM, 

truncated) and a pulse energy up to ~700 μJ. The second laser pulse which was used 

to ionize the molecules was sent to an optical parametric amplifier (TOPAS, model 

TP8U1, Light Conversion, pumped by 3.0 W (pulse energy: 3 mJ) from the 

compressed output of the Ti:Sapphire laser system, and followed by subsequent 

nonlinear optical processes to get the UV pulses. The TOPAS idler output at ~2215 

nm was frequency-mixed with an 800 nm beam from the Ti-Sapphire laser in a 0.5-

mm thick BBO crystal to generate a visible beam at ~588 nm. This beam is then 

frequency-doubled in 40-mm thick KDP crystal to yield the final UV probe beam with 

a duration of 6 ps and a bandwidth of ~0.06 nm. For aniline measurements, the pulses 

were centered at 293.85 nm to access S1 origin, and the pulse energy was up to 0.2 μJ. 

For the naphthalene measurements, the pulses were centered at 293.53 nm to access a 
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vibrational state in S1 (S1 origin cannot be accessed with one colour) with a pulse 

energy of 2 μJ. 

A dichroic mirror (DM) is used to overlap the probe beam and the alignment beam, 

followed by a plano-convex lens (FL, f=30 cm) which focuses the two collinear beams 

into the vacuum chamber via the entrance window (EW). The foci of the laser beams 

are positioned at the point where the laser paths cross the molecular beam. The focal 

spot size, ω0, of the alignment (probe) beam is 35 μm (20 μm). The intensity of the 

alignment pulses is controlled by the combination of a half-wave plate (HWP) and a 

thin-film polarizer (TFP). For the experiments on aniline and naphthalene, a quarter-

wave plate (QWP) was included after the half-wave plate, allowing to control the 

polarization of the alignment pulse, for example, linear polarization for 1D alignment 

and elliptically polarized pulses for 3-dimensional molecular alignment. Before 

travelling through the dichroic mirror (DM), the pulses in the alignment beam are 

Figure 2.6. (a) Schematic of the laser set-up showing the paths of the alignment beam (1) and 

the probe beam (2). HWP: Half-wave plate, QWP: Quarter-wave plate, TFP: Thin-film 

polarizer, LPTF: Long-pass transmission filter, DM: Dichroic mirror, FL: Focusing lens, 

EW: entrance window, DS: delay stage. The remaining non-labelled components are mirrors. 

(b) Schematic of the key elements of the experiment. The alignment and the probe pulse are 

both linearly polarized along the z-axis. ELV: Even-Lavie valve, 2D ID: 2D imaging detector, 

VMI: velocity map imaging electrodes. The inset shows a sketch of the molecular structure 

of aniline and the most polarizable axis (MPA, black dashed line) and its transition dipole 

moment (red dotted line). (c) The grey shaded area shows the intensity profile of the 

alignment pulse. The probe pulse is indicated by the narrow violet peak and shown in the 

inset [86]. 
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spectrally truncated by a long-pass transmission filter (LPTF). This leads to a temporal 

truncation where the intensity drops by more than a factor of 100 over ~10 ps [85, 93]. 

The resulting intensity profile of the alignment pulse, obtained by cross-correlation 

with the probe pulse, is shown in the inset of figure 2.6c. The timing of the probe pulse 

with respect to the alignment pulse is controlled by a delay stage (DS2) in the probe 

beam, placed after the KDP crystal. A molecular beam is formed by expanding a gas 

mixture of 80 bar of helium and 2 mbar of aniline or 1 mbar of naphthalene into a 

vacuum chamber through an Even-Lavie valve. The repetition rate of the experiment 

was 200 Hz. The sample was slightly heated before sending to the source chamber. In 

the case of aniline (naphthalene), the valve was heated to 36° C (50° C). After passage 

through a 4 mm diameter skimmer, the molecular beam enters a VMI spectrometer 

where it is crossed at 90° by two collinearly focused, pulsed laser beams, one to align 

the molecules and one to ionize them. The electrons produced by the ionization pulse 

are extracted with a static electric field (140-150 V/cm) in the VMI spectrometer and 

projected onto a two-dimensional (2D) imaging detector consisting of a microchannel 

plate detector with an active diameter of 41.5 mm backed by a phosphor screen; see 

figure 2.6(b). The electron hits on the detector are recorded by a CCD camera 

(Prosilica GE 680, Allied Vision, 640 (H) × 480 (V) pixels), and the coordinates of 

each individual electron hit are determined.  Thus, the basic experimental observables 

are two-dimensional velocity images of the photoelectrons. These images analysed 

using Abel inversion technique to get full three-dimensional angular distribution (see 

section 2.6). 

2.6 Data analysis 

To record the REMPI spectra, photoelectron spectra along with anisotropy parameters, 

and photoelectron circular dichroism from images recorded with a CCD camera, 

several steps are required. In this section, acquisition and analysis methods are 

described in detail. 

2.6.1 REMPI spectrum  

The REMPI spectrum for fenchone, α-pinene and 3-carene were recorded by setting 

up the VMI spectrometer to ion detections mode by changing the voltages applied to 

the electrostatic lens and changing the time-gate to detect the parent ions for each 

molecule. Positive voltages are instead applied to the extractor and repeller plates to 
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extract the ions and focus them towards the detector. A voltage of 2500/1752 (repeller/ 

extractor) was applied. The ion image counts were recorded as a function of excitation 

laser wavelength (giving the REMPI spectrum). REMPI was recorded in the range of 

350-450 nm for all these molecules; the first half 405-450 nm was recorded using 

TOPAS 1 and second half 350-405 nm using TOPAS 2. Laser stepping size of 0.05 

nm was used with a delay time of 2 seconds at each step. Laser power was also 

measured at every 0.5 nm. The final REMPI spectrum was obtained by normalizing 

the ion counts by the laser power. 

2.6.2 Recovering photoelectron spectra: pBASEX 

As discussed in Section 2.2, the image recorded by the CCD camera is a 2D projection 

of the three-dimensional photoelectron velocity distribution. In both cases, when 

polarizations are linear and circular, the 3D distribution is guaranteed to be 

cylindrically symmetric about the polarization axis and propagation axis respectively, 

which are parallel to the plane of the detector. This symmetry in the 2D image allows 

reconstructing the original three-dimensional distribution, using various inversion 

methods such as Abel inversion [94], onion peeling [94], BASEX [95], pBasex [96] 

etc. From that three-dimensional distribution, the photoelectron intensity can be 

measured as a function of the radius from the centre of the image and the angle with 

respect to the laser polarization (propagation axis in case of circular polarization). 

For the purpose of this work pBasex computer program of Garcia et al. [96], is used, 

which uses polar (BASEX) rather than Cartesian coordinates for the basis functions. 

A series of Gaussian functions with width σ, was used to model the kinetic energy 

distribution of the photoelectrons, expressed as 

 𝐹(𝑅, 𝜃) = ∑ ∑ 𝑐𝑘𝑙𝑒
−(𝑅−𝑅𝑘)

2/𝜎𝑃𝑙(cos 𝜃)

𝑙𝑚𝑎𝑥

𝑙=0

𝑘𝑚𝑎𝑥

𝑘=0

 (2.1) 

where θ is measured with respect to the propagation direction (circularly or 

unpolarized light) or the polarization direction (linearly polarized) of the light, R is the 

radius from the centre of the image, Rk is the centre of the kth Gaussian, and Pl is the 

Legendre polynomial of order l. The pBasex program extracts the coefficients ckl such 

that the 2D projection of F(R, θ) is similar to the recorded image. Based on the 

symmetry considerations, further simplification arises, for example, with the use of 

reflection (in electric field plane) and cylindrical symmetry, the odd-l terms and non-
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zero k terms disappear from Equation (2.1). Thus, pBasex considers only the terms for 

l = 0, 2, 4 and 6... For a given electron kinetic energy, the angular distribution of the 

electrons can then be described in terms of anisotropy parameters, β20, β40, and β60… 

Whereas for chiral molecules, the reflection symmetry does not apply, hence odd-l 

terms also contribute to the expression of angular distribution and anisotropy 

parameters, b10, b30, b50… 

The analysis of the photoelectron intensity data was carried out using the pBasex 

package written in the IGOR pro software by Gustavo Garcia [97]. The output files 

are produced, giving the photoelectron intensity and anisotropy parameters as a 

function of the distance in pixels from the centre of the image, which was converted 

to electron kinetic as well as ionization energy (see next section) using the calibration 

factor. Figure 2.7 shows a raw image alongside with an inverted image and 

photoelectron spectrum (PES) as a function of electron kinetic energy. In the following 

section, we will discuss the calibration used for conversion of radial distance, r, from 

(a) (b) 

(c) 

Figure 2.7. Photoelectron image analysis. (a) Raw accumulated image with linear polarized 

light, (b) Inverted image using pBasex, (c) Extracted photoelectron spectra from the inverted 

image. 
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the centre of the image into electron kinetic energy (eKE) and ionization energy 

(mainly used axis). 

2.6.3 Calibration 

The pBasex software, shown in figure 2.8 uses a calibration factor (C) to convert the 

distance, r, into kinetic energy. This distance is proportional to the speed of the 

photoelectrons, and so their kinetic energy depends upon r2. This is expressed as  

 eKE = 𝑉𝑟𝑒𝑝
𝑅2

𝐶2
 (2.2) 

where 𝑉𝑟𝑒𝑝 is the VMI repeller voltage, and R is the radius of the image, C is the 

calibration constant, and eKE is the electron kinetic energy. In this thesis, 

photoelectron spectra are generally plotted as a function of the ionization energy (IE). 

This can be determined through the information of photon energies, the ionization 

potential (IP) and photoelectron kinetic energy, using the expression 

 hν = IE + eKE, IE = IP + 𝐸𝑖𝑛𝑡  (2.3) 

where 𝐸𝑖𝑛𝑡, is the ion internal energy. Equations 2.2 and 2.3 can be used to calculate 

the calibration constant C by either using a photoelectron peak for which IE is already 

known, for example, an origin peak for which  𝐸𝑖𝑛𝑡  is 0 cm-1, which would correspond 

to the peak at the largest radius.  

For this work energy scale of VMI spectrometer was calibrated using the S1 origin of 

aniline [98], the electron peak with the largest radius corresponds to ions with zero 

internal energy. This provides the calibration constant C, which is used to convert the 

Figure 2.8. pBasex software (Igor Pro). (a) Main panel provide options to select centre, 

number of photons involved, stats, and symmetry (b) calibration panel, input total photon 

energy, and calibration constant.  
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entire velocity scale into electron kinetic energy and subsequently into ionization 

energy for every measured photoelectron spectrum. 

2.6.4 PECD data acquisition 

REMPI PECD data was accumulated using an acquisition program written in 

LabView. PECD was measured by recording the LCP and RCP photoelectron images 

by rotating the quarter waveplate using a rotation mount controlled by a stepper motor 

(Thorlabs). Each image was recorded for a short time at each polarization to avoid the 

effects of drifts in laser power or other experimental parameters, and then the quarter-

wave plate was rotated to record the image for the other polarization. In each case, 

15000 frames were recorded before switching to other polarization, and four pairs of 

images were recorded. The images were added to produce final LCP and RCP images 

at each wavelength. Measurements using different polarization were conducted at 

constant pulse energies. Only one enantiomer (1R,5R) -(+)-α-pinene, 1S- (+)-carene, 

and 1R-(-)-fenchone were used to record the PECD data. All the samples were 

purchased from Sigma-Aldrich with >97% enantiomeric excess for α-pinene and 

>99% for 3-carene.  

2.6.5 PECD data fitting 

The recoded LCP and RCP images were analysed using the PECD package written in 

IGOR pro by Gustava Garcia (figure 2.9). This software requires the two images with 

Figure 2.9. PECD analysis software (Igor Pro). Feed in the LCP and RCP image in 

cdad_waves with corresponding signs. Select centre of the differential image, symmetry, and 

number of photons involved in the process. 
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corresponding laser polarization signs. It calculates the differential image of LCP and 

RCP, followed by a pBasex fitting procedure based on Eq. 2.1 to calculate, 

photoelectron spectra (b0), and anisotropy parameters (b1, b2, b3, b4…..). It also 

generates the PECD value based on weighted sum of the individual anisotropy 

parameters (Chapter 1 section 1.8). In this thesis, this PECD value is presented as a 

function of ionization energy along with the photoelectron spectrum. Figure 2.10 

shows an example of PECD analysis for the fenchone molecule. Images were recorded 

at the origin of the 3s Rydberg state using 416.57 nm wavelength. The figure shows 

the LCP and RCP images, differential image (inverted), and photoelectron spectra 

alongside the anisotropy parameters. 

2.7 Polarimetry 

For the REMPI PECD experiment, circularly polarised light was used to ionize the 

molecules. Excellent control over the polarization of the laser pulse is crucial for these 

experiments. In has been shown that the degree of circular polarization can affect the 

PECD results, so an accuracy of better than a few degrees is required in the quarter-

wave plates while selecting the angle. In this section, we will discuss how to generate 

the circularly polarized light and how to quantify the polarization by determining the 

Stokes parameters. The method presented below is based on the work of Beth and co-

workers [99]. 

Figure 2.10. PECD analysis. (a) LCP image, (b) RCP image, (d) Differential image, (c) 

Inverted differential image, and (e) PES, PECD, and anisotropy parameters. 

(a) (b) 

(c) (d) 

(e) 
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2.7.1 Stokes parameter 

In 1852 George Gabriel Stokes showed that the polarization of light could be 

characterized in terms of four intensity parameters [100, 101]. The polarization ellipse 

of light, which is an amplitude description of light is not accessible directly to 

measurements. But this polarization ellipse can be shown to be directly related to the 

Stokes polarization parameters, thus are widely used to describe the polarization of 

light. 

 

Polarization of light arises when it consists of two independent orthogonal 

components, 𝐸𝑥(𝑧, 𝑡) and 𝐸𝑦(𝑧, 𝑡) having different amplitudes and phases with the 

direction of propagation in the z-direction. These equations are described as 

 𝐸𝑥(𝑧, 𝑡) = 𝐸𝑎 cos(𝜔𝑡 − 𝑘𝑧 + 𝛿𝑥) (2.4) 

 𝐸𝑦(𝑧, 𝑡) = 𝐸𝑏 cos(𝜔𝑡 − 𝑘𝑧 + 𝛿𝑦) (2.5) 

where 𝐸𝑎 and 𝐸𝑏 are the maximum amplitudes, t represents time, ω is the angular 

frequency of the field, and 𝛿𝑥 and 𝛿𝑦 are the phase constants. The term 𝜔𝑡 − 𝑘𝑧 

describes the propagation of the wave and is called the propagator. As field 

components cannot be observed directly, the visual representation of polarization of 

light can be obtained by eliminating the propagator in Eqs. (2.4 and 2.5) yielding  

 
𝐸𝑥(𝑧, 𝑡)

2

𝐸𝑎
2

+
𝐸𝑦(𝑧, 𝑡)

2

𝐸𝑏
2 −

2𝐸𝑥(𝑧, 𝑡)𝐸𝑦(𝑧, 𝑡)

𝐸𝑎𝐸𝑏
cos 𝛿 = 𝑠𝑖𝑛2𝛿 (2.6) 

Figure 2.11. Plot of the equation for the polarization ellipse, Eq.(2.6) In general, the ellipse 

is not in its standard form, where 𝐸𝑥(𝑧, 𝑡) and 𝐸𝑦(𝑧, 𝑡) are directed along the x-and y-axes. 



Polarimetry 

 

49 

 

where 𝛿 = 𝛿𝑥 − 𝛿𝑦. This equation is called polarization ellipse, as shown in figure 

2.10. The time average of Eq. 2.6 leads to the observable parameters of this 

polarization ellipse, 

 𝑆0
2 = 𝑆1

2 + 𝑆2
2 + 𝑆3

2 (2.7) 

where  

 𝑆0 = 𝐸𝑎
2 + 𝐸𝑏

2, (2.8a) 

 𝑆1 = 𝐸𝑎
2 − 𝐸𝑏

2, (2.8b) 

 𝑆2 = 2𝐸𝑎
2𝐸𝑏

2 cos 𝛿, (2.8c) 

 𝑆3 = 2𝐸𝑎
2𝐸𝑏

2 sin 𝛿. (2.8d) 

Equation (2.8) defines the four Stokes polarization parameters. They are described in 

terms of intensities (amplitudes squared) and therefore can be measured. The 

parameter S0 describes the total intensity of the optical field, S1 describes the 

preponderance of linearly horizontally polarized light (LHP) over linearly vertically 

polarized light (LVP), S2 describes the preponderance of linear +45° polarized light (L 

+45P) over linear −45° polarized light (L−45P), and the fourth parameter S3 describes 

the preponderance of right circularly polarized light over left circularly polarized light. 

The Stokes parameters in Eq. 2.8 can be arranged as the elements of a 4 × 1 matrix as 

 𝑆 = (

𝑆0
𝑆1
𝑆2
𝑆3

) =

(

 
 

𝐸𝑎
2 + 𝐸𝑏

2

𝐸𝑎
2 − 𝐸𝑏

2

2𝐸𝑎
2𝐸𝑏

2 cos 𝛿

2𝐸𝑎
2𝐸𝑏

2 sin 𝛿)

 
 

 (2.9) 

this is called the Stokes vector. Different polarization states can be represented as, 

 

𝑆𝐿𝐻𝑃 = (

1
1
0
0

) ,  𝑆𝐿𝑉𝑃 = (

1
−1
0
0

),  

𝑆𝑅𝐶𝑃 = (

1
0
0
1

) ,  𝑆𝐿𝐶𝑃 = (

1
0
0
−1

)  

(2.10) 

The Stokes vectors have been normalized to unit intensity. In the next section, we 

discuss how to characterize a quarter-wave plate (QWP) and measure the Stokes 

parameters. 
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2.7.2 Quarter wave plate characterization 

The laser pulses out of the TOPAS are vertically polarized. To convert the vertically 

polarized light to circularly polarized light a quarter-wave plate (B.Halle Nachfl. 

GmbH RAC 5.4.10L) was used. Before the pulse entered the vacuum chamber through 

the entrance window it passed a polarizer, and a quarter quarter-wave plate. The 

polarizer ensured a clean linear polarization state of the beam before the pulse passes 

through the QWP. The QWP was mounted on a motorized rotational stage with an 

electronic readout with a resolution of better than 0.1 degree. Passing linearly polarized 

light through a quarter-waveplate with its axes at 45° (135°) to its polarization axis 

will convert it to left (right) circular polarization. But these QWP are broadband 

waveplate, so these angles are always slightly off for a particular wavelength in the 

broad spectrum range. Therefore, we need to characterize these QWP to get the perfect 

angles for LCP and RCP.  For this characterization, the lasers pulses were transmitted 

though the QWP and a polarizer and the power was measured in the end using a power 

meter. The transmission through the polarizer was measured as a function of the 

quarter-waveplate rotation. The result gives a calibration of the orientation of the major 

polarization axis with respect to the laboratory frame.  

Figure 2.12 shows data from the polarimetry measurements. The data show the peaks 

have the same height and are separated by 90 degrees from each other. The peaks and 

valley correspond to the 45-degree angle between fast and the slow axes. To convert 

linear light to circular light (LCP and RCP), we can place the QWP at the angle of 

Figure 2.12.  Quarter-wave plate characterization. Showing the polarizer transmission as a 

function of the angle of the QWP. 
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either peaks or valley in the plot. For this work, we selected angles 450 and 1350 to 

generate LCP and RCP respectively. 

2.7.3 Measuring Stokes parameters  

The measurement of the Stokes parameters was carried out by allowing the circularly 

polarized light to propagate sequentially through a quarter-wave plate and a 

polarizer. A waveplate can be represented by two orthogonal axes known as the fast 

and slow axes. The waveplate creates a phase shift ϕ between the orthogonal 

components of a polarized beam. The quarter waveplate introduces a phase shift of 

one-quarter of a wave (π/2) between the orthogonal components of the polarized beam. 

A linear polarizer is also characterized by a pair of orthogonal transmission axes. 

Ideally, no transmission occurs along one axis, and there is complete transmission 

along the orthogonal axis.  

In the measurements, the waveplate was rotated through an angle θ  while the polarizer 

was fixed with its fast axis aligned vertically. Figure 2.13 shows the measurement 

configuration. The intensity modulation of the optical beam on the detector shown in 

figure 2.14 is analysed by fitting with equation: 

 

𝐼(𝜃) =
1

2
(𝐴 + 𝐵𝑠𝑖𝑛2𝜃 + 𝐶𝑐𝑜𝑠4𝜃 + 𝐷𝑠𝑖𝑛4𝜃), 

𝑤ℎ𝑒𝑟𝑒 𝐴 = 𝑆0 +
𝑆1
2
, 𝐵 = 𝑆3, 𝐷 =

𝑆2
2

 

(2.11) 

where 𝑆0, 𝑆1, 𝑆2, and 𝑆3 are the four Stokes parameters needed to characterize the 

polarization of the light. The 𝑆0 parameter describes the total intensity of the optical 

field, 𝑆1 describes the preponderance of horizontally over vertically polarized light, 

𝑆2, describes the preponderance of linear +45◦ polarized light over linear −45◦ 

polarized light and, and the fourth stokes parameter, 𝑆3, describes the preponderance 

of RCP over LCP. Thus, for LCP light 𝑆3 = −1 and for RCP light 𝑆3 = +1.  

Figure 2.13. A method for measuring the Stokes polarization parameters for a circularly 

polarised laser pulse. The figure shows the polarizing elements that generate the Stokes 

parameters to be measured. 
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A plot of the intensity versus the continuous waveplate rotation angle for Eq. 2.11 is 

shown in figure 2.14. The Stokes vectors obtained were SRCP,411nm = (1, -0.353, -0.515, 

0.963) and SLCP,411nm = (1, -0.027, -0.202, -0.985). For wavelengths at 374 nm the 

Stokes vectors were SRCP,374nm = (1, -0.745, 0.154, 0.965) and SLCP,374nm = (1, 0.243, 

0.731, -0.968). The chiral angular distribution parameters are expected to be affected 

by the ellipticity of the light source (S3), which can require a correction in the data 

[102, 103]. In our case, because of the excellent degree of polarization, | S3| > 96%, we 

have not applied a correction. 

 

 

 

Figure 2.14. Data from polarimetry measurements. The measured transmission for either 

right-circular polarized light (red curve) or left-circular polarized light (green curve) of 

picosecond laser pulses centered around 411.2 nm. 
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Chapter 3 Photoelectron spectroscopy and photoelectron 

circular dichroism of fenchone via 3spd Rydberg states 

3.1  Introduction   

Fenchone is a naturally occurring chiral terpenoid compound (C10H16O) that 

contributes its distinctive odour to plants such as fennel. Alongside its many claimed 

uses as an essential oil extract (perfumery, aromatherapy, flavouring, and 

antimicrobial agent)  it is also commonly adopted as a benchmark molecule with 

established chiroptical techniques such as electronic absorption circular dichroism 

(ECD) [104, 105], vibrational circular dichroism (VCD) [46], Raman optical activity 

(ROA) [47], and optical rotatory dispersion (ORD) [106]. Importantly in this context, 

fenchone has a rigid bicyclic structure (figure 3.1) that prevents it from adopting 

multiple conformations, consequently removing ambiguity about the structural forms 

present in various media. Fenchone also has relatively high vapour pressure, making 

it a benchmark molecule also for gas-phase chiroptical techniques. These include 

cavity ring-down polarimetry [107], and photoelectron circular dichroism (PECD) 

measured with synchrotron radiation in both soft X-rays C 1s ionization [55] and 

vacuum ultraviolet (VUV) valence band ionization [11, 51, 54, 108]. Even more 

recently, fenchone has been a primary molecule of choice in fundamental 

investigations of laser multiphoton ionization PECD [70, 73, 77, 80, 109, 110] 

including pump-probe time-resolved measurements [81, 109]. Complementing the 

fundamental laser based studies, multiphoton ion yield [70] and enantiomeric excess 

determination [110] experiments have addressed more analytical applications using 

fenchone as a testcase.  

In the past two decades, these single-photon and multiphoton ionization studies at a 

variety of light sources have shown that the PECD measurements are sensitive to 

electronic [111] and nuclear structure (conformation) [58]. Moreover, Resonance-

Figure 3.1.  Enantiomer (1R)- (-)-fenchone.  
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enhanced multiphoton ionization has given access to electronic intermediates and, with 

the help of femtosecond laser excitation and ionization, PECD has been demonstrated 

in a (2+1) REMPI scheme using fenchone as a testcase [73, 74]. As a result of more 

angular momentum transfer in higher multiphoton process in comparison to single-

photon ionization, even higher order anisotropy parameters were observed.  

However, despite this rather intensive uptake of fenchone in resonance enhanced 

multiphoton studies of chiral molecules, there remains relatively little background 

detail concerning its excited state spectroscopy and effects of vibronic state and 

electronic kinetic energy on PECD measurements are still unresolved. Older 

measurements of the He I photoelectron spectroscopy of fenchone [105, 112] mapped 

out the valence band ionization profile at low resolution. Very much higher resolution 

was achieved in REMPI spectra obtained using nanosecond pulse lasers for two-

photon excitation via the 3s [113, 114] and, more recently, an extended scan to the 

include the 3p region, but with only limited analysis. Recently, the effect of the initial 

and final state was shown by Kastner and co-workers in a (2+1) REMPI PECD 

measurements for fenchone via the B- and C-band transitions, which are believed to 

correspond to 3s←n and 3p←n excitation, respectively [80, 115].  

In this chapter, we report a new, wide range (5.7 eV – 9.0 eV) absorption spectrum, 

recorded using VUV Fourier transform (FT) spectrometry, that spans from the onset 

of the Rydberg excitations in fenchone to above its ionization energy. This is 

complemented and directly contrasted with a picosecond (ps) laser (2+1) REMPI 

spectrum of the n = 3 Rydberg region recorded at comparable resolution. Laser 

intensity dependence measurements made with ps and fs pulse duration lasers are 

recorded to help establish the relative importance of the two-photon absorption, 

ionization, and relaxation processes in the REMPI spectrum. Polarization dependent 

measurements of the parent ion yields are then able to be used to estimate the circular-

linear dichroism in the two-photon absorption. Finally, vibrationally resolved 

photoelectron spectra and REMPI PECD, generated with ps excitation, are recorded 

across the 3sp Rydberg region, and these not only provide new insight into the cation 

vibrational distribution following the ionization step but also suggests very different 

roles for vibrational dynamics in the intermediate Rydberg states. This work extends 

the previous studies done by the Baumert group [80] (femtosecond work) on the 

influence of the electronic character of an intermediate excited state on the observed 
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PECD in fenchone using a picosecond laser pulse. This enables the resolution of 

vibrational states in excitation and ionization and consequently the influence of 

vibrational motion on PECD. This knowledge will help further our goal to disentangle 

the competing influences on PECD. 

The chapter is structured in two main parts; the first part presents one colour 

photoelectron spectra which were needed in order to locate the excited electronic states 

and determine the ionization potential. Parent ion yields are presented as a function of 

laser power and polarization in order to provide further insight into the electronic 

structure, including the symmetry of the initial and excited states. This part of the work 

has been submitted for publication, thus this chapter will has some overlap with the 

manuscript [116].  The second part presents vibrationally resolved picosecond PECD 

results for ionization via various electronic and vibrational intermediate states. This 

part of work is in preparation for publication. 

3.2 Experimental section 

In this experiment long-range (350 - 420 nm, 5.85 - 7.08 eV) vibrationally resolved 

picosecond (2+1) REMPI PES and PECD measurements were recorded using a 

picosecond laser and velocity map imaging spectrometer. The experimental setup used 

in this experiment is described in detail in Chapter 2. In brief, 1.3 ps pulses in the UV 

range were generated using the Nottingham based Ti:Sapphire ultrafast laser system 

(described in Chapter 2 Section 2.2.1).  In order to record REMPI spectra a wavelength 

scan was performed over the range 350 - 420 nm with a step size of 0.05 nm and 2 s 

delay time. REMPI spectra, photoelectron spectra (PES), and PECD measurements 

were made using S-(+)-fenchone enantiomer. The sample was purchased from Sigma-

Aldrich (99.9% enantiomer excess), seeded with helium and introduced through a 150 

µm kHz pulsed nozzle (see Chapter 2 Section 2.2.3). The pressure in the interaction 

chamber was typically 2×10-7 mbar, with a background pressure of 5×10-8 mbar. 

Photoelectrons were detected using velocity map imaging, and the 3D distributions 

were reconstructed using pBasex (Chapter 2 Section 2.6.2). PES measurements were 

undertaken with linearly polarised light and PECD measurements with circularly 

polarized light. Details of the methodology used to record the PECD images is 

presented in Chapters 2. The degree of circular polarization is quantified by the Stokes 
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parameter S3 (see Chapter 2 Section 2.7.1), which for all our measurements was well 

above 96%. 

3.3 Results and discussion  

In this section (2+1) REMPI spectra in the range 350-420 nm (5.85-7.08 eV) are 

presented. PES and PECD measurements were recorded for ionization via different 

vibrational levels of the 3s and 3p Rydberg intermediate states. In Section 3.4 and 3.5 

the REMPI and PES spectra are presented and the relevant intermediate states 

highlighted. In Section 3.6 the laser power and Section 3.7 laser polarization dependent 

parent ion yield measurements are presented, followed by the PECD measurements. 

There is a significant difference in PECD signal for the two electronic states, and a 

comparison of the resulting anisotropy parameters is presented. In Section 3.8 we 

present vibrationally resolved PECD measurements in the 3s and 3p regions. In 

Section 3.9 we discuss how the results can be used to decouple the effects of 

photoelectron kinetic energy, vibrational structure and electronic state on PECD. 

3.4 (2+1) REMPI spectrum 

In figure 3.2 we present a (2+1) REMPI spectrum of fenchone, recorded by monitoring 

the parent ion mass, m/z 152, while scanning with linearly polarized, picosecond laser 

pulses. The spectrum was recorded over the range 350 - 420 nm (5.85 - 7.08 eV, two-

photon energy) and has been normalized by the pulse energy, which ranged around 12 

± 2 μJ across the spectrum. The spectral resolution of the 1.3 ps pulses was estimated 

to be around 50 cm-1 (further details in Chapter 2). As a result of the relatively narrow 

laser bandwidth and the use of a cold molecular beam source, resolved vibrational 

features were observed, comparable to those seen in a high-resolution VUV absorption 

spectrum, also shown in figure 3.2. This absorption spectrum was recorded with a 

VUV Fourier transform (FT) spectrometer at a dedicated branch on the DESIRS 

beamline at Synchrotron SOLEIL (further detail in Chapter 2 Section 2.3). The state-

of-the-art FTS instrument can cover a large UV-VUV spectral range from 4 to 30 eV. 

The FT scan starts above the region of the first, very weak n-π* valence excitation but 

then extends beyond the fenchone ionization threshold (8.4 eV). The FT spectrometer 

was set to provide a spectral resolution of 17.2 cm-1 which is around ten times better 

than the 0.5-2.0 nm resolution spectrum reported by Pulm et al. [105], and while still 
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in broad agreement the structure here is more pronounced, especially at the lowest 

energy. A comparison between VUV single-photon absorption measurements and 

(2+1) REMPI measurements is shown in figure 3.2. There is clearly a very close 

resemblance between the absorption spectrum and the two-photon REMPI spectrum, 

both of which show vibrational bands in the energy region corresponding to three 

different 3l Rydberg states. The different regions identified in the REMPI spectrum 

correspond to the B-, C- and D-band transitions, which are believed to correspond to 

3s←n, 3p←n, and 3d←n excitation, respectively [105]. However, the relative intensity 

of the 3s excitation appears much stronger in the REMPI spectra than VUV absorption 

spectra. This different 3s:3p ratios in the VUV and REMPI spectra are ascribed to the 

different photon transition mechanisms for the resonant ground-Rydberg excitations 

[116]. 

The 3s←n (B-band transitions) are observed in the region 5.9-6.3 eV with the 0-0 

transition at 5.95 eV, followed by the peaks corresponding to vibrational levels of the 

3s Rydberg state. The threshold of the 3p transition was assigned with the help of work 

done by various authors. The theoretical work of Pulm et al. has shown that energy 

Figure 3.2. REMPI spectrum (blue) in comparisons with VUV Fourier transform 

spectrometer measurements (red) of fenchone. FTS spectrum is zoomed 5 times in 3s 

region. 
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separation between the origins of the B- and C-bands is 0.48 eV [105]. The VUV 

absorption spectrum shows a separation of 0.44 eV between the bands. The energy 

separation that we determine from our REMPI spectrum is 0.45 eV, which enables us 

to assign the peak whose onset is 6.4 eV as the origin of 3p state and the region 6.4-

6.9 eV to 3p←n (C-band) transitions. The three members (x, y, z states) of the 3p 

Rydberg states are perturbed by the bicyclic skeleton so that an interpretation in the 

local C2 symmetry frame of the carbonyl group is difficult. Tentatively, the 

components can be assigned to 3px (A2 in local C2 symmetry), 3py, (Al) and 3pz (B2) 

states with energy ordering of yzx (increasing order of energy) for the three 

components [105]. Theoretically, it has been shown that in the two-photon resonant 

spectra of fenchone's 3p states the 3py state will be dominant, with weak contribution 

from 3px, and the 3pz contribution will be negligible [116]. The region above 7.0 eV 

corresponds to 3d←n (D-band) Rydberg transitions. 

The peak width in the REMPI spectrum is not the same through different regions which 

raises the question why the ps REMPI peak widths in the 3p region appear broadened 

compared to those of the 3s band?  The authors of Refs. [80, 115] have previously 

noted that the 3p lines in their ns REMPI spectrum were broader than the 3s lines (the 

latter most probably reflecting rotational profiles). From the experimental linewidths 

they were able to estimate τ ≥ 0.6 ps as a lower lifetime limit for the 3s state. Further, 

from the extra width of the 3p lines they suggested τ ≥ 80 fs for the 3p state. It is 

implausible to simply transfer these lifetime broadening arguments to the ps pulse 

duration REMPI spectrum. Rather, we consider the possibility that the observed ps 3p 

widths reflect the unresolved excitation of both 3py and 3px states (we discount 3pz 

given its much lower predicted two-photon cross-section [116]). Further discussion on 

the lifetime of these Rydberg states is provided in Section 3.6.  
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3.5 Photoelectron spectra 

Photoelectron images were recorded in the range 365-420 nm (5.9-6.79 eV, two-

photon energy) following the preparation of vibrational levels in the 3s and 3p region. 

Figure 3.3 shows the photoionization scheme used in this experiment, which allows 

access to a range of vibrational levels in 3s and 3p. The photoelectron spectra were 

extracted from these photoelectron images using pBasex. These photoelectron spectra 

are plotted as a function of ionization energy (IE) which is calculated by assuming an 

overall three-photon process and subtracting the measured electron kinetic energies 

from the three-photon energy. Figure 3.4 provides an overview of the normalized set 

of REMPI-PES. The series of photoelectron spectra are measured as a function of the 

 

two-photon excitation energy (2ϕ). Each spectrum was normalized by the laser power 

and acquisition time. A Δv = 0 propensity rule in the intermediate state ionizations 

studied here can be expected owing to these Rydberg states possessing a cationic 

molecular core, so that vertical ionizing transitions with no change in quantum 

number(s) are favoured (see Chapter 2 Section 2.3). As a consequence of this 

propensity rule, the photoelectron spectra displays a single intense peak for ionization 

via 3s [386-416 nm (5.96-6.42 eV)] and a double peak for ionization via 3s and 3p 

[350-386 nm (6.42-7.08 eV)].  These peaks steadily move to higher IE with increasing 

excitation energy.  

Figure 3.4 shows that as the wavelength (two-photon energy, 2ϕ) is changed different 

vibrational levels in 3s and 3p are accessed. The v = 0 propensity rule as mentioned 

above gives a single intense photoelectron peak at each wavelength for these 

Figure 3.3.  Illustration of (2+1) ionization scheme; showing two scenarios (a) ionization via 

3s (b) ionization via 3p or vibrationally excited 3s state. 

(a) (b) 
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Rydberg/states. This results in the formation of two distinct ridges in figure 3.4 

corresponding to ionization via 3s and 3p. The first peak along the 3s ridge which rises 

around 8.49 eV corresponds to the 0-0 transition, matching well with previous 

literature [80, 105, 115]. Although at this laser wavelength the three-photon equivalent 

energy (3ϕ = 8.93 eV) is energetically sufficient to ionize several vibrationally excited 

states. The rest of the photoelectron spectra along this ridge map out a well-resolved 

vibrational structure in 3s, with the peak intensities in reasonable agreement with a 

Franck-Condon simulation (see figure 3.10), which is used to confirm the assignment.  

Figure 3.4. REMPI PES of fenchone, recorded with picosecond duration laser pulses, for 

selected excitation wavelengths, shown against the two-photon equivalent energy. The 

ionization energy is determined by subtracting the recorded electron kinetic energy from the 

three-photon equivalent energy. Top panel: waterfall plot to display the spectra recorded for 

two-photon excitation into the 3sp region. The individual circularly polarized spectra are 

normalized by measurement time and (laser power)2, although it is known that in the 3s 

region the power dependence may exceed 2nd order (see text). Lower panel: pseudo-colour 

intensity map of the above data. The adiabatic ionization potential (8.495 eV) is marked 

(solid line) as is the maximum ionization energy accessible in a three-photon process at each 

excitation (dash-dotted line). Also marked with dashed lines are the ridges seen in the 

waterfall plot. 

3s 
3p 

3p 3s 
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Once the excitation energy 2ϕ ≥ 6.4 eV is reached, a second ridge, slightly broader, 

appears in the REMPI-PES overview (figure 3.4 (a)) running parallel to the first. This 

is readily understood as being formed by Δv = 0 excitations in ionization from the 3p 

state(s). Back-extrapolating, the line of this ridge intersects the line of the adiabatic IE 

at a point 2ϕ = 6.4 eV (figure 3.4 (b)), which value we have already identified as being 

indicative of the 3p thresholds. At the same time, the initial ridge associated with the 

ionization of the 3s Rydberg state apparently continues throughout the 3p excitation 

band. One might first suppose that this is because above 2ϕ = 6.4 eV both the 3s and 

3p Rydberg states are energetically accessible and so ionization of either can occur in 

parallel. However, at shorter wavelengths the ionization energies reached along this 

ridge exceed 9.1 eV and so fall outside the Franck-Condon window for direct vertical 

ionization from ground state neutral to the cation. More tellingly, these resonance 

enhanced ionizations also fall beyond the Franck-Condon envelope for the neutral to 

3s Rydberg excitation, as evidenced in figure 3.10.  The probability of there being a 

direct vertical transition from the ground state neutral to the cation via the 3s 

intermediate accounting for the continuation of this 3s ridge is therefore quite 

negligible. 

In fact, following the intensity profile along the peak of this 3s ridge one sees it 

essentially first follows the 3s region FC profile seen in figure 3.10. Then, having 

started to diminish, at the 3p threshold the intensity revives and the profile (rather than 

the absolute intensity) repeats, again following one of the FC envelopes (e.g. the 3p). 

Recognizing that the width of 3s ridges has at the same time increased, and the 

additional contribution made by the broad 3p ridge, it becomes clear that the total 

electron yield increases sharply, as does the REMPI intensity (figure 3.2) above the 

6.4 eV 3p threshold. The 2nd order laser intensity dependence recorded for excitation 

above 6.4 eV indicates that the ionization step is saturated (see next section) so that 

the photoelectron intensity would be expected to follow the vibronic cross-section for 

the intermediate state excitation. Hence we are led to infer that in the region 2ϕ ≥ 6.4 

eV the strongly FC favoured 3p excitation rapidly dominates over any disfavoured 3s 

excitation, but that some 3p population can rapidly interconvert to high vibrational 

levels of the 3s state. It is these highly excited 3s states that are then ionized which 

now will terminate in equally high vibrational levels of the cation lying outside the 

ground state FC window. 
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The photoelectron images were recorded via a (2+1) REMPI scheme in a parallel 

polarization geometry, the photoelectron angular distribution equation (see Chapter 1) 

is reduced to four terms with L = 0, 2, 4, 6 and M = 0. Figure 3.5 shows the βL0 

parameters resulting from fitting the spherical harmonics for lmax = 6 for ionization via 

Figure 3.5. Anisotropy parameter b20 (red), b40 (blue), and b60 (green) for ionization via (a) 

the 3s and (b) the 3p Rydberg state of fenchone. 

(a) 

(b) 
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3s (figure 3.5a) and 3p (figure 3.5b). Each point corresponds to a different 

photoelectron peak. Each value was calculated by taking the average over the full 

width at half maximum (FWHM), which was obtained by fitting the Gaussian over 

every peak. In the case of ionization of 3s, only the β20 parameter has a value 

significantly different from zero, varying between ~0.7 at 390 nm and ~1.7 at around 

415 nm. This is consistent with the expectation for ionization of an s state. In the case 

of 3p, both β20 and β40 have values that are significantly different from zero, with β20 

varying from ~0.9 to ~1.5 and β40 varying from ~0.05 to ~0.3.  

3.6 Intensity dependence of the REMPI ion yield 

In order to explore further the excitation and ionization mechanism, we measured the 

parent-ion yield as a function of the laser intensity. The probability of multiphoton 

ionization processes depends on the light intensity raised to the nth power, where n is 

the number of photons involved. In a (2+1) REMPI process, the ionization proceeds 

via an intermediate state that is resonant with two photons. Therefore, the ionization 

cross-section should be proportional to the square of the laser intensity. In order to 

verify the power law in operation in these measurements, we measured parent ion yield 

as a function of laser power at several excitation wavelengths along the REMPI 

spectrum; see figure 3.6. Two different power laws can be observed in the range of 

390-416 nm (5.9-6.4 eV) and 350-390 nm (6.4-7.1 eV). The first range corresponds to 

3s transitions which shows an average of n = 3.2 (~3rd order) and the second 

corresponds to 3p transitions showing an average of n = 2.1 (~2nd order). A similar 

measurement was done in 3s region using femtosecond laser pulse at 407.5 nm 

(equivalent two- and three-photon energies of 6.09 eV and 9.13 eV respectively) [116]. 

Femtosecond measurements showed a second-order intensity dependence, usually an 

indication of saturation of the ionization step, such that the two-photon intermediate 

state excitation is rate determining step. A simple first-order kinetic model for a (2+1) 

REMPI process presented by Singh et al. [116], considers competition between the 

monitored parent (m/z 152) ionization and relaxation by non-ionizing, or unobserved 

ionization channels gives an approximate result that for a 2nd order power dependence, 

1
𝜏⁄ ≪ 𝜎(1)𝐼 and for a 3rd order dependence 1 𝜏⁄ ≫ 𝜎(1)𝐼, where 𝜏 is the effective 

relaxation time, 𝜎(1) is the single photon ionization cross-section (excited state to 

cation), and I the intensity.  For a 2nd order process, assuming a typical value of ~10 
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Mb for the ionization cross-section (one photon, Rydberg state to cation), and 

considering a mid-range fs laser intensity of 1.2 x 1013 W cm-2 we obtain that  𝜏 ≫ 4 

fs. 

Similarly, a 2nd order intensity dependence is found for the parent ionization channel 

in the 3p resonant excitation using ps duration laser pulses around 376 nm (6.6 eV) 

(figure 3.6). In contrast ps excitation in the 3s resonant region the laser intensity 

dependence for parent ion production exceeds 2nd order and approaches 3rd order. 

Conventionally, this now indicates that relaxation into non-ionizing channels is 

becoming competitive with ionization. Since the laser pulse duration is 1.3 ps we may 

infer that 𝜏 is of similar magnitude. This is, of course quite consistent with the above 

deduction of a 4 fs lower limit based on the fs laser result, and with the alternative 

estimate of  𝜏3𝑠 ≥ 0.6 ps based upon observed ns laser REMPI linewidths [80, 115]. 

It is also fully consistent with a direct lifetime measurement of 𝜏3𝑠 = 3.3 ps made by 

a delayed pump-probe experiment at 201 nm (single photon resonance) [81].  

Figure 3.6.  Laser power dependence of parent ion yield for S-(+)-fenchone. Linear fit slopes 

of log10-log10 plot of ion yield vs laser power at different wavelengths along the REMPI 

spectrum plotted for parent ion. 
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3.7 Polarization dependence of REMPI ion yield 

The two-photon absorption cross-section is polarization dependent, and in particular 

is sensitive to whether the light is linearly or circularly polarized. This effect is known 

as circular-linear (C/L) dichroism and is defined by the ratio of the ion yield of circular 

to linear light used for the ionization process. The magnitude of the effect can provide 

information on the angle between the permanent dipole moments (ground and excited) 

[117] and on the symmetry of the excited state [118]. For example, if the molecule 

belongs to a well-defined symmetry point group, it can be concluded that if the ratio 

is < 1, the symmetry of the ground and the excited state are the same. In contrast, if 

the ratio is > 1, the ground and excited states have different symmetries. However, 

because fenchone has no symmetry properties, the ratio cannot be used in this way 

here. 

Polarization studies of two-photon absorptions, made in the liquid phase, are a well-

established technique that can help assign symmetry and hence identify electronically 

excited states [119-121] but can also have diagnostic value with chiral molecules that 

lack any symmetry [122, 123]. The circular-linear dichroism effect (difference 

between the circular- and linear- polarized light excitation strengths) in two-photon 

resonant gas-phase REMPI studies appears, however, to have been largely neglected 

after some early interest [124-126]. As was first recognized, the signal (ionization 

yield) in (2+1) REMPI entails not just the two-photon absorption, but a further ionizing 

photon interaction that may modify the observed polarization dependence, and hence 

would generally require more advanced theoretical modelling. However, in the limit 

of 2nd order laser power dependence, the ionization step may be assumed to be 

saturated, allowing the REMPI signal to be interpreted as primarily due to the two-

photon absorption [125]. Such limiting conditions are nowadays more likely attained 

with the higher intensities generated by ultrafast lasers, as here, suggesting a renewed 

interest for two-photon polarization spectroscopy in the gas phase may emerge. 

Figure 3.7 presents the measured ratios of the ion yields recorded when the light 

polarization is switched between left circular and linear (abbreviated as C/L). For each 

wavelength investigated, repeated C/L measurements were made using several laser 

powers in the range 9–15 mW. While at the longest wavelengths the C/L ratios may 

suggest a very slight power dependence elsewhere there is no discernible C/L power 
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dependence. The values that are plotted in figure 3.7 are laser power averaged, 

therefore considered to be fully representative of the circular-linear dichroism ratio, 

C/L, across the REMPI spectrum. From figure 3.7 it is evident that there are very 

significant C/L changes moving between both within the 3s region and when moving 

from the 3s to 3p excitation regions.  

Much larger, though varying, C/L ratios are observed throughout the 3s region below 

6.4 eV. In the centre of the 3s REMPI band, around 6.1 eV excitation energy, these are 

very similar to the predicted 3s circular-linear dichroism of 1.48–1.49 [116] but 

decrease somewhat towards the band extremities. In fact one may observe in figure 

 

3.7 a seeming anti-correlation between the laser intensity dependence, which drops 

from 3.1 to a minimum of ~2.4 in the 3s band centre, and the C/L ratios, which rise 

from ~1.1 to a maximum of ~1.5 in the 3s band centre. At the 3s band extremities the 

Figure 3.7.  Polarization dependence and laser power measurements of parent ion (m/z 152) 

REMPI signal of fenchone, expressed as the slope of log10-log10 plots. Measurements were 

made with linearly polarized, picosecond duration laser pulses around a mean power 4×1011 

W cm-2. Also included are C/L ratios of parent ion yield recorded with circular and linear 

polarized laser light, averaged over the 9–15 mW range. Solid lines joining data points are 

drawn simply to guide the eye, both for the power dependence data and the C/L ratio data. 

The ps REMPI spectrum is plotted on the same axis as an overall reference. Along the bottom 

of the figure are marked the excitation energies where REMPI-PES measurements (see Fig. 

3.4) were made, open arrow heads indicating that linear polarization was used, closed arrow 

heads indicating the use of RCP light.    
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near 3rd order laser intensity dependence indicates that the total yields depend on one-

photon ionization as much as the two-photon excitation — so a bigger deviation from 

the pure two-photon excitation dichroism prediction with no explicit incorporation of 

the ionization step, is to be expected [116]. In contrast, near the ~6.2 eV band centre, 

the reduction towards 2nd order in the laser intensity dependence may perhaps indicate 

"partial saturation" of the ionization step. A correspondingly reduced reliance on the 

one-photon ionization specifics would then explain the observed closer agreement 

between the experimental C/L and the predicted pure two-photon excitation C/L values 

1.48-1.49. A similar inference follows from the femtosecond C/L measurements in the 

same central region of the 3s band (407.5 nm). Here the parent ion REMPI is 

unambiguously only two-photon limited and the measured C/L value of 1.38±0.09 is 

close to the predicted two-photon circular-linear dichroism for 3s excitation. We 

already inferred a saturated ionization step in the 3p REMPI region from the 2nd order 

laser intensity dependence (figure 3.7). Hence, the experimental C/L dichroism ratios 

of ~0.4 shown in the 3p region in figure 3.7 are in excellent agreement with theoretical 

values of 0.4 and 0.38 for the 3py, 3px states respectively [116]. 

The variation in laser intensity dependence between the two- and three-photon limiting 

cases that we observe for excitation wavelengths spanning the 3s band (figure 3.7) 

suggests a delicately balanced interplay between the complex dynamical factors that 

govern production of the Rydberg state, its evolution and relaxation, and its ionization. 

An explanation for observed 3s band centre dip towards 2nd order might, for example, 

be that the electron KE dependence of the  𝜎(1) photoionization cross-section and the 

Franck-Condon factors conspire to produce a higher net ionization rate near the band 

centre. Clearly more theoretical and experimental work would be required to confirm 

this somewhat speculative interpretation. 

The information that has been deduced about the electronic states and peak assignment 

of fenchone will be helpful in understanding and interpreting the PECD measurements. 

In the sections that follow we present (2+1) REMPI PECD measurements in the range 

365-416 nm (5.9-6.76 eV) by tuning the wavelength, allowing investigation of both 

the 3s and 3p intermediate Rydberg states. These measurements will enable us to probe 

the effects of intermediate electronic and vibrational states on PECD as a function of 

photoelectron kinetic energy and provide a comparison with the femtosecond and 

nanosecond measurements done previously [110, 115]. 
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3.8 PECD measured following ionization via 3s and 3p 

Fenchone is an extensively studied molecule and acts as a benchmark molecule for 

PECD. So far measurements have been done using VUV single-photon ionization [11, 

51] and multiphoton ionization using femtosecond laser pulse by various groups [73, 

77, 80, 109]. And recently, even nanosecond laser pulses have been used to study 

REMPI-PECD [115]. These femtosecond and nanosecond measurements were aimed 

at studying the intermediate state ((2+1) REMPI via 3s and 3p state) effect on the 

PECD signal. A summary of all PECD measurements performed so far by all the 

groups is shown in Table 3.1. The femtosecond work shows an average value for 

PECD of -13 % for ionization in the 3s region. An interesting thing to note is that the 

femtosecond work of Kastner et al. [80] shows a trend of decrement in PECD value 

with a higher vibrational character of the intermediate excited state. Also, they report 

a PECD of -1% for ionization via 3p1. Whereas their recent work using a nanosecond 

laser pulse shows a higher PECD value of -17 % in the 3s region with any decrement 

for higher vibrational states. Also, in the 3p region they quote -15% PECD value which 

is significantly higher than what they observe with a femtosecond laser pulse. The 

authors also did not observe any pronounced features in the PECD values that 

correspond with resolved vibrational bands in the REMPI spectrum at the 3s origin 

between 416.57 nm and 412 nm. 

Results S-Fenchone (PECD %) Wavelength Pulse length 

Kastner et al. [115] 3s (-17), 3p (-15) 375-420 nm 25 ns 

Kastner et al.[80] 3s (-15 to 7), 3p (-1) 359-431 nm 25 fs 

Miles et al.[13] -13.9±0.4 394 nm 250 fs 

Beaulieu et al.[109] -13 398 nm 25 fs 

Lux et al.[73] -10.1(-13.8 FWHM) 398 nm 25 fs 

Present work 3s (-35), 3p (-10) 350-420 nm 1.3 ps 

 

Table 3.1. Previous PECD values for S- fenchone enantiomers for ionization via the 3s and 

3p intermediate states using (2+1) REMPI. 
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In this section we will present the picosecond (2+1) REMPI PECD measurements in 

the 3s and 3p regions, aiming at observing any vibronic and electron kinetic energy 

effects. A detailed data acquisition procedure is presented in Chapter 2. Briefly, 

photoelectron images were recorded at various wavelengths in the 3s and 3p region 

using left and right circularly polarized light and the differential image of the left and 

right photoelectron image was analysed with pBasex (for more detail Chapter 2 

Section 2.6.2). This generates the photoelectron spectrum and PECD value, alongside 

individual anisotropy parameters (see Chapter 1 Section 1.8 for multiphoton PECD 

formulation). These photoelectron spectra are plotted as a function of ionization energy 

which is calculated by assuming an overall three-photon process and subtracting the 

measured electron kinetic energies from the three-photon energy. Figure 3.8 shows the 

photoelectron spectra and PECD measurements following (2+1) REMPI at 416.6 nm 

and at 398.8 nm, both of which allow access only to the 3s Rydberg state (see REMPI 

spectrum in figure 3.2). As discussed in previous sections the wavelength 416.6 nm 

derives the 0-0 transition from the ground state to 3s intermediate state, followed by 

(a) 
(b) 

3s 

Figure 3.8.  (a) VMI PES (black solid/dash line), PECD (red line), and anisotropy parameters 

b1 (olive), b3 (blue), b5 (green) measurements for S-(+)-fenchone. The VMI-PES has 

arbitrarily scaled intensity but is plotted on the same ionization energy axis as the PECD 

measurements. The PECD measurements are for ionization via the 3s Rydberg state, 

extracted from a pair of images recorded with left- and right- circularly polarised laser pulse 

at wavelength 416.6 nm (black solid curve), 396 nm (black dash curves). (b) Abel inverted 

differential image of left and right CPL at 416.6 nm. 
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v = 0 transition from intermediate to cation state. Thus, the photoelectron peak at 8.5 

eV in figure 3.8 corresponds to v = 0 ionization from the 3s origin and the peak at 

8.75 eV corresponds to v = 0 ionization from a vibrationally excited level in the 3s. 

The PECD signal associated with the 0-0 transition (origin) peak shows a significant 

value, of about 30-35%, and at highly vibrationally excited 3s peak (8.75 eV) a much 

smaller PECD signal of ~10% was observed. In comparison to Kastner et al.’s [80] 

femtosecond (2+1) REMPI PECD work in the 3s region (Table 3.1), our picosecond 

PECD results show a higher PECD value (almost double in magnitude). This 

difference in signal could be a consequence of laser bandwidth. Femtosecond pulses 

have much broader pulse width when compared to picosecond pulses. As a result they 

create a broader excited wave packet resulting in a loss of resolution and observables 

are averaged out over the broader excited envelope. Despite the different PECD value 

both femtosecond and picosecond result showed same trend in PECD value with 

higher vibrational character. Something similar albeit for a VUV single-photon study 

was observed in a study done by Nahon et al. [127]. In this experiment, photon energies 

of 9.4, 15.5, 18.6 eV were used to measure PECD signal for transition from the neutral 

ground state to vibrationally excited cation states. They presented a decrease in PECD 

signal with increased vibrational energy (and concomitant increase in electron kinetic 

energy).  

For a three-photon process, lmax = 6 was used to analyze the photoelectron images and 

b1, b3, b5 parameters were obtained. In figure 3.8 shows the contributions from each of 

the three anisotropy parameters (b1, b3 and b5).  For both the 3s origin (8.5 eV) and the 

highly vibrationally excited (8.76 eV) peaks, the maximum contribution to the 

observed PECD is from b1 with the higher order anisotropy parameter b3 and b5 

fluctuating around zero.  The differential image is shown in figure 3.8 (b) has twofold 

symmetry consistent with this observation.  

The 0-0 transition for the 3p intermediate state is obtained at around 384 nm, 6.4 eV 

(figure 3.2). Figure 3.9 shows a measurement taken just above the 3p origin threshold.  

A wider range photoelectron spectrum, with associated PECD, measured at 378.8 nm 

(2ϕ = 6.54, 0.14 eV above the 3p threshold) can be seen. As discussed previously in 

3p region, at this wavelength ionization can occur through low vibrational levels in 3p 
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as well as through high vibrational levels in 3s. The 3s peaks may result from internal 

conversion from 3p to 3s states as FC calculations show that the probability of 

ionization via 3s is reduced after 8.9 eV ionization energy [116]. The first prominent 

peak in the spectrum, at IE = 8.63 eV sits ~0.14 eV above the adiabatic ionization 

threshold. Hence all excess internal energy above the 3p Rydberg threshold appears as 

internal energy of the cation. This confirms this peak as a 3p 0v =   ionization. 

However, it is also immediately obvious from the broader width, tailing to higher IE, 

that the 0v =  propensity is much weakened. The second prominent peak at 9.1 eV 

(3s series) is more intense than the 3p peak at 8.63 eV, which is contrary to the relative 

3s, 3p cross-sections at this two-photon excitation energy. It is also much broadened 

(with a neighbour peak at 9.25 eV), revealing a substantial weakening of the 0v =  

propensity which was so rigorously followed in the pure 3s excitation region. This 

weakened propensity supports the contention of very different internal dynamics 

following excitation above the 3p threshold. 

The 3p peaks show the PECD of ~10 %, which is smaller in magnitude than the 3s 

region. However, the peaks that we believe result from internal conversion from 3p to 

Figure 3.9.  (a) VMI PES (black solid line), PECD (red line), and anisotropy parameters b1 

(green), b3 (blue), b5 (light blue) measurements for S-(+)-fenchone. The VMI-PES has 

arbitrarily scaled intensity but is plotted on the same ionization energy axis as the PECD 

measurements. The PECD measurements are for ionization via the 3s and 3p Rydberg states, 

extracted from a pair of images recorded with left- and right- circularly polarised laser pulse 

at wavelength 378.8 nm (black solid curve). (b) Abel inverted differential image of left and 

right CPL at 378.8 nm. 

3s 
3p 

(a) (b) 

3s 
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3s show a considerably larger PECD signal (25%) than the one we observe from direct 

ionization of high vibrational levels in 3s (< 10%). For both peaks, 3p and 3s, the b3 

anisotropy parameter, as well as the b1 anisotropy parameter, has significant 

magnitude. For ionization via 3p the contribution from b3 is higher than b1 parameter 

(b1 = -0.01, and b3 = 0.10), and even b5 is non-zero. However, for the peak that appears 

at 9.1 eV following ionization of 3s, the b1 and b3 parameters have similar magnitude 

(0.10) and non-zero b5 (± 0.02). In the Abel inverted differential image shown in figure 

3.9 (b) the rings associated 3p and 3s have clear three-fold symmetry, consistent with 

a significant contribution from b3. In the next section we present and discuss the full 

PECD data along the two ridges, 3s and 3p (Section 3.3.2, figure 3.4).  

3.9  Complete PECD data set along the 3s and 3p ridges: Vibrational and electron 

kinetic energy effect 

In the previous section we discussed the PECD measurements at two particular 

wavelengths in two different ionization regions (3s and 3p). In Section 3.3.1, figure 

3.4 showed two different ridges corresponding to the ionization via 3s and 3p 

intermediate electronic states. In this section we will present complete PECD data 

along these two ridges and discuss any vibrational effects and electron kinetic energy 

effect. The photoelectron images were recorded using left-and-right circularly 

polarized light at every 3-5 nm step along the full REMPI spectrum. These images 

were analyzed using pBasex to get PES, PECD, and anisotropy parameters at each 

wavelength point. To fully understand the vibronic and electronic kinetic energy 

effects on PECD measurements, complete PECD data is presented and discussed along 

these two ridges covering 3s and 3p intermediate electronic state. First we need to 

understand how the photoelectron spectra are behaving along the two ridges and 

determine if we can resolve any intensity modulation of the peaks related to vibrational 

features. Secondly, we need to identify if there any changes in PECD along the two 

ridges which can be attributed to these vibrational features in the PES. Therefore, the 

intensity variation of 0v =  photoelectron peak along the two ridges (3s and 3p) is 

plotted alongside the PECD variation along these ridges on ionization energy scale.  
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Figure 3.10 shows the intensity variation of photoelectron spectra for ionization via 

the 3s and 3p regions. These intensity variation spectra were obtained by separately 

summing all the PES for 3s and 3p ridges shown in figure 3.4 (for range 350-420 nm) 

and plotting this as a function of ionization energy. Finally, a smoothing function 

(Matlab sgolayfilt) was used to get the final intensity variation of the PESs for both 

states. The PES intensity variations of these Rydberg states are compared with a FC 

calculation via the 3s state. The peaks match reasonably well; however, the FC 

calculation dies around 9 eV, whereas the PES continues to show the vibrational 

modulation. As discussed in the previous sections, this could a consequence of internal 

conversion from 3p to 3s state due to the short lifetime of 3p state. 

 

 

The photoelectron intensity profile of both the ridges show clear vibrational features 

matching the FC calculations. Figure 3.11 shows the PECD variation along these two 

ridges. The PECD values along the two ridges are plotted as a function of ionization 

energy alongside the photoelectron spectrum. The PECD measurements via both states 

Figure 3.10. Intensity modulation of PESs along the two ridges for ionization via the 3s (black 

curve) and 3p (red curve) Rydberg state of fenchone. PESs are shown in comparison with the 

3s Rydberg state calculation (blue curve).  
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show modulation with the principal vibrational features and in both case the preferred 

emission direction of photoelectrons is the same (i.e. no sign inversion of PECD was 

observed for ionization via 3s and 3p). However, the maximum absolute magnitude of 

the PECD via the 3p state is (-10%) considerably smaller than that via the 3s state (-

35%).  

A few striking features were observed for the PECD measured following ionization 

through 3s region; first, as mentioned above, it shows a clear modulation with the 

principal vibrational peaks. Second, its absolute magnitude changes from 35% to 

almost zero for the peaks in the 8.5-8.9 eV range which correspond to the ionization 

via highly excited vibrational levels (higher kinetic energy electrons). Third, a 

significant change in PECD with different excited vibrational peaks was observed, the 

3s origin peak shows a PECD value of -35%, whereas the vibrational peak at 8.65 eV 

shows a higher PECD value of -40% showing a clear vibrational influence. Toward 

the end in the 3s region, for higher vibrational states, the PECD value goes down to 

almost zero, towards the end of FC window. However, for the peaks beyond the FC 

Figure 3.11.  Full PECD data along the 3s and 3p ridges: PECD for ionization via 3s (red 

curve) and 3p (blue curve) is shown along PES intensity along the 3s ridge (black curve) for 

S-(+) fenchone.  
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allowed window (9.0-9.4 eV), show a huge PECD value. These peaks are believed to 

be a result of internal conversion from 3p to 3s states. The peak at 9.0 eV shows the 

value -30% (see figure 3.11, 3s PECD curve).  The following peak at 9.2 eV shows 

the PECD value of -20%. These observations clearly show a strong indication that the 

intermediate electronic and vibrational state has an influence on PECD. To get detailed 

insight, more computational work is required. The PECD value for ionization via the 

3p state shows a significant smaller value (-10 %) which modulates with the principal 

vibrational peak. We don't see any decrement in the PECD value for higher vibrational 

state as observed for ionization via 3s state.  

To study any trend or effect of electron kinetic energy (eKE), we have to plot the 

measured PECD value as a function of electron kinetic energy. In figure 3.12 we have 

plotted the mean PECD value together with the individual anisotropy parameters, as a 

function of electron kinetic energy for the two ridges (ionization via 3s and 3p state). 

The full width half maximum (FWHM) was used to calculate the mean value of the 

PECD for a given photoelectron peak. The FWHM was calculated by fitting a 

Gaussian to the PES in both the regions. The width of each Gaussian was used as an 

averaging window for the anisotropy parameter and PECD. For the 3s FC allowed 

transition PECD is mainly comprised of b1 parameter and b3 and b5 are almost zero 

except around 0.5 eV electron kinetic energy. However, for the peaks outside the FC 

window along the 3s ridge (internal conversion from 3p to 3s), the b3 parameter is also 

significant. For 3p region, PECD has significant contribution form b1 and b3, and b5 is 

also non-zero. These higher order anisotropy parameters show the effect of anisotropy 

created in the excited state on PECD. 

The change in PECD value in the 3s region from 0.5 - 0.6 eV is very significant, and 

previous eKE studies have shown that PECD does not change significantly over a 

small change in electron kinetic energy [128]. So it is therefore plausible these effects 

are vibrational in nature. Similarly, at the sudden change at 0.65 eV eKE, could be an 

effect of that particular vibrational state. In the 3p region, we did not observe any effect 

which would relate to electron kinetic energy dependency. Though the different 
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behaviour of the PECD value in the two regions (3s and 3p), does point to an initial 

state effect on observed PECD. 

3.10 Conclusion 

In this chapter we investigated the 3sp(d) Rydberg state of fenchone. REMPI spectrum 

was recorded in the range 350-420 nm covering the three Rydberg states. 

Photoelectron images were recorded via selected electron and vibrational intermediate 

state. The extracted photoelectron spectra allowed for the assignment of different 

thresholds for the 3s and 3p Rydberg state. The parent ion yield was measured as a 

function of laser power and the polarization of light shedding more light on the lifetime 

and relaxation dynamics of intermediate states.  

Photoelectron images were recorded using left and right circularly polarized light to 

measure the photoelectron circular dichroism in multiphoton ionization processes. The 

observed PECD was found to be sensitive to the intermediate vibrational state. Upon 

comparison between 3s and 3p PECD, some initial state effect was observed. We did 

not find any dependency of PECD on electron kinetic energy for ionization via both 

3s and 3p Rydberg states.   

Figure 3.12. Mean PECD value (red) and anisotropy parameters b1 (green), b3 (blue), b5 (light 

blue) is shown for ionization via the 3s and 3p states of fenchone is plotted against the electron 

kinetic energy. 
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Chapter 4 Photoelectron spectroscopy of Monoterpenes via 

3spd Rydberg state 

 Introduction 

Monoterpenes are a class of terpenes that consist of isoprene units and have molecular 

formula C10H16. These isoprene units can be attached linearly, leading to the formation 

of acyclic monoterpenes. Conversely, ocimene and myrcenes can make connections to 

form rings. The most common monoterpenes contain a six-membered ring, such as 

limonene. The monoterpene units can undergo reactions to form bicyclic 

monoterpenes, such as pinene, carene, sabinene, camphene etcetera. Many isomers of 

monoterpenes are chiral, and in recent decades there has been growing interest in 

studying them spectroscopically. For this work we will be focusing on molecules α-

pinene and 3-carene. α-pinene is a naturally occurring colourless organic oil with a 

fresh, earthy scent of a pine forest. It is usually found in parsley, dill etc. Like its 

sibling, β-pinene, α-pinene is most famous for its anti-inflammatory benefits [129]. 3-

carene is a colourless liquid with a sweet, turpentine-like odour. It is commonly used 

in air care products and in the perfume industry products such as air purifiers, air 

conditioners etc. Monoterpenes such as α-pinene, 3-carene, shown in figure 4.1, are 

the chiral isomers from the family of terpenes and they have relatively high vapour 

pressure making they suitable for gas-phase chiroptical techniques. However, 

spectroscopically, a limited amount of work has been done on these molecules. Kovac 

and co-workers have tried to analyse the electronic states structure of terpenes by 

comparing the measured photoelectron spectra with related compounds (such as 2-

cedrene) [130]. D Kubala and co-workers presented the adiabatic ionization energy 

and UV absorption study for α-pinene [131]. 

(b) (a) 

Figure 4.1. (a) α-pinene and (b) 3-carene [157]. 
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Chiral molecules have long been studied spectroscopically using chiroptical 

techniques such as circular dichroism (CD), vibrational circular dichroism (VCD) etc. 

and in the past two decades, PECD has been used extensively, with the majority of 

work adopting a one-photon ionization scheme [11, 54, 55, 108]. In recent years, 

interest has been taken in developing multiphoton ionization schemes via intermediate 

electronic states. Early work using multiphoton ionization scheme was carried out by 

the Janssen, Boesl, and Baumert groups [70, 73, 74, 75], using a nanosecond and a 

broadband femtosecond laser. The Bosel work mainly focused on CD in multiphoton 

ionization, whereas Janssen and Baumert focused on intermediate state dependency of 

photoelectron circular dichroism. The groups of Baumert and Janssen have studied the 

spectroscopy of excited electronic states in bicyclic ketones such as fenchone, [77, 80, 

109] and camphor [74, 132], identifying two resonances belonging to B- and C- bands, 

which involves excitation to states of 3s and 3p Rydberg character. Extensive 

theoretical studies of the cation have also been conducted by the same investigators to 

identify the vibrational character.  

However, despite this rather intensive uptake on single-photon and resonance 

enhanced multiphoton studies of chiral molecules. Only a few chiral molecules have 

been studied extensively such as fenchone, camphor, limonene (though most of them 

still lack detailed background on excited state spectroscopy) and molecules such as α-

pinene and 3-carene are yet to be explored in the multiphoton regime. There remains 

relatively little background detail concerning the excited state spectroscopy of these 

molecules. Older measurements of the He I photoelectron spectroscopy and UV 

absorption of α-pinene [130, 131] mapped out the valence band ionization profile at 

low resolution. For 3-carene there is only a low-resolution UV absorption [133] that 

has been published so far. There is no published REMPI spectra for these two 

molecules and very little information about different intermediate states. The most 

recent work on α-pinene and 3-carene is presented by Ganjitabar et al. using 

synchrotron radiation, exploring the vibrational states in cation and there effect on 

PECD [128].  

In this chapter, we present a detailed study of the electronic structure of α-pinene and 

3-carene conducted using a picosecond UV laser source and photoelectron imaging. 

The ionization energies and approximate lifetimes of three different 3l (spd) Rydberg 

states are determined. We report a new, wide range (5.5-7.1 eV) picosecond (ps) laser 
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(2+1) REMPI spectrum of the n = 3 Rydberg region complemented with the absorption 

spectrum, recorded using VUV Fourier transform (FT) spectrometry. This spans from 

the onset of the Rydberg excitations in α-pinene and 3-carene to above the ionization 

energy. Laser intensity dependence measurements using ps laser pulses were recorded 

to help establish the relative importance of the two-photon absorption, ionization, and 

relaxation processes in the REMPI spectrum. Polarization dependent measurements of 

the parent ion yields are then able to be used to estimate the circular-linear dichroism 

in the two-photon absorption. Finally, vibrationally resolved photoelectron spectra, 

generated with ps excitation, are recorded across the 3sp Rydberg region. These not 

only provide new insight into the cation vibrational distribution following the 

ionization step but also suggests very different roles for vibrational dynamics in the 

intermediate Rydberg states. This knowledge will help further our goal to disentangle 

the competing influences on PECD (Chapter 5). 

The chapter is structured based on experimental techniques (such as REMPI, VMI, ion 

yield study), where we will discuss the results of a-pinene and 3-carene. First, we 

present some structural information on these molecules in Section 4.2, followed by the 

time-of-flight measurements and REMPI measurements. Then we present one colour 

photoelectron spectra which were needed to locate the excited electronic states and 

determine the ionization potential. Parent ion yields are presented as a function of laser 

power and polarization to provide further insight into the electronic structure, 

including the symmetry of initial and excited states. In these experiments, a (2+1) 

REMPI scheme was used to ionize the molecules through the 3s and 3p Rydberg states 

accessible through excitation in the region 350-450 nm (5.5-7.1 eV).  

 Structural information 

4.2.1 Conformers  

Chiral molecules in nature are often found in more than one conformation; structures 

that differ only by rotation around a single bond. These conformational isomers rapidly 

interconvert at room temperature, and individual conformers cannot be isolated. 

Neeman et al. recently has shown using Fourier transform microwave spectroscopy 

that α-pinene occurs in a single conformer in which the six-membered ring is quasi-

planar structure [134]. The bicyclic ring structure of 3-carene also suggests a rigid 

structural form, but for a long time the precise conformation was uncertain. Another 
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high-level calculations (CCSD/ aug-cc-pVDZ, B3LYP/aug-cc-pVTZ) reported 3-

carene to exist in a single stable conformer with a near planar six-membered ring [135]; 

see figure 4.1. 

4.2.2 Intermediate electronic state 

The highest occupied molecular orbitals for α-pinene and 3-carene are π orbitals 

localized at the C = C position. Most of the low-lying singlet transitions from the 

ground state upon absorbing a photon involves a * ←  transition. The next probable 

electronic transitions to occur are 3l ←  Rydberg states, which are usually labelled as 

B and C bands. Band B results from 3s ←  transitions, and band C from 3p ←  

transitions. Figure 4.2 shows the 3s and three 3p Rydberg states of α-pinene. Potential 

energy surfaces for these Rydberg states and cation state are usually parallel. Electrons 

in these states see the ion core as a point charge, and the states can be well represented 

by the hydrogen Rydberg equation. The energy of Rydberg states can be refined by 

including a correction called the quantum defect in the Rydberg formula as, 

 𝐸𝐵 = −
𝑅ℎ

(𝑛 − 𝛿)2
 (4.1) 

where 𝐸𝐵 is the binding energy, 𝑅 is the Rydberg constant, ℎ is the Planck constant, 𝑛 

is the quantum number, and 𝛿 is the quantum defect. The typical values of 𝛿 for second 

row atoms and molecules for ns, np, and nd are ~1, ~0.6, ~0, respectively. 

 Experimental section 

In this experiment long-range (350-450 nm, 5.5-7.1 eV) vibrationally resolved 

picosecond (2+1) REMPI and PES measurements were recorded using velocity map 

imaging. These measurements were carried out for both  -pinene and 3-carene using 

Figure 4.2. HOMO and excited states of α-pinene [137]. 
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the experimental setup described in detail in Chapter 2. UV laser pulses in the range 

450 - 405 nm and 405- 350 nm were produced using two TOPAS systems, which were 

pumped with the 800 nm laser output of a dual Ti-Sapphire laser system (described in 

Chapter 2 Section 2.2.1).  The UV laser pulse energy was 15-20 µJ with a pulse 

duration of 1.3 ps. 

Pure enantiomeric samples of (+)-1R,5R-α-pinene and (+)-1S,6R-3-carene were 

obtained from Sigma-Aldrich and used without further purification. α-pinene was 

specified to have >97% enantiomeric excess.  The enantiomeric excess of 3-carene 

was not specified, but two-column gas chromatography (GC2) measurements 

performed by Ganjitabar et al. for the same sample confirmed an enantiomeric excess 

of > 99% [128]. 

Samples were delivered into the spectrometer via a pulsed kHz valve (Amsterdam 

cantilever piezo valve ACPV2), creating a supersonic jet expansion (see Chapter 2 

Section 2.2.3). The UV beam was focused into the spectrometer using a 30 cm focal 

length lens mounted on a 3-axis stage and crossed with the molecular beam. Rotational 

temperatures in the range 20 - 30 K (using PGOPHER) were achieved with an absolute 

1.5 bar backing pressure of helium gas. In order to record a REMPI spectrum a 

wavelength scan was performed over the range 350 - 450 nm with a step size of 0.05 

nm and 2 s delay time. To extract photoelectron spectra, photoelectron images were 

recorded using linearly polarized light. Ten thousand frames were recorded at a 

particular wavelength with a 100 ms exposure per frame. 

Figure 4.3. Illustration of a (2+1) Ionization scheme; showing two scenarios (a) 

ionization via 3s (b) ionization via 3p or vibrationally excited 3s state. 
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 Results and discussion 

In this section (2+1) REMPI spectra in the range 5.5 - 7.1 eV (350 - 450 nm) are 

presented. Figure 4.3 shows the photoionization scheme used in these experiments. 

PES measurements were recorded for ionization via different vibrational levels of the 

3s and 3p Rydberg intermediate states for both α-pinene and 3-carene. In Section 4.5 

and 4.6, the time-of-flight and REMPI measurements are presented and the relevant 

intermediate states highlighted. This is followed by the photoelectron spectra and 

anisotropy parameters in Section 4.7 and 4.8. In Section 4.9 the laser power and 

Section 4.10 laser polarization dependent parent ion yield measurements are presented. 

Each section presents and discusses results for both molecules (α-pinene and 3-

carene). 

 Time of flight measurements 

Time-of-flight (ToF) mass spectra, shown in figure 4.4, were recorded for both 

molecules at the Nijmegen Radboud University using an Electron-Ion coincidence 

VMI spectrometer (see Chapter 2 for further details). The molecules were excited and 

ionized using the 400 nm output from a femtosecond laser, with a pulse width of 150 

fs and pulse energy of 130 J. The dominant peak in the mass spectrum in both cases 

is the parent (136 amu) with major fragments occurring at masses 121, 93 and 94 amu. 

-pinene showed more fragmentation than 3-carene for the same wavelength and laser 

power; a possible explanation of this observation is discussed in Section 4.9. 

Using the coincidence detection technique, the time-of-flight photoelectron spectrum 

(PES) associated with the formation of the 94 amu fragment was compared with the 

PES associated with formation of the parent ion (mass 136). In the case of both α-

Figure 4.4. Time-of-flight mass spectra for α-pinene and 3-carene. 
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pinene and 3-carene the PES associated with masses 94 and 136 were identical, 

confirming that fragmentation occurs after photoionization. It is possible that the 

cation state is unstable and it dissociates after an electron is removed; alternatively, the 

cation may absorb additional photons prior to dissociation. For ps measurements, 

fragment 94 was also observed for both molecules and α-pinene showed slightly 

higher fragmentation than 3-carene. In next section we will discuss the REMPI 

spectrum measured for these two molecules. 

 (2+1) REMPI 

UV absorption measurements on α-pinene and 3-carene in the gas phase have been 

carried out by various groups [106, 130, 131, 133]. These studies allow an estimate of 

the energies of Rydberg states in the 5.5-7.1 eV range. The absorption spectrum of α-

pinene shown in figure 4.5 features a significant band at around 6 eV. The absorption 

bands (B and C) between 5 and 7 eV arise from the population of 3l Rydberg states. 

Figure 4.3 shows the one-colour (2+1) ionization scheme used. Three-photon 

ionization at 442 nm provides total energy of 8.4 eV, above the ionization potential of 

α-pinene at 8.21 eV [130], and this scheme is resonant at the two-photon level with 

the 3s Rydberg state, populating low vibrational states. Use of light at 415 nm allows 

population of the high vibrational states in the 3s Rydberg or alternatively can populate 

low vibrational levels in the 3p Rydberg state. A similar ionization scheme was used 

for 3-carene, which has a threshold ionization potential of 8.4 eV [136]. REMPI 

spectra of these monoterpenes have not been recorded before and our own efforts to 

record REMPI spectra of these molecules using nanosecond laser pulses were not 

successful. REMPI spectra can however be obtained when picosecond laser pulses are 

used. A possible explanation for this would arise if the intermediate states that are 

accessed exhibit short lifetimes; this is discussed further in section 4.9. In this section, 

a broad wavelength range (2+1) REMPI spectrum is presented for α-pinene in the next 

section and for 3-carene in Section 4.6.2.  

4.6.1 𝛂-pinene 

In Figure 4.5 we present a (2+1) REMPI spectrum of α-pinene, recorded by monitoring 

parent ion mass, m/z 136, while scanning with linearly polarized, picosecond laser 

pulses. The spectrum was recorded over the range 350 - 450 nm (5.5-7.1 eV, two-

photon energy) and has been normalized by the pulse energy, which ranged around 12 
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± 2 μJ across the spectrum. The spectral resolution of the 1.3 ps pulses was estimated 

to be around 50 cm-1 (further details Chapter 2). Figure 4.5 also presents a comparison 

between the REMPI, VUV absorption [130] and Fourier transform (FT) spectra. 

Although the three spectra have the same overall intensity profile, in the REMPI 

spectrum better-resolved features are observed owing to the relatively narrow laser 

bandwidth and the cold molecular beam source. The FT spectra was recorded with a 

VUV Fourier transform spectrometer at a dedicated branch on the DESIRS beamline 

at Synchrotron SOLEIL (further detail Chapter 2 Section 2.3). There is clearly a very 

close resemblance between the absorption/FT spectra and the two-photon REMPI, and 

the latter shows vibrational bands in the energy region corresponding to three different 

3l Rydberg states. In particular, transitions to three Rydberg states, 3s, 3p and 3d, can 

be discerned, together with a fine structure corresponding to vibrational bands. Three 

different regions identified in the REMPI spectrum correspond to the B-, C- and D-

band transitions, which are believed to correspond to 3s ← , 3p ← , and 3d ←  

excitation, respectively [130, 131]. 

Figure 4.5. Comparison of REMPI spectrum (blue), VUV absorption (green) spectrum, and 

VUV FT spectrum (red) for 𝛼-pinene. The REMPI spectrum shows three different regions 

corresponding to three different electronic states. The 3s region in the spectra are compared 

with a 3s Franck-Condon calculation (olive) corresponding to the 3s ←  band [128]. 

3s 

3p 
3d 
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The 3s ←  (B-band transitions) are observed in the region 5.5-6.1 eV with the 0-0 

transition at 5.6 eV, followed by the peaks corresponding to vibrational levels of the 

3s Rydberg state. The overall rise in intensity is consistent with the absorption 

spectrum. The vibrational structure in this region can be understood through 

comparison with a Franck-Condon calculation for excitation of the 3s Rydberg state 

(see figure 4.5) [128]. The major vibrational bands v'' = 0, 1, 2, 3 of FC the calculations, 

which arise from a progression in the C = C stretching mode show good agreement 

with the peaks in the REMPI spectra. The first peak (v'' = 0) is the transitions from the 

vibrationless neutral ground state to zero/one/two quanta excitation of the lowest 

energetic normal mode v1 (ring breathing). The second, third, fourth peaks (v'' = 1, 2, 

3) are just the same as the first peak but in combination to one, two, three quanta 

excitation in v56 (C = C stretching mode), respectively [137]. 

The 3p ←  (C-band transitions) are observed in the region 6-6.5 eV with the 0-0 

transition at 6.05 eV, followed by the peaks corresponding to vibrational levels of the 

3p Rydberg state. There is a small gap at 6.1 eV in the REMPI spectrum, which due to 

the lack of wavelength produced in the region. The 3d ←  (D-band transitions) are 

observed in the region 6.6-7.1 eV with the 0-0 transition at 6.6 eV, followed by the 

peaks corresponding to vibrational levels of the 3d Rydberg state. The intensity of the 

REMPI spectrum is not the same through the different regions; the 3p region is the 

most intense and 3s region the least. The 3p region consists of three members (x, y, z 

states), more theoretical work is required to understand the cross-section for all three 

states and comment which is more prominent via two-photon absorption. Thus, we 

will assume that the B-band has unresolved excitation from all three 3p states.  

4.6.2 3-carene 

For 3-carene, a very limited amount of work has been done in regard to excited state 

spectroscopy. Qiu et al. have recorded the low-resolution VUV absorption spectrum 

[133], which was used to provide an estimate for the wavelength needed to excite the 

3l Rydberg state transitions. In Figure 4.6 we present a (2+1) REMPI spectrum of 3-

carene, recorded by monitoring parent ion mass, m/z 136, while scanning with linearly 

polarized, picosecond laser pulses. The spectrum was recorded over the range 350 - 

445 nm (5.85 – 7.10 eV, two-photon energy) and has been normalized by the pulse 

energy, which ranged around 12 ± 2 μJ across the spectrum. The REMPI spectrum 
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is shown in comparison with a VUV FT spectrum, recorded at Synchrotron SOLEIL 

as described in previous section. There is clearly a very close resemblance between the 

absorption spectrum and the two-photon. The REMPI spectrum shows resolved 

vibrational features, comparable to those seen in the high-resolution FT spectrum. 

However, the FT spectrum shows very little structure in the 5.5-6.0 eV region in 

comparison to the REMPI spectrum. The three different regions identified in the 

REMPI spectrum, in analogy to α-pinene, correspond to the B-, C- and D-band 

transitions, which are believed to correspond to 3s ← , 3p ← , and 3d ← excitation, 

respectively. The D-band region is not very prominent in the REMPI spectrum; thus 

we will limit our discussion to the first two bands.  

The 3s ←  (B-band transition) is observed in the region 5.5 - 6.1 eV with the 0-0 

transition at 5.6 eV, followed by the weakly resolved peaks corresponding to the 

vibrational levels of the 3s Rydberg state. This weakly resolved band might suggest 

that the 3s Rydberg state has a short lifetime. The 3p ←  (C-band transitions) are 

Figure 4.6. Comparison of REMPI spectrum (blue) and VUV FT spectrum (red) for 3-carene. 

The REMPI spectrum shows three different regions corresponding to three different 

electronic states. The 3p region in the spectra are compared with a 3p Franck-Condon 

calculation (olive) corresponding to 3p ← π band [137]. 

3s 

3p 3d 
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observed in the region 6.2 - 6.8 eV with the 0-0 transition at 6.2 eV, followed by the 

peaks corresponding to vibrational levels of the 3p Rydberg state. Figure 4.6 also 

shows a 3p FC calculation in this region, and this will help assign vibrational feature 

in this region. The first peak is a pack of transitions from the vibrationless neutral 

ground state to zero or one quanta excitation of the first three lowest energetic 

vibrational normal modes (v1, v2, v3) in the excited state. The second and third peak is 

a combination of the first peak and one quanta excitation in mode v56 (C=C bond 

stretch) and v60 (symmetric stretch in methyl group), respectively. The fourth peak is a 

combination of the first and one quanta excitation in v56 and v60. The fifth peak is a 

combination of the first peak and one quanta excitation in v60 and v65 each [137]. The 

weak 3d ←  (D-band transitions) are observed beyond 6.8 eV. 

 Photoelectron spectra  

One colour photoelectron images of both molecules were recorded over the range 450-

350 nm (5.5 – 7.1 eV), with each image corresponding to the excitation of a vibrational 

in a 3l (spd) Rydberg states. An example of images recorded via the 3s, 3p, and 3d 

Rydberg states using (2+1) ionization are shown in figure 4.7 for α-pinene, along with 

the photoelectron spectra that have been extracted from these images using pBasex 

and plotted as a function of electron kinetic energy (see full details of the image 

analysis in Chapter 2). Figure 4.7(a) shows the photoelectron image resulting from the 

ionization through the 3s Rydberg state, figure 4.7(b), shows the image for the 

ionization through 3s as well as 3p state, and figure 4.7(c) shows the image for 

ionization via all three Rydberg states. In the coming section where we present the full 

photoelectron spectrum, the spectra are plotted as a function of ionization energy (IE) 

Figure 4.7. Photoelectron image with superimposed photoelectron spectra for α-pinene. (a) 

Ionization via the 3s Rydberg state; (b) ionization via the 3p Rydberg state and excited 

vibrational levels in the 3s Rydberg state; (c) ionization via vibrationally excited 3s, 3p and 

3d Rydberg states. 

a b c 
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which is calculated by assuming an overall three-photon process and subtracting the 

measured electron kinetic energies from the three-photon energy. The lack of 

vibrational progression is a consequence of the ∆v = 0 propensity rule. In some cases 

weak v = 0 (3s origin), and v = 1 (v56 mode) peaks can also be observed. For example, 

in the photoelectron spectrum resulting from the ionization of the 3s state in α-pinene 

shown in figure 4.8, which features a strong ∆v = 0 peak along with weak v = 0 and v 

= 1 peaks. 

In the next sections 4.7.1 and 4.7.2, series of photoelectron spectra are measured are 

presented as a function of the two-photon excitation energy (2ϕ) for α-pinene and 3-

carene respectively. Each spectrum was normalized by the laser power and acquisition 

time.  

4.7.1 𝛂-pinene 

Figure 4.9 provides an overview of the normalized set of REMPI-PES for α-pinene. 

As the wavelength (two-photon energy, 2ϕ) is changed different vibrational levels in 

3s, 3p and 3d are accessed. The v = 0 propensity rule, as mentioned above gives a 

single intense photoelectron peak at each wavelength for these Rydberg states. This 

results in the formation of three main distinct ridges in figure 4.9 corresponding to 

ionization via 3s, 3p and 3d.  The first peak along the 3s ridge which rises around 8.2 

eV (two photon energy of 5.57 eV), corresponds to the 0-0 transition, matching well 

with previous literature [128]. Although at this laser wavelength the three-photon 

equivalent energy (3ϕ = 8.36 eV) is energetically sufficient to ionize several 

Figure 4.8. Photoelectron spectrum of α-pinene following excitation and ionization through 

the 3s Rydberg state at 417.7 nm 

Ionization energy (eV) 
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vibrationally excited states. The rest of the photoelectron spectra along this ridge map 

out a well-resolved vibrational structure in 3s, with the peak intensities in reasonable 

agreement with a Franck Condon simulation (see figure 4.5), which is used to confirm 

the assignment.  

Once the excitation energy 2ϕ ≥ 6.2 is reached, a second ridge, slightly broader, 

appears in the REMPI-PES overview (figure 4.9) running parallel to the first. This is 

readily understood as being formed by Δv = 0 excitations in ionization from the 3p 

state(s). The threshold for the 0-0 transition is observed to be around 6.2 eV, followed 

by the vibrational progression of the 3p state. This 3p ridge has a slight shoulder to the 

right which might be coming from one of the members of the 3p manifold with a 

reduced excitation and/or ionization cross-section. At the same time, the initial ridge 

associated with the ionization of the 3s Rydberg state apparently continues throughout 

the 3p excitation band. One might first suppose that this is because above 2ϕ = 6.2 eV 

both the 3s and 3p Rydberg states are energetically accessible and so ionization of 

Figure 4.9. Photoelectron spectra recorded over the range of 350-450 nm (5.5-7.1 eV). 

Plotted along ionization energy and two photon energy for α-pinene, showing three different 

ridges corresponding to three different electronic states (3spd). Also showing the 4-photon 

process corresponding to ionization from HOMO-1 and HOMO-2. 
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either can occur in parallel. However, at shorter wavelengths the ionization energies 

reached along this ridge exceed 9.0 eV and so fall outside the Franck-Condon window 

for direct vertical ionization from the ground state neutral to the 3s Rydberg excitation. 

The probability of there being a direct vertical transition from the ground state neutral 

to the cation via the 3s intermediate accounting for the continuation of this 3s ridge is 

therefore quite negligible. One plausible explanation could be that these peaks may 

result from the ionization of high vibrational states in 3s following internal conversion 

from 3p state. Above excitation energy, 2ϕ ≥ 6.6, a third ridge, even broader than 3p, 

appears in the REMPI-PES (figure 4.9) running parallel to the first two ridges. This is 

as being formed by Δv = 0 excitations in ionization from the 3p state(s). Peaks in this 

ridge appear to be split giving a sense that it might be two closely lying different 3d 

states. The broadening in the photoelectron spectra peaks could be a consequence of 

the increasing electron kinetic energy as higher energy photons are used for ionization. 

Below excitation energy, 2ϕ ≥ 5.4, two sets of ridges appear at ionization energies of 

9.7 and 10.2 eV running parallel to the other three ridges. These two ridges were 

analyzed by assuming the 3-photon excitation process and one-photon ionization 

because electron kinetic energy carried by these electrons only made sense for a (3+1) 

Figure 4.10. One photon VUV slow photoelectron spectrum (SPES) [128]. 
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REMPI process. Upon comparison with a one-photon VUV slow photoelectron spectra 

(SPES) [128]  (figure 4.10), these two ridges were identified to be as ionization form 

HOMO-1 and HOMO-2. 

Photoelectron images were recorded using a (2+1) REMPI scheme with parallel 

polarization of the pump and probe beams, and the photoelectron angular distribution 

can be described by βLM parameters with L = 0, 2, 4, 6 and M = 0. Figure 4.11 presents 

the anisotropy parameters along the three ridges (figure 4.9). The values are plotted in 

reference with the REMPI spectrum as a function of two-photon excitation energy. 

The 3s region shows an average β20 value of ~1, β40 ~0.2, and β60 almost zero. The 3p 

region shows an average β20 value of ~1.2, β40 ~0.3, and β60 almost zero. The βL0 in the 

3p region do show slight jumps in value near the presence of another electronic state. 

For example, the β40 and β60 parameters show a small jump in the value near 6.5 eV 

from 0.2 to 0.4 and -0.1 to 0.1, respectively. The 3d region behaves slightly differently, 

where it shows an average β20 value of ~0.8, β40  almost zero except at the tail end with 

3s 3p 

3d Figure 4.11. Anisotropy parameter b20 

(black), b40 (red), and b60 (blue) for ionization 

via the 3s, 3p, and 3d Rydberg states for 𝛼-

pinene. The values are plotted against the 

REMPI spectrum as a reference. 
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a value of ~0.2, and β60 is non-zero this time unlike in the 3s and 3p regions, with an 

average value of ~0.5. 

4.7.2 3-carene 

Figure 4.12 shows the equivalent overview of the normalized set of REMPI-PES for 

3-carene, plotted as a function of two-photon excitation energy (2ϕ). Each spectrum 

was normalized by the laser power and acquisition time. A similar Δv = 0 propensity 

rule in the intermediate state ionizations can be expected. This propensity rule gives 

rise to a single intense photoelectron peak at each wavelength for these Rydberg states. 

This results in the formation of three ridges similar to α-pinene corresponding to 

ionization via 3s, 3p, and 3d. The first peak along the 3s ridge which rises around 8.46 

eV corresponds to the 0-0 transition. The rest of the photoelectron spectra along this 

ridge map out a well-resolved vibrational structure in 3s. 

Figure 4.12. Photoelectron spectra recorded over the range of 350-450 nm (5.5-7.1 eV). 

Plotted along ionization energy and two photon energy for 3-carene, showing three 

different ridges corresponding to three different electronic states (3spd).  
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When the excitation energy, 2ϕ ≥ 6.2 is reached, a second ridge appears in the 

REMPI-PES overview running parallel to the first. This is understood as being formed 

by Δv = 0 excitations in ionization from the 3p state(s). At the same time, the initial 

ridge associated with the ionization of the 3s Rydberg state continues throughout the 

3p excitation band. For the 3s state, peaks at ionization energy greater than 9.0 eV falls 

outside the Franck-Condon window for the direct vertical ionization from ground sate 

neutral to 3s Rydberg excitation. Thus, most probable explanation for this could be the 

internal conversion from the 3p to 3s Rydberg states. The width of the 3s ridge in this 

region has increased at the same time and from the additional contribution made by 

the broad 3p ridge, it becomes clear that the total electron yield increases sharply, as 

does the REMPI intensity (figure 4.6). Once the excitation energy, 2ϕ ≥ 6.8 is reached, 

a third ridge, slightly weaker intensity appears. This is understood as being formed by 

Δv = 0 excitations in ionization from the 3d state. 

Figure 4.13 presents the anisotropy parameters along the three ridges (figure 4.12) for 

3-carene as a function of two-photon excitation energy. The 3s region shows an 

3s 3p 

3d Figure 4.13. Anisotropy parameter b20 

(black), b40 (red), and b60 (blue) for 

ionization via the 3s, 3p, and 3d Rydberg 

states of 3-carene. The values are plotted 

against the REMPI spectrum as a 

reference. 
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average β20 value of ~1.2, β40 ~0.2, and almost zero β60. The 3p region shows an 

average β20 value of ~1.2 with an increasing value from the start of the band to end, 

β40 shows similar behaviour with an average value of ~0.3, and β60 is almost zero in 

the first half of the band and the second half shows a value of ~0.3. The 3d region 

shows an average β20 value of ~0.5, β40 ~ -0.4, and β60 shows an absolute value of ~0.3 

which changes sign from positive to negative in the middle of the band. 

 Intensity dependence of the REMPI ion yield 

The probability of multiphoton ionization processes depends on the light intensity 

raised to the nth power, where n is the number of photons involved. In a (2+1) REMPI 

process, for example, the ionization proceeds via an intermediate state that is resonant 

with two photons. This 2-photon resonant state, which lives longer than other non-

resonant states, enhances the ionization rate relative to non-resonant ionization 

processes and the ionization cross-section will depend on the square of the laser 

intensity. This can be verified by plotting the ion yield as a function of laser power. 

Figure 4.14 shows a log scale plot for ion yield versus laser power for α-pinene 

following excitation and ionization at 416 nm and we find that instead of the expected 

squared dependence the yield depends on the cube of the laser intensity. In order to 

Figure 4.14. Log10-log10 plot of ion yield vs laser power following ionization via the 3s Rydberg 

state in α-pinene. 
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fully investigate this power dependence, the yield of the parent ion and the fragment 

with mass 94 were measured at a series of wavelengths. This is presented in the next 

sections for α-pinene and 3-carene. 

4.8.1  𝛂-pinene 

In figure 4.15 we present the parent and fragment ion yield as a function of laser power 

at several excitation wavelengths along the RMEPI spectrum for α-pinene. Three 

different power laws can be observed for the parent ion in the range of 5.6 - 6.0 eV, 

6.0 - 6.5 eV, and 6.5 - 7.1 eV. The first range corresponds to 3s region which an 

average of n = 3.07 ± 0.05 (~3rd order), the second range corresponds to the 3p region 

with an average of n = 2.63 ± 0.16, and third range corresponds to the 3d region with 

an average of n = 2.71 ± 0.13. The 3rd order laser power dependence is an indication 

that the ionization step is not saturated and that a third photon will also be a rate 

determining step and relaxation into the non-ionization channel will be in direct 

competition with the ionization channels.    

Figure 4.15. Laser power dependence of parent and fragment ion yield for 𝛼-pinene. Linear 

fit slopes of log10-log10 plot of ion yield vs laser power at different wavelengths along the 

REMPI spectrum plotted for parent ion (red) and fragment, 94 amu (olive). 
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In the 3p and 3d regions the laser intensity dependence for the parent ion production 

exceeds 2nd order and approaches the 3rd order. Conventionally, this now indicates that 

relaxation into non-ionizing channels is becoming competitive with ionization. Since 

the laser pulse duration is 1.3 ps we may infer that excitation lifetime, 𝜏 is of similar 

magnitude. The rough estimate for excited state lifetime can be calculated using the 

first-order kinetic energy model (Chapter 3), assuming mid-range ps laser power of 10 

mW (~3.5 × 1011 Wcm-2) and  𝜎(1)  ≈ 10 Mb gives a lower lifetime limit of  𝜏 ≫ 150 

fs. The fragment (94 amu) ion yield shows a 4th order laser intensity dependence 

indicating at a four-photon process. A plausible explanation could be that the parent 

ion absorbs another photon to populate a higher-lying state which is dissociative in 

nature. This could explain why a-pinene show higher fragmentation in comparison to 

3-carene (Section 4.5). 

4.8.2 3-carene 

In figure 4.16 we present the parent and fragment ion yield as a function of laser power 

at several excitation wavelengths along the RMEPI spectrum for 3-carene. The 3s 

region shows the laser power dependency of an average n = 3.06 ± 0.28 (~3rd order). 

Figure 4.16. Laser power dependence of parent and fragment ion yield for 3-carene. Linear 

fit slopes of log10-log10 plot of ion yield vs laser power at different wavelengths along the 

REMPI spectrum plotted for parent ion (red) and fragment, 94 amu (olive). 
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And 3p region shows a slightly higher average value of n = 3.3 ± 0.4. In both the 

regions this indicates that the ionization step is not saturated and relaxation into non-

ionization channels such as 3p to 3s conversion will compete with the ionizing channel. 

This would be consistent with the photoelectron peaks that are observed beyond the 

Franck-Condon window in the 3s region (Section 4.7.2). This would explain the higher 

intensity of the 3p region in the REMPI spectrum (Section 4.6.2). The fragment (94 

amu) ion yield show a laser power dependency of 3rd order. This might indicate that 

the formed cation is of dissociative nature.  

 Polarization dependence of REMPI ion yield 

The two-photon absorption cross-section depends on the polarization of the photon. 

The circular-linear dichroism is the ratio of the ion yield when circular/linear polarised 

light is used for the ionization process. As mentioned in Chapter 3, these measurements 

can reveal important information about the photophysical properties of organic 

compounds, such as information about the angle between the permanent dipole 

moments (ground and excited) [117], and the symmetry of the excited states [118]. In 

this section we will present and discuss the ratio of the parent ion yield recorded with 

left circularly and linearly (C/L) polarized light for both the molecules, α-pinene 

(Section 4.10.1) and 3-carene (Section 4.10.2). 

4.9.1 𝛂-pinene 

Figure 4.17 presents the measured ratios of the ion yields recorded for different 

polarization along with the power dependence data to better understand the two-photon 

absorption. For each wavelength investigated, repeated C/L measurements were made 

using several laser powers in the range 9–15 mW. No significant power dependence 

of the C/L ratio was observed. The values that are plotted in figure 4.17 are laser power 

averaged, and therefore considered to be fully representative of the circular-linear 

dichroism ratio, C/L, across the REMPI spectrum. From figure 4.17 it is evident that 

there are very significant C/L changes moving from the 3s to 3p region and when 

moving from the 3p to 3d excitation regions. 

Smaller, though varying, C/L ratios are observed throughout the 3s region below 6.1 

eV. Near the threshold of 3s, at 5.6 eV excitation energy, the ratio is 0.7, which 

increases toward the end of the 3s region to 1. In fact, one may observe in figure 4.17 

a seeming anti-correlation between the laser intensity dependence, which drops from 
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3.1 to a minimum of ~2.6 at the end of the 3s band, and the C/L ratios, which rise from 

~0.7 to a maximum of ~1 toward the end of the 3s band. A similar anti-correlation can 

be seen in the 3p region where the laser intensity dependence increases between 2.6 to 

2.9 form 6.1 eV to 6.5 eV excitation energy, and the C/L ratio changes from 1 to a 

minimum of 0.8. In the 3d region, much smaller, though constant, C/L ratios are 

observed, with a value close to 0.5.  

4.9.2  3-carene 

Figure 4.18 presents the measured ratios of the ion yields with C/L polarization for 3-

carene along with the power dependence data. The C/L measurements were made 

using several laser powers and no significant power dependence of the C/L ratios was 

observed. The values that are plotted in figure 4.18 are laser power averaged, therefore 

fully represent the C/L across the spectrum. The 3-carene C/L data is slightly different 

to that for α-pinene. 

Figure 4.17. Polarization dependence measurements (red) shown in comparison with the 

power data (green) for parent ion for 𝛼-pinene. Measurements were made with left circular 

and linearly polarized, picosecond duration laser pulses around a mean power 4×1011 Wcm-

2. The ps REMPI spectrum is plotted on the same axis as an overall reference. 
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Much larger, though constant, C/L ratios of ~1 are observed throughout the 3s region 

below 6.2 eV excitation energy. The 3p region shows a varying C/L value throughout 

the band. The 3p threshold at excitation energy 6.2 eV, shows C/L ratio of ~1 which 

constantly drops until it recaches minimum of ~0.5 at the end of the 3p band. There is 

no anti-correlation observed with laser intensity measurements like α-pinene. The 3d 

region shows a constant C/L ratio of ~0.5. Clearly more theoretical work would be 

required to get a better interpretation. 

 Conclusion  

In this chapter we investigated the 3spd Rydberg states of α-pinene and 3-carene. (2+1) 

REMPI spectra were recorded in the range of 350-450 nm covering the three Rydberg 

manifolds of both the molecules. Photoelectron images were recorded via selected 

electron and vibrational intermediate states. The extracted photoelectron spectra 

allowed for the assignment of different thresholds for the 3s, 3p, and 3d Rydberg states. 

The parent and fragment ion yield were measured as a function of laser power and the 

Figure 4.18. Polarization dependence measurements (red) shown in comparison with the 

power data (green) for parent ion for 3-carene. Measurements were made with left circular 

and linearly polarized, picosecond duration laser pulses around a mean power 4×1011 Wcm-

2. The ps REMPI spectrum is plotted on the same axis as an overall reference. 
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polarization of light, yielding more insight on the lifetime and relaxation dynamics of 

intermediate states. The information that has been deduced about the electronic states 

and peak assignments of α-pinene and 3-carene in this chapter will be helpful in 

understanding and interpreting the PECD measurements (Chapter 5).  
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Chapter 5 Photoelectron circular dichroism of  -pinene 

and 3-carene via 3sp Rydberg states 

5.1 Introduction  

Since early demonstrations of the photoelectron circular dichroism (PECD) effect in  

VUV one-photon ionization experiments, it has been shown that PECD measurements 

are sensitive to the initial state [11], the molecular structure [108], and the final state 

[55]. It has also been shown that the PECD is extremely sensitive to the vibrational 

state of the cation formed [65]. Powis and co-workers have shown vibrationally 

induced inversion of the PECD in methyl oxirane [66], and more recently the effects 

of vibronic interactions on the PECD observed in methyl oxirane and limonene  [138, 

139], and the influence of vibrational excitation in -pinene, -pinene, limonene and 

3-carene [128].  Ever since first PECD was demonstrated in resonance enhanced 

multiphoton ionization (REMPI) regime by Lux et al. [73] and followed by Lehmann 

et al. [74]; interest has been taken in studying the intermediate electronic and 

vibrational state effects as well as electron kinetic energy effects on PECD in the 

multiphoton regime. 

Since that time, various groups have used the REMPI-PECD technique to study 

various chiral molecules such as fenchone [77, 80, 109], camphor [74, 132], limonene 

[76], methyl oxirane [75], and bicyclic ketones [77] using femtosecond laser pulses. 

The universality of PECD as a means of studying chirality has been demonstrated by 

Beaulieu and co-workers who presented data in the single-photon, multiphoton, above 

threshold and tunnel ionization regimes [78]. The magnitude of the REMPI-PECD 

effect has been shown to depend on the wavelength of the photon [79] and the 

intermediate state accessed in the multiphoton process [80]. It has also been shown 

that a time-resolved version of this technique could be a very sensitive tool for ultrafast 

molecular dynamics in chiral systems [81]. To fully understand the molecular 

dynamics of these chiral system using the REMPI-PECD technique, the effects of the 

initial, intermediate and final state of the system need to be decoupled. Beaulieu and 

co-workers have tried to study the effect of the intermediate state on PECD and 

demonstrated that the anisotropy created during the photoexcitation process is critical 

[82].  



Introduction 

 

102 

 

However, most of the studies in the multiphoton regime have employed femtosecond 

laser pulses. As a result of a large bandwidth associated with femtosecond pulses, the 

vibrational resolution is lost, thus masking any vibronic dependence on the observed 

PECD. The goal of the present work is to study the intermediate electronic, vibrational 

and electron kinetic energy dependence of the PECD observed in two chiral molecules: 

-pinene and 3-carene (figure 5.1), using picosecond laser pulses. In Chapter 4, a 

detailed photoelectron spectroscopy study of these two molecules is presented. The 

(2+1) ionization REMPI and photoelectron spectrum showed three different Rydberg 

states 3s, 3p and 3d (Section 4.6 and 4.7). The laser power and polarization dependent 

measurements in Chapter 4 (Section 4.9 and 4.10) also confirmed the existence of three 

different Rydberg states.  

In this chapter the aim is to study and decouple the effect of intermediate excited 

electronic state, vibrational state and electron kinetic energy on PECD in the (2+1) 

REMPI scheme. To fully understand the vibronic and electronic kinetic energy effect 

on PECD measurements, a complete PECD data set is presented and discussed along 

these two ridges covering the 3s and 3p intermediate electronic states. First we need 

to understand how the photoelectron spectra are behaving along the two ridges and can 

we resolve any intensity modulation of the peaks related to vibrational features. 

Secondly, we need to identify if there any changes in PECD along the two ridges which 

can be attributed to these vibrational features in PES. Therefore, in Section 5.5 and 5.9 

the intensity variation of 0v =  photoelectron peak along the two rides (3s and 3p) is 

plotted alongside with PECD variation along these ridges on the ionization energy 

scale. 

Figure 5.1. Specific enantiomers of terpenes used for photoelectron circular dichroism 

measurements. 
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5.2 Experimental section 

The experimental setup used in this experiment is described in detail in Chapter 2. 

Photoelectrons were detected using velocity map imaging and the resulting 

photoelectron images were reconstructed (using pBasex) to obtain the 3D distribution. 

For PECD measurements, an assembly of a quarter-waveplate and a polarizer was used 

to generate circular polarization and to do polarimetry. PECD was measured by 

recording the LCP and RCP photoelectron images by rotating the quarter waveplate 

using a rotation mount controlled by a stepper motor (Thorlabs). Each image was 

recorded for a short time at each polarization to avoid the effects of drifts in laser 

power or other experimental parameters, and then the quarter-wave plate was rotated 

to record the image for the other polarization. In each case, 15000 frames were 

recorded before switching to the other polarization, and four pairs of images were 

recorded. The images were added to produce final LCP and RCP images at each 

wavelength. Measurements using different polarization were conducted at constant 

pulse energies. Only one enantiomer (1R,5R) -(+)-α-pinene and 1S- (+)-carene were 

used to record the PECD data. Both samples were purchased from Sigma-Aldrich with 

> 97% enantiomer excess for α-pinene and > 99% for 3-carene. 

In Chapter 4, section 4.7, photoelectron spectra measured following three-photon 

ionization in the range of 350-450 nm (5.51-7.08 eV) were presented and figure 4.9 

and 4.12 (Chapter 4). These measurements showed three ridges corresponding to 

ionization via the 3s, 3p, and 3d intermediate states. Photoelectron images were 

recorded at various wavelengths in 3s and 3p region using left and right circularly 

polarized light for both the molecules. Owing to the limitations of the detector size, 

PECD data via the 3d intermediate could not be measured.  A differential image of left 

and right photoelectron image is produced and analyzed with pBasex (for more detail 

Chapter 2 Section 2.6.2). This generates the photoelectron spectrum and PECD value, 

alongside with individual anisotropy parameters (see Chapter 1 Section 1.8 for 

multiphoton PECD formulation). These photoelectron spectra are plotted as a function 

of ionization energy (IE) which is calculated by assuming an overall three-photon 

process and subtracting the measured electron kinetic energies from the three-photon 

energy.  
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5.3 Results and discussion: α-pinene 

So far α-pinene has only been studied using VUV single-photon ionization [128]. This 

is the first time it is studied in the multiphoton ionization regime using a picosecond 

laser pulse. In this section, we present several PECD measurements taken following 

the excitation of different features in the (2+1) REMPI spectrum of α-pinene. In 

section 5.4 we report the individual PECD results for (2+1) ionization via the 3s and 

3p Rydberg states. The difference in PECD signal is significant for the two different 

electronic states, and a comparison of anisotropy parameters is presented. In section 

5.5, the complete PECD data in the wavelength range 350-450 nm (5.51-7.08 eV) is 

presented, showing variation in PECD signal when ionized through these different 

electronic states (3sp). In section 5.6 we address the issue of decoupling the effects of 

vibrational structure and the intermediate electronic state as well as the effect of 

electron kinetic energy on PECD.  

5.4 Ionization via 3s and 3p states 

In Chapter 4 (Section 4.6.1) we showed that the 3s threshold lies at around 5.5 eV 

excitation energy and the threshold photoelectron peak is at 8.2 eV (Chapter 4 section 

4.7.1). Figure 5.2 shows PECD measurements following (2+1) REMPI via the 3s 

Rydberg state at 432 and 419 nm, slightly above the threshold. The photoelectron 

spectrum (PES) shows a clear ∆v = 0 peak i.e. v' (cation) - v'' (excited) = 0, is consistent 

with the expected propensity rule (see Chapter 1 Section 1.2.2). Franck-Condon 

allowed weak v' = 0 (at 432 nm) and v' = 0, 1 (at 419 nm) peaks are also present (see 

Chapter 4, Section 4.7.1). In figure 5.2, PES and PECD results for two wavelengths 

are shown, corresponding to ionization via two different vibrational levels of the 

intermediate 3s Rydberg state. The observed PECD values are very striking for 

ionization via these vibrational levels. A huge PECD of ~ 25-35% was observed for 

FC allowed weak v' = 0 and 1 peaks (non v = 0 peaks). Similarly, large PECD effects 

have been reported in one-photon ionization of the same molecule by Ganjitabar and 

co-workers [128]. However, surprisingly a relatively small PECD value is observed 

for v' =1 and 2 peaks when they are excited as the main v = 0 peaks (8.4 at 432 nm 
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and 8.6 eV at 419 nm, figure 5.2), with magnitude varying between 0   and 10% across 

the peak. For the 432 nm measurements the PECD even changes sign across the peak 

(8.4 eV), going from positive to negative. The PECD value measured at 419 nm is 

almost zero for the main v = 0 peak (8.6 eV, v' = 2). This dramatic vibrational 

dependence of PECD has not been observed before. This shows the dependence of 

PECD on the initial excited state (v'' = 0, 1, 2) and final states (v' = 0, 1, 2) of the cation. 

When the initial and final state are same (i.e. main v = 0 peaks) the PECD value is 

small but when initial and final states are different (i.e. for weak FC allowed v' = 0 

peak at 432 nm and v' = 0, 1 at 419 nm, where initial states were v'' = 1 and v'' = 2 

respectively), we observed huge PECD values. As discussed in Chapter 1 section 1.11, 

in the multiphoton regime 𝑏𝑖
𝑝
 anisotropy parameters with i > 1 contribute to the PECD. 

For a three-photon ionization process, 𝑏𝑖
𝑝
 parameters with i = 1, 3 and 5 can contribute. 

For a three-photon process, up to lmax = 6 was used to analyze the photoelectron images 

and b1, b3, b5 parameters were obtained. Furthermore, it has been shown by various 

Figure 5.2. VMI PES and PECD measurements for R-(+)- -pinene. The PECD measurements 

are for ionization via the 3s Rydberg state for the given enantiomer at wavelength 432 nm 

(black curves), 419 nm (red curves). 
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authors that the b3 parameter arises due to the alignment of the  excited intermediate 

state [81, 109]. Figure 5.3 shows the individual anisotropy parameters, b1, b3, and b5 

for one measurement in the 3s region. The b5 anisotropy parameter is close to zero, but 

b1 and b3 show interesting behaviour for different peaks. For the v' = 0 and 1 peaks, b1 

shows an average value of ~0.10 and tracks the predicted positions of the vibrational 

peaks, even though they are not observed clearly in the photoelectron spectrum. For 

the v = 0 peak, b1 is less than ~.02. The b3 parameter is negative with values ~ −0.12 

for the v' = 0 peak and ~ −0.05 for the v' = 1 peak, but close to zero for the v = 0 peak. 

Such significant values of b3 have not been observed before and demonstrate how 

PECD depends on intermediate state alignment. Previously authors have quoted 

maximum  b3 value of ~0.05 for various molecules [73, 74, 79, 140].   

Figure 5.3. Anisotropy parameters for the PECD measurement for ionization via the 3s 

Rydberg state. The VMI-PES (black curve) has arbitrarily scaled intensity but is plotted on 

the same ionization energy axis as the b1 (red curve), b3 (green curve), and b5 (blue curve) 

anisotropy parameters. 
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The 3p origin threshold is found to be around 6.0 eV (2ϕ) excitation energy (Chapter 

4 Section 4.6.1). Figure 5.4 shows the (2+1) REMPI-PECD measurement taken at the 

3p origin threshold and just above it.  A wider range photoelectron spectrum, with 

associated PECD, measured at 412 and 386 nm (2ϕ = 6.0 and 6.4 eV (0.4 eV above 

the 3p threshold)) can be seen. The total three-photon energies at wavelengths of 412 

and 386 nm are 9.01 and 9.66 eV, which are sufficient to access high-lying vibrational 

states of 3s as well as low vibrational states of 3p. Consequently, in the photoelectron 

spectra at these two wavelengths, we can observe a v = 0 peak from 3s as well as 

from 3p. Interestingly, the PECD measurements for the ionization processes via the 3p 

Rydberg state are significantly different from those observed following ionization via 

3s. The v = 0 peaks resulting from ionization via 3p shows PECD values in the range 

of 20-25%, whereas v = 0 peaks resulting from ionization via 3s shows a very small 

PECD. We note that whereas the vibrational peak that appears at 8.6 eV following 

ionization via 3p shows a PECD of 20%, the same vibrational peak in figure 5.5, which 

Figure 5.4. VMI PES and PECD measurements for R-(+)- -pinene. The PECD measurements 

are for ionization via the 3p Rydberg state for the given enantiomer, extracted from a pair of 

images recorded with left- and right- circularly polarized laser pulse at wavelength 412 (red 

curves), and 386 nm (green curves). 
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results from ionization via 3s shows almost zero PECD. The difference in PECD value 

could be attributed to either an electron kinetic energy effect or the influence of a 

different excited electronic state on the ionization dynamics. These effects are 

decoupled in the next sections (5.5 and 5.6) where complete PECD data along the full 

REMPI spectrum are presented for these two intermediate excited states (3s and 3p).  

Further insight can be obtained by looking at individual anisotropy parameter for 

observed PECD following ionization of the 3p Rydberg state. Figure 5.5 shows the 

anisotropy parameters for one of the measurements in the 3p region. The v = 0 peak 

following ionization via 3s has very small contributions from all three parameters 

which have values ~ 0.02. However, PECD following ionization via 3p has 

significant contributions for all three parameters. In fact b3 parameter (0.13) is larger 

than the b1 parameter (0.08), and even the b5 parameter is ~ 0.06. This again a very 

striking observation which has not been seen before in the literature. 

Figure 5.5. Anisotropy parameters contributing to the PECD measurement following 

ionization via the 3p Rydberg state for α-pinene. The VMI-PES has arbitrarily scaled intensity 

but is plotted on the same ionization energy axis as the b1 (red curve), b3 (green curve), and 

b5 (blue curve) anisotropy parameters. 
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So far, we have presented measurements at specific wavelengths in the 3s and 3p 

excitation region. In the next section, we present measurements of complete PECD 

data in the range 350-450 nm (5.51-7.08 eV) following ionization through these two 

Rydberg states to facilitate the decoupling of the effects of electron kinetic energy and 

electronic and vibrational structure on the observed PECD. 

5.5 Complete PECD data set along the 3s and 3p ridges: Vibrational effects 

In this section we will present complete PECD data set along two of these ridges (3s 

and 3p) and discuss any vibrational effects and electron kinetic energy effects. The 

photoelectron images were recorded using left-and-right circularly polarized light at 

every 3-5 nm step along the full REMPI spectrum. These images were analyzed using 

pBasex to get PES, PECD, and anisotropy parameters at each wavelength point. Figure 

5.6 shows the intensity variation of photoelectron spectra for ionization via the 3s and 

3p regions. These intensity variation spectra were obtained by separately summing all 

the PES for the 3s and 3p ridges shown in Chapter 4 figure 4.9 (for range 350-450 nm) 

Figure 5.6. Intensity modulation of PES for ionization via the 3s (red curve) and 3p (blue 

curve) Rydberg states for α-pinene. PESs are shown in comparison with a 3s FC calculation 

(green dash/line curves). A 0.81 eV shifted FC calculation is shown in comparison with VMI 

peaks beyond the FC window. 
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and plotting as a function of ionization energy axis. Finally, a smoothing function 

(Matlab sgolayfilt) was used to get the final intensity variation of PESs for both states. 

The PES intensity variations of these Rydberg states are compared with a FC 

calculation via the 3s state. The peaks match reasonably well; however, the intensity 

of FC peaks decays around 9 eV, whereas PES continues to show the vibrational 

modulation. As discussed in the previous sections, this could a consequence of internal 

conversion form the 3p manifolds to the 3s states. Comparison with the FC simulation 

shows that the PES shows the same vibrational structure with similar FC factors in the 

ranges 8.2-9.0 eV and 9.0-10.0 eV. Ionization via 3p shows similar vibrational feature 

as 3s in the photoelectron spectrum. 

Figure 5.7 shows the PECD variation along these the two ridges. The PECD data along 

the 3s and 3p ridges is convoluted using the same method as that used for the PES. 

The PECD values along two ridges are plotted as a function of ionization energy 

alongside the photoelectron spectrum. The PECD measurements via both states show 

Figure 5.7. Complete PECD data set for ionization via the 3s (red curve) and 3p (blue curve) 

are shown along with the PES intensity along the 3s ridge (black curve) for -pinene (see 

text). The PES and the PECD are plotted on the same ionization energy axis. The blue overlay 

box represents the change in eKE between the three peaks 

ΔeKE <0.15 
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modulation with the principal vibrational features and in both cases the preferred 

emission direction of photoelectrons is same except 3s PECD changes sign toward the 

end of 3s region (at 8.6 eV).  

A few striking features were observed for the PECD measured following ionization 

through the 3s region; first, as mentioned above, it shows a clear modulation with the 

principal vibrational peaks. Second, a significant change in PECD with different 

excited vibrational peaks was observed. For example, the size of the PECD signal 

changes from ~30% for the second peak to less than 5% for the third peak and changes 

sign for the fourth peak. In order to understand this change in PECD, assignment of 

the vibrational structure is required. The FC calculations can be used to assign the 

vibrational bands in the 3s region which arise from a progression in the C=C stretching 

mode [128]. The peaks at 8.4, 8.6, and 8.8 eV arise from the excitation of the same 

mode v56, which is the double bond stretching, with one, two, and three quanta 

excitation respectively [137]. So the only change in these peaks is the quanta of 

excitation but the PECD value changes dramatically. Because the change in electron 

kinetic energy change from the second to the fourth peak is less than 0.15 eV, 

therefore, we infer that the change in PECD is caused by a vibronic effect rather than 

by a change in electron kinetic energy. For the peaks beyond the FC allowed window 

(9.0-9.8 eV), which are believed to result from internal conversion from 3p to 3s, the 

PECD value seems to increase from zero to a positive value. Unfortunately, data 

beyond 9.5 eV could not be recorded because of limitations imposed by the detectors 

size.  

Figure 5.7 also shows the PECD results for ionization via the 3p intermediate (blue 

curve) which show similar behaviour. Near the onset of the 3p ionization, the PECD 

value is ~25%, slightly higher than observed in 3s region. Again, the PECD reduces 

to almost zero by the fourth peak (at ~8.7eV), suggesting the influence of vibrational 

structure on the observed PECD. To study any trend or effect of electron kinetic 

energy, we have to plot the measured PECD value as a function of electron kinetic 

energy. The next section discusses the effect of electron kinetic energy on PECD. 
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5.6 Electron kinetic energy effect on observed PECD 

As mentioned previously in section 5.5, for ionization via the 3s Rydberg state, we 

observe peaks corresponding to v' = 0 and 1 alongside with the main ∆v = 0 peak. The 

v' = 0 peak at 8.2 eV ionization energy, results from the ring breathing mode and the 

v' = 1 peak appearing at 8.4 eV ionization energy and results from one quantum of 

excitation in the C=C stretching mode. Figure 5.8 shows the PECD for these two peaks 

as a function of electron kinetic energy. The v' = 0 peak shows striking PECD value of 

~35% which reduces to ~ 5% with the increase in electron kinetic energy (over the 

range of 0.5 eV). The v' =1 peak shows PECD around 25% and decreases to ~7% with 

an increase in electron kinetic energy (over the range of 0.4 eV). This observation is 

purely an electron kinetic energy influences the observed PECD for first two peaks in 

3s vibrational progression (figure 5.8 inset).  

In figure 5.9 we have plotted the mean PECD value together with the individual 

anisotropy parameters, as a function of electron kinetic energy for the two ridges 

(ionization via the 3s and 3p states). The full width half maximum (FWHM) was used 

to calculate the mean value of the PECD for a given photoelectron peak. The FWHM 

was calculated by fitting a Gaussian to the PES spectrum in both the regions. The width 

Figure 5.8. eKE effect:  Mean PECD value for v' = 0 (red data set) and v' = 1 (blue data set) 

peaks when ionized via the 3s state is shown on eKE axis for 𝛼-pinene. Inset: 3s FC 

calculation [128]. 
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of each Gaussian was used as an averaging window for the anisotropy parameter and 

PECD. For the 3s FC allowed transition PECD is mainly comprised of b1 and b3 

parameter with value changing across the 3s band. The b5 is approximately zero 

throughout the 3s band region. The b1 behaves slightly different than b3; b1 shows a 

decreasing value up to 0.4 eV and then increasing value, whereas b3 shows a constant 

decreasing behaviour. For 3p region, PECD has significant contribution from b1 and 

b3, and b5 is also non-zero. These higher order anisotropy parameters show the effect 

of anisotropy created in the excited state on PECD. Another interesting observation 

comes out when we look at the mean PECD value from the 3s and 3p regions. The tail 

of 3s region (PECD value from 0.4 to 0.7 eV) seems to follow the start of the 3p region. 

This similar behaviour can be observed in the individual anisotropy parameters 

between the two regions. The reason behind this behaviour of the PECD value is not 

very clear but shows a clear eKE effect on PECD. 

 

Figure 5.9. Mean PECD value (red) and anisotropy parameters b1 (green), b3 (blue), b5 (light 

blue) is shown for ionization via 3s and 3p is plotted against the electron kinetic energy for 𝛼-

pinene. 
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5.7 Results and discussion: 3-carene 

In this section, we present PECD measurements taken at several wavelengths 

following (2+1) REMPI of 3-carene. In section 5.8 we show PECD results for (2+1) 

ionization via 3s and 3p Rydberg states at a particular wavelength. The difference in 

PECD signal is significant for the two different electronic states, and a comparison of 

anisotropy parameters are presented. In section 5.9, a complete PECD data set for a 

wavelength range 350-450 nm (5.51-7.08 eV) is presented, showing the complete 

variation of PECD signal when ionized via these different electronic states. Further, a 

discussion about decoupling the effect of electron kinetic energy, vibrational structure 

and accessed intermediate electronic state on PECD is presented.  

5.8 Ionization via 3s and 3p states 

As discussed in Chapter 4 (Section 4.6.2) the 3s threshold lies at around 5.6 eV 

excitation energy and the threshold photoelectron peak is at 8.4 eV (Chapter 4 section 

4.7.2). Figure 5.10 shows the photoelectron spectra and PECD measurements 

Figure 5.10. VMI PES, PECD and anisotropy parameters measurements for 1S-(+)- 3-carene 

for ionization via the 3s region at wavelengths of 431 and 416 nm. The VMI-PES has 

arbitrarily scaled intensity but is plotted on the same ionization energy axis as the PECD 

measurements.  
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following (2+1) REMPI via the 3s Rydberg state at two wavelengths, slightly above 

the threshold. A total three-photon energy at 431 and 416 nm only allows access to the 

3s vibrational states. The photoelectron spectrum at these two wavelengths shows a 

clear ∆v = 0 peak, governed by propensity rule. Unlike -pinene, 3-carene does not 

show weak FC allowed v' = 0 and 1 peaks in photoelectron spectrum along with main 

∆v = 0. The PECD value shows a significant difference for the two measurements. The 

PECD corresponding to ∆v = 0 peak at 431 nm is 10% which increases to 25% for ∆v 

= 0 at 416 nm, and both show a negative value. This increase in the absolute magnitude 

of PECD for the ionization via higher vibrational states in 3s (415 nm), could either be 

an electron kinetic energy effect or a vibronic effect (more details next section). The 

PECD measurements in the 3s region for α-pinene and 3-carene show different trends. 

The former showed smaller PECD values than the latter. Both molecules are isomers; 

hence this difference in PECD value could shed some light on its dependency on 

molecular structure. Figure 5.10 also shows the breakdown of PECD into anisotropy 

parameters, b1, b3, b5 for the two measurements in 3s region. Contribution from b3 and 

b5 is almost negligible for the near-threshold measurement (432 nm) and at 416 nm 

they have a small contribution of ~0.05. The major contribution is only from parameter 

b1 which show an average value of ~0.10 at both wavelengths, which is different from 

α-pinene where all three parameters were very small (< 0.05) for ionization via the 3s 

Rydberg state. 

Figure 5.11 shows the (2+1) REMPI-PECD measurement for ionization via 3s and 3p 

Rydberg state. The 0-0 transition of the 3p intermediate state is obtained, 6.4 eV (2ϕ) 

(Chapter 4 figure 4.12). Figure 5.11 shows a measurement taken just above the 3p 

origin threshold.  A wider range photoelectron spectrum, with associated PECD, 

measured at 378 nm (2ϕ = 6.58, 0.28 eV above the 3p threshold) can be seen. At this 

wavelength ionization can occur through low vibrational levels in 3p as well as through 

high vibrational levels in 3s. The 3s peaks may result from internal conversion from 

3p to 3s states as FC calculation shows that the probability of ionization via 3s is 

reduced after 9.0 eV ionization energy. Consequently, in the photoelectron spectrum 
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at this wavelength, we can observe two v = 0 peaks, from 3s as well as 3p. 

Interestingly the PECD measurements for ionization process via the 3p Rydberg state 

shows a significant difference in comparison to ionization via 3s. The PECD value 

changes sign for ionization via these two Rydberg states, going positive 5% for 3p to 

negative 15% for 3s states (figure 5.11).  This could be an electron kinetic energy 

effect. Figure 5.11 also shows the breakdown of PECD into anisotropy parameters, b1, 

b3, and b5. The major contribution is from b1 parameter, and b3 and b5 show almost 

zero value for both the peaks corresponding to ionization via 3s and 3p. Whereas for 

-pinene we observed significant b3 and b5, this shows that photoionization dynamics 

for the molecules are significantly different.  

So far, we have presented measurements at specific wavelengths in the 3s and 3p 

regions. In the next section, we present measurements complete PECD data in the 

range 350-450 nm (5.51-7.08 eV) following the ionization through these two Rydberg 

Figure 5.11. VMI PES (black), PECD, and anisotropy parameters measurements for 1S-(+)- 

3-carene for ionization via the 3p region at 378 nm. The VMI-PES has arbitrarily scaled 

intensity but is plotted on the same ionization energy axis as the PECD measurements.  
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states to facilitate the decoupling of the effects of electron kinetic energy and electronic 

and vibrational structure on the observed PECD. 

5.9 Complete PECD data along the 3s and 3p ridges: vibrational and eKE effect 

In this section complete data set of PECD values for ionization via the 3s and 3p states 

is presented. Figure 5.12 shows the intensity variation of photoelectron spectra for 

ionization via 3s and 3p region in comparison with FC calculations. The PES peaks 

match reasonably well the FC calculation; however, FC spectrum decays around 9.2 

eV, whereas PES continues to show the vibrational modulation beyond 9.2 eV. As 

discussed in the previous sections, this could be a consequence of internal conversion 

from 3p to 3s state due to the short lifetime of 3p state.  

The photoelectron intensity profile of both the ridges show clear vibrational features 

matching the FC calculations. These vibrationally resolved peaks have been assigned 

by Ganjitabar and co-workers [137]. The first peak is a combination of various 

transition from the neutral ground state to vibrationally excited 3s state. The second 

Figure 5.12. Intensity modulation of PES for ionization via 3s (black curve) and 3p (red curve) 

Rydberg states for 3-carene. The intensity modulations are shown in comparison with 3s FC 

calculation in the 3s region.  
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peak is a combination of one quanta excitation in mode v56 (C=C symmetric stretch) 

and the transitions in peak one. Third peak is a combination of one quanta excitation 

in mode v60 (symmetric stretch in the methyl group) and peak one transitions. The 

fourth and fifth peaks are a combination of one quanta excitation in mode v56 and v60 

plus peak one transitions. 

Figure 5.13 shows the PECD variation along these two ridges. The PECD values along 

two ridges are plotted as a function of ionization energy alongside the photoelectron 

spectrum. The PECD measurements via both states show modulation with the 

principal vibrational features and the preferred emission direction of photoelectrons is 

opposite for the 3s and 3p states (i.e. sign inversion of PECD was observed for 

ionization via 3s and 3p). However, the maximum absolute magnitude of the PECD 

via the 3p state is (10%) considerably smaller than that via the 3s state (-30%).  

A few striking features were observed for the PECD measured following ionization 

through the 3s region; first, as mentioned above, it shows a clear modulation with the 

principal vibrational peaks. Second is the change in the sign of PECD value for 

Figure 5.13. Complete PECD data for ionization via the 3s (red curve) and 3p (blue curve) 

states are shown along with the PES intensity along 3s ridge (black curve) for 3-carene. The 

PES and the PECD are plotted on the same ionization energy axis. 
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ionization via the 3s and 3p Rydberg states. Third, the absolute maximum PECD value 

for ionization through these two states is observed for the third peak, which is the one 

quanta excitation in the v60 mode (symmetric stretch in the methyl group). This shows 

clear vibrational influence on the PECD value, whereas the change in sign of the PECD 

value can be an electron kinetic energy effect (as discussed next). Toward the end in 

the 3s region, for higher vibrational states, significant PECD values are observed. 

However, the peaks beyond the Franck-Condon allowed window (9.2-10.0 eV), which 

are believed to result from internal conversion from 3p to 3s, also show significant 

PECD values. The peak at 9.3 eV shows the value of -22% (see figure 5.13, 3s PECD 

curve) and the peak at 9.9 eV shows the PECD value of -10%. These observations 

clearly show a strong indication that the intermediate electronic and vibrational state 

has an influence on PECD. To get a detailed insight, more computational work is 

required. The PECD value for ionization via the 3p state show significantly smaller 

value (10%) than the 3s state. The same vibrational peak for the 3s and 3p states shows 

drastically different value, for example, the peak at an ionization energy 8.6 eV, shows 

a -20% PECD for ionization via the 3s state and zero for ionization via the 3p state. 

These observations show indication of eKE or intermediate electronic state influence 

on the PECD value.  

To study any trend or effect of electron kinetic energy, we have to plot the measured 

PECD value as a function of electron kinetic energy. In figure 5.14 we have plotted 

the mean PECD value (figure 5.14a) together with the individual anisotropy 

parameters (figure 5.14b), as a function of electron kinetic energy for the two ridges 

(ionization via the 3s and 3p states). The full width at half maximum (FWHM) was 

used to calculate the mean value of the PECD for a given photoelectron peak. The 

FWHM was calculated by fitting a Gaussian to PES spectrum in both the regions. The 

width of each Gaussian was used as an averaging window for the anisotropy parameter 

and the PECD. In figure 5.14a, the change of PECD value in the 3s region is significant 

over the 0 - 0.8 eV range, going to an absolute maximum of ~ -25% at 0.3 eV (which 

was mode v60 peak) and then falling to almost zero at 0.8 eV. For the 3p region the 

PECD value changes sign and reaches an absolute magnitude of 10%. Interestingly the 

data point beyond 0.4 eV are from peaks which are assigned to internal conversion 

from 3p to 3s. Surprisingly this tail end of the 3s region seems to follow the PECD 

value from the 3p region. This is a unique behaviour which we also observed for α-
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pinene. This reason behind not very clear yet but it does hint towards an electron 

kinetic energy effect.   Figure 5.14b shows the anisotropy parameters for the two 

regions. In both regions, PECD is mainly comprised of b1 parameter. For 3s region b3 

shows an average value of 0.02 and for 3p region b3 changes sign, going from 0.03 to 

-0.05 towards the end. For both the regions b5 is almost zero. 

Figure 5.14. (a) Mean PECD value for ionization via 3s and 3p region for 3-carene is plotted 

against the electron kinetic energy. (b) Mean anisotropy parameters are shown a function of 

electron kinetic energy for both the regions. 

(a) 

(b) 
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5.10 Intermediate state effect: comparison with VUV measurements 

In this section we will compare VUV one-photon ionization and multiphoton 

ionization PECD result for similar total photon energy and for a similar vibrational 

feature. This will narrow down any change in observed PECD between the two 

regimes to an influence of an intermediate state effect. Ganjitabar and co-workers have 

shown the PECD for one-photon ionization [128]. For the 3-carene measurements, 

they showed that PECD was strongly modulated with the principal vibrational peaks 

in the PES and does not change greatly over a limited range of photon energy (9-9.5 

eV). They observed an absolute magnitude of the recorded PECD of -17% for origin 

peak (8.4 eV) and almost zero PECD for highly vibrationally excited states (at 9 eV). 

For multiphoton ionization, we observed a different trend for PECD value. Figure 5.15 

shows the comparison of one-photon and (2+1) ionization processes (9.2 eV total 

photon energy) and their recorded PECD. The PECD results for multiphoton ionization 

process show a complete opposite trend than one-photon ionization. An almost zero 

Figure 5.15. Intermediate state effect: VUV VMI PES and PECD is shown in comparison with 

(2+1) REMPI PES and PECD for 3-carene. For total photon energy for both cases is 9.2 and 

9.3 eV respectively. VMI-PES has arbitrary intensity but plotted on the same ionization energy 

as PECD. 
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PECD value was observed for the origin peak for multiphoton ionization and a higher 

value (-25%) for highly excited vibrational peaks at 9 eV. Both the measurements have 

similar electron kinetic energy and show similar vibrational peaks, leaving the only 

difference being photon number and intermediate state. Thus, the change in the PECD 

signal for multiphoton ionization process could be a consequence of intermediate state 

effects. 

5.11 Conclusion 

In this chapter we investigated the (2+1) REMPI-PECD for α-pinene and 3-carene via 

3sp Rydberg states. PECD was measured by recording photoelectron images in the 

range of 370-450 nm by changing CPL from left to right on one enantiomer. Both 

molecules showed striking results, PECD was found to be sensitive to the vibrational 

features as well as electron kinetic energy.  

The α-pinene results shed some light on the effect of initial and final states on PECD. 

The complete PECD data along the two ridges corresponding to 3s and 3p ionization 

showed the vibrational dependency of PECD, where PECD values reduced from 30% 

to almost zero. Electron kinetic energy effects were observed for v' = 0 and 1 peaks 

(for 3s state) over the range of 1 eV. The 3-carene results were also found to be 

sensitive to intermediate electronic and vibrational states. The absolute maximum 

PECD was observed for the same vibrational state for ionization via the 3s and 3p 

states, hinting towards a vibrational dependency. PECD value also changed sign for 

ionization via the two states showing an electron kinetic energy effect. Furthermore, 

the unique behaviour of PECD in the 3s region for non-FC allowed peaks shows some 

interesting dynamics. The 3-carene results also shed some light on intermediate state 

effect upon comparison with VUV one-photon ionization PECD result. The two 

ionization regimes showed completely opposite behaviour (figure 5.15). To fully 

understand these results more theoretical work is required. 
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Chapter 6 Photoelectron angular distribution of aligned 

aniline and naphthalene 

6.1 Introduction 

Photoelectron angular distributions (PADs) are uniquely sensitive to electronic 

structure and dynamics, to nuclear configuration and dynamics, and to the chirality 

and conformation of isolated complex systems such as biomolecules and 

supramolecular assemblies [14]. PADs can be measured in a variety of experimental 

scenarios, and these scenarios dictate the information that can be gleaned.  Of 

particular interest have been techniques that enable PADs to be measured “from the 

point of view of a molecule”; so-called molecular frame (MF) PADs [20, 37, 38, 141]. 

Although complete descriptions of photoionization dynamics have been achieved for 

light molecular systems without the need to access MFPADs [2], only MFPADs can 

provide rich information on the photoionization dynamics of heavier and more 

complex molecular systems.  

There are two main techniques that have been used to access MFPADs.  The first of 

these relies on a dissociative ionization process in which the emitted photoelectron is 

detected in coincidence with one or more ionic fragment [20, 37, 38, 141].  This 

technique, although powerful, is limited to small molecular systems that dissociate in 

the axial recoil limit. The second technique uses a strong laser field to create an aligned 

distribution of molecules prior to ionization [142]. In this case the measured PADs will 

converge on the molecular frame if complete alignment can be achieved in three 

Figure 6.1. Structure of (a) aniline and (b) naphthalene. Most polarizable axis in aniline is 

Y and in naphthalene is Z axis. 

Y 

Z Z 

Y (a) (b) 
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dimensions, and the technique can, in principle, be applied to large molecular systems. 

Laser-induced alignment falls into two main regimes, nonadiabatic and adiabatic (See 

Chapter 1). In a nonadiabatic regime, alignment is induced by fs and ps pulses, which 

are short in comparison to the rotational period of the molecule. The rotational wave 

packets created hereby lead to molecular alignment in regularly spaced, narrow time 

windows termed revivals. A major advantage of the revivals is that they occur after 

the laser pulse is turned off, such that the influence of the aligning field on aligned 

molecules is eliminated. For this study a rapid truncated ps pulse is used to create the 

alignment in the molecular system. 

For this work aniline and naphthalene were used to measure aligned PADs. Aniline is 

the simplest aromatic amine with an amino group attached to a phenyl group. The 

symmetric representations for aniline are assumed under an approximate C2v 

symmetric point group [143], see figure 6.1. Aniline has been extensively studied 

spectroscopically [24, 98, 143–145] and a number of vibrational frequencies in the 

first excited state (S1)  have been determined. The transitional dipole moment for S1 ← 

S0 is perpendicular to the most polarizable axis (figure 6.1). Naphthalene is also an 

aromatic molecule with D2h symmetry. Naphthalene has also been studied 

spectroscopically by many groups [146–150]. The transition dipole moment for S1 ← 

S0 is parallel to the most polarizable axis (figure 6.1). Naphthalene has slightly higher 

polarizability than aniline, therefore, would show slightly better molecular alignment. 

In this work we employ intense 800 nm laser pulses to create aligned distributions of 

aniline and naphthalene molecules.  The molecules are subsequently ionized using a 

resonant two-photon ionization scheme, with photoelectrons collected using VMI. The 

resulting PADs have been compared with the results of calculations that have been 

conducted using the ePolyScat code developed by Lucchese and co-workers [151, 152] 

in order to provide insight into the S1 excited state photoionization dynamics of both 

molecules, and into the degree of alignment created. This work has been submitted for 

publication and much of the text is taken from the manuscript [92]. 

6.2 Experimental section 

This experiment was performed in Prof Henrik Stapelfeldt’s lab at Aarhus University. 

The setup used has been described in detail previously in Chapter 2. Briefly, the details 

used in this work are described in what follows. A molecular beam of aniline 
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(naphthalene) was produced from a seeded mixture in 80 bars of He and expanded into 

the vacuum system using a pulsed Even-Lavie valve, which was heated to 36°C.  The 

molecular beam passed through a 4 mm skimmer prior to entering the interaction 

region of the velocity map imaging spectrometer [25].  Aniline was ionized using a 

(1+1) scheme via the vibrational origin of the S1 state (34032.1 cm-1) [153].  The 

resulting photoelectrons, which had a maximum possible kinetic energy of ~0.72 eV, 

were then accelerated in a static field towards a 40 mm dual MCP detector and the 

photoelectron image was recorded with a camera (Prosilica GE 680, Allied Vision) 

controlled using LabView 2017.   

A scheme of the laser setup is shown in Chapter 2 figure 2.6a. Both the pump/probe 

and alignment beams were generated by the output of a 1 kHz, Ti:Sapphire laser 

system (Solstice, Spectra Physics).  The system has two 800 nm output beams, with 

typical powers of 3 mJ/pulse with a 45 fs pulse duration.  The output used to generate 

the alignment pulse was not compressed prior to exiting the laser system and had an 

initial pulse duration of 300 ps (instead of the typical 45 fs). The probe pulse of 293.85 

nm was generated by frequency doubling a 587.7 nm beam in a 40 mm long KDP 

crystal. The 587.7 nm beam was generated by collinear mixing of the 2214.6 nm output 

of an optical parametric amplifier (TOPAS) with an 800 nm beam in a 0.5 mm BBO 

crystal, cut at 22.4°.  By using the long KDP crystal, the UV light is generated with a 

reduced bandwidth (0.6 nm @ 293.85 nm), supporting a 6 ps pulse duration with a 

peak intensity of 0.042 TW/cm2 in the interaction region of the chamber.  The probe 

pulse was linearly polarised, parallel to the detector plane as shown in Chapter 2 figure 

2.6b. 

The intensity of the alignment laser is controlled by varying its polarization with a half 

wave plate (HWP) followed by a thin film polarizer (TFP) (Chapter 2 figure 2.6a). 

This was followed by a telescope to ensure that the spot size of the alignment beam is 

larger than the spot size of the probe beam, so that preferentially only aligned 

molecules are probed. The alignment beam is truncated with a bandpass filter, reducing 

the pulse duration to 150 ps at FWHM. The relative timing of the probe and the 

alignment pulse was 20 ps. Finally, the beam passes through a second HWP and 

quarter-wave plate (QWP) to obtain the desired polarization for the measurement. In 

this study, we only consider only results obtained using linearly polarised light, parallel 

to the plane of the detector, which is collinearly overlapped with the probe beam prior 
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to entering the spectrometer through a 30 cm focusing lens. The intension behind using 

the truncated pulse alignment was to get field free alignment, which did not prove to 

be fully successful as discussed in Section 6.6. 

6.3 Theory 

The various axes and angles that are referred to throughout this section and in the rest 

of this chapter are defined in figure 6.2. Molecular frame photoelectron angular 

distributions were generated using radial dipole matrix elements calculated by 

performing quantum scattering calculations using the ePolyScat package [151, 152]. 

These ePolyScat calculations were performed by Paul Hockett and a detailed 

discussion is presented in the manuscript [92]. The MFPAD depends on the 

photoelectron kinetic energy, E, and on (𝜃𝑛̂, 𝜙𝑛̂), i.e. the angle between the polarization 

of the probe pulse and the MPA.  Furthermore, because of the 3D structure of the 

molecules the MFPAD will not be cylindrically symmetric. Therefore, the MFPAD 

can be expressed as [27]:   

𝐼𝑀𝐹(𝜃𝑘̂, 𝜙𝑘̂; 𝐸, 𝜃𝑛̂, 𝜙𝑛̂ ) ∝ ∑ ∑ 
𝐿𝑀

𝐿
𝑀=−𝐿

2𝑛
𝐿=0 𝑌𝐿𝑀(𝜃𝑘̂, 𝜙𝑘̂)    (6.1)  

Figure 6.2. Relationship between the laboratory frame (X, Y, Z) and molecular frame (x, y, z) 

axis systems and the emission direction of the photoelectron for aniline.  The most polarizable 

molecular axis (MPA) is shown in yellow in the left-hand panel and defined as z.  The 

direction of photoelectron ejection is shown in blue and defined as k.  (𝜃𝑛̂, 𝜙𝑛̂) defines the 

orientation of the MPA with respect to the laboratory frame.  The photoelectron emission 

direction is given by (𝜃𝑘̂, 𝜙𝑘̂) in the molecular frame and by (𝜃𝐿𝐹 , 𝜙𝐿𝐹) in the laboratory 

frame. 
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where n is the summation index represented in term of the highest orbital angular 

momentum component of the incoming wave. In the molecular frame n = lmax, the 

highest photoelectron orbital angular momentum component. 

The ePolyScat calculations also provide values of , the coefficient of 𝑃2(cos 𝜃) in the 

photoelectron angular distribution that arises following ionization of an isotropic 

distribution of MPAs.  In the case of aniline, the trend in these values, as a function of 

photoelectron kinetic energy, can be compared with the trend in the values of the 

equivalent coefficient that have been determined in (1+1) two-photon ionization 

experiments by Qu et al. [98]. Although the experimental values will be influenced by 

the small anisotropy introduced in the two-photon ionization process, this comparison 

enables us to verify that the calculated energies are in good agreement with the 

experimental energies.   

Two separate processes were used to generate the simulated photoelectron images, one 

for ionization of a “completely aligned” sample (〈cos2 𝜃𝑛̂〉 = 1 or 〈cos2 𝜃𝑛̂〉 = 0 

corresponding to parallel and perpendicular alignment respectively) and one for 

ionization of an isotropic sample (〈cos2 𝜃𝑛̂〉 = 1/3).  For the completely aligned 

sample, a full 3D velocity distribution for a single component of the ionisation 

continuum (au/b1u for naphthalene; a2/b1 for aniline) was created in the molecular 

frame using the radial dipole matrix elements at the chosen photoelectron kinetic 

energy.  The molecular frame PAD was then rotated so that the most polarisable axis 

was aligned vertically (au/a2) or horizontally (b1u/b1) and then azimuthally averaged.  

The resulting 3D distribution was then projected onto a 2D plane to create simulated 

photoelectron images.  For the isotropic sample a 3D laboratory frame PAD was 

created using the  parameter calculated by ePolyScat at the chosen photoelectron 

kinetic energy and then projected onto a 2D plane to create simulated photoelectron 

images.       
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6.4 Results and discussion: Aniline 

Qu et al. [98], presented the work on two photon REMPI spectrum for aniline (figure 

6.2) and established the number of vibrational states in the first excited state of neutral 

(S1). In the present work we measured the aligned PADs through (1+1) REMPI via 

origin of the S1 state. Photoelectron images were collected following the excitation of 

aniline to its S1 origin at ~293.8 nm and ionization following the absorption of a second 

photon from the same laser beam. The raw electron image obtained with the 293.85 

nm probe pulse only, corresponding to a target of randomly oriented molecules, is 

shown in figure 6.4a, and the Abel inverted image in figure 6.4b. At least three rings 

are observed corresponding to three different channels of ionization. The angular 

distributions of the three rings are essentially isotropic. The maximum available 

photoelectron kinetic energy following the absorption of two photons is ~0.72 eV and 

therefore the strongest peak corresponds to the formation of the cation in its ground 

vibrational state. Qu et al. measured a relatively high-resolution photoelectron 

spectrum following the ionization of S1 aniline [98] with which this spectrum can be 

compared. This work mainly focusses on these electrons. The middle and outer peaks 

correspond to the aniline cation being vibrationally excited.  

Figure 6.3. Two-photon REMPI spectrum of aniline. The highlighted (red circle) is the 

vibrational mode studied in this study [98]. 
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Figure 6.4c shows the photoelectron spectrum for ionization via aniline origin along 

with the anisotropy parameter b20 and b40. The b40 parameter show almost zero value 

for the whole spectrum and b20 parameter is almost zero except at origin peak where 

is show a small value. This shows that the rings are almost isotropic for probe only 

Figure 6.4. Photoelectron electron image and analysis. (a) Raw image of aniline measured at 

origin of S1. (a) Corresponding Abel inverted image. Second panel (c) shows the analysis; 

photoelectron spectrum is shown along with the anisotropy parameters. 

(a) (b) 

(c) 

Ionization energy (eV) 
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measurement (in the absence of an alignment beam). In the next section we will present 

the results with an alignment pulse present prior to the ionization for various 

configuration of probe and alignment beams. 

6.5 Alignment measurements  

Photoelectron images were measured with alignment pulse present prior to the (1+1) 

REMPI. Figure 6.5 shows the raw images for the measurements for probe only and 

with alignment pulse present. A distribution of randomly oriented aniline molecules 

[figure 6.5a(i)] was excited to the S1 origin using light at ~293.85 nm that is linearly 

polarized along the Z and ionized following the absorption of a second photon from 

the same laser beam.  The resulting raw photoelectron image is shown in figure 

6.5a(ii). The image shows three prominent rings, labelled 1-3 in figure 5a(ii), with the 

photoelectron intensity approximately isotropic in all rings.

Figure 6.5b shows the effect that introducing an alignment pulse, linearly polarized 

along Z, has on the observed photoelectron image. This pulse causes the molecules to 

align such that the distribution of MPAs is confined with respect to the polarization 

direction of the probe pulse, as indicated in figure 6.5b(i). The raw and Abel inverted 

images are shown in figure 6.5b(ii) and can be compared with the images in figure 

Figure 6.5. (a) No alignment pulse present, (i) spatial orientations of the aniline molecules 

that are ionized relative to the detector; (ii) raw photoelectron images produced when the 

293.85 nm probe pulse ionizes the aniline molecules.  (b) as for (a) but with the alignment 

pulse introduced. The peak intensity of the alignment pulse is 8.1  1011 W/cm². 
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6.5a(ii) which were obtained without the alignment pulse.  Two prominent changes 

can be seen: first, the rings are now clearly anisotropic with an enhanced intensity 

along the z-axis, and secondly evidence of additional rings can be seen. This indicate 

that an 800 nm photo is getting absorbed in presence of the 

probe photon ionizing through a channel of (1+1'+1) REMPI (more discussion next 

section). Figure 6.6 shows the angular distribution for two cases: probe pulse only and 

1D parallel alignment case. All three channels clearly shown the change in PADs upon 

alignment.  

Figure 6.7 we present the photoelectron spectrum from 1D alignment in comparison 

with the photoelectron spectrum of probe only measurements. Figure 6.7 also presents 

the anisotropy parameters for 1D alignment case. The 1D alignment PES shows the 

three main peaks (7.2, 7.7, and 8.0 eV) along with a fourth peak which was weakly 

present in the probe only measurement. Along with these main peaks we can also see 

three other peaks below the ionization energy (7.2 eV). This can be explained if some 

of the electronically excited aniline molecules absorb an 800 nm photon from the 

alignment pulse before absorbing the second UV photon in a (1+1'+1) ionization 

scenario. If this occurs, then aniline molecules that are ionized to create cations in the 

ground vibrational state would release photoelectrons with a kinetic energy of ~2.27 

eV. As we will see, this process significantly affects the anisotropy observed in the 

Figure 6.6. Angular distribution of Probe only (a) and 1D parallel aligned molecules (b) for 

all three channels for aniline. 

(a) (b) 
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photoelectron images. Figure 6.10 shows the anisotropy parameters (b20, b40, b60, and 

b80 in the presence of alignment pulse) for the 1D alignment case. The b20 parameters 

shows an average value of ~0.5 across the photoelectron spectrum and b40, b60, and b80 

remain close to zero. This shows the effect of alignments pulse on PADs, because of 

the presence of certain degree of alignment in the molecular system the PADs show 

some anisotropy. 

In the next we section we will try to compare the measured PAD with simulated 

MFPADs for the origin peak.  

6.6 Analysis for aniline 

In order to gain insight into the measured photoelectron anisotropy for the aniline 

measurements, we have performed ePolyScat calculations of the photoionization 

dynamics from which we can calculate MFPADs.  The MFPAD depends on the 

photoelectron kinetic energy, E, and on (𝜃𝑛̂, 𝜙𝑛̂), i.e. the angle between the 

Figure 6.7. Photoelectron spectra of aniline for probe only and 1D aligned parallel case. The 

photoelectron spectrum for 1D alignment is shown in comparison with PES of probe only 

measurement.  
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polarization of the probe pulse and the most polarizable axis.  Furthermore, because of 

the 3D structure of the aniline molecule the MFPAD will not be cylindrically 

symmetric or have inversion symmetry.  

In figure 6.8 we show examples of the resulting MFPADs at different kinetic energies 

of the photoelectron.  For these calculations the polarization of the probe laser beam 

was parallel to the MPA, i.e. 𝜃𝑛̂ = 𝜙𝑛̂ =  0 . The MFPADs change dramatically over 

the 0 – 3 eV range of kinetic energy because of a strong shape resonance in this region 

[98]. In order to establish whether our measured photoelectron images are consistent 

with the calculated MFPADs, we have projected them into the laboratory frame for a 

series of assumed degrees of alignment, characterized by 〈cos2〉. 

The LFPAD results from an average over all the possible directions of the MPA in the 

laboratory frame, weighted by the anisotropy introduced by the experiment.  In the 

absence of the alignment pulse a small degree of anisotropy is generated by the two-

photon ionization process, but this is swamped by the effect of the alignment pulse 

which confines the distribution of MPAs along the laboratory frame Z-axis, according 

to the value of 〈cos2 𝜃𝑛̂〉.   In order to establish whether our measured photoelectron 

images are consistent with the calculated MFPADs, we have projected them into the 

Figure 6.8. Iso-surfaces showing molecular frame PADs following the ionization of aniline at 

different photoelectron kinetic energies.  The panel on the bottom left shows the orientation of 

the aniline molecule relative to the alignment field (red arrow) and the probe field (green).  

The green arrow defines the laboratory frame Z axis. The molecular orbital used to describe 

the initial electronic state of aniline is shown on the bottom right. 
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laboratory frame for a series of assumed degrees of alignment, characterized by 

〈cos2 𝜃𝑛̂〉. This process introduces a “blurring” of the MFPAD, the details of whose 

lobes and nodes may be lost if the alignment is insufficiently good [35]. Although in 

principle it should be possible to perform this projection analytically, we have for the 

time being adopted the numerical procedure described Arlt et al. [92].  This gives rise 

to simulated laboratory frame PADs which can be compared with the experimental 

PADs. 

The results of these simulations are shown in figure 6.9 and compared with the 

equivalent experimental image taken from figure 6.5b.  We have also included in 

figure 6.9, the experimental and simulated photoelectron images that result when the 

polarization of the alignment beam is perpendicular to the polarization of the probe 

beam.  In this figure we can see that the simulated images do not reproduce what is 

seen in the experiment. In order to investigate whether this is caused by the fact that 

Figure 6.9. Comparison of experimental and simulated photoelectron images of aniline; in 

all cases the polarization vector of the ionizing beam, Zprobe, points vertically.  Panels (a)-(c) 

show the raw experimental images for (a) probe only, (b) alignment and probe polarizations 

parallel (taken from Fig. 6.8b) and (c) alignment and probe polarizations perpendicular.  

Panels (d)-(f) show shows the simulated photoelectron images for 0.72 eV photoelectron 

kinetic energy for (d) an unaligned sample, (e) a sample with 〈𝑐𝑜𝑠2 𝜃𝑛̂〉 = 1 (a2 continuum) 

and (f) 〈𝑐𝑜𝑠2 𝜃𝑛̂〉 = 0 (b1 continuum). The radius of the ring in the simulated images is 

chosen arbitrarily. 



Analysis for aniline 

 

135 

 

aniline does not align well,  a series of photoelectron images were recorded for a series 

of different intensities of the alignment pulse and in each case the angular distributions 

were fitted. The anisotropy parameters obtained from the fits are presented in figure 

6.10. For the probe pulse only, the 𝑏𝐿
𝐿𝐹 parameters are small with 𝑏2

𝐿𝐹 = −0.1 and 𝑏4
𝐿𝐹 

= 0.06, consistent with the near circularly symmetric electron image. As the intensity 

of the alignment pulse is increased, the values of 𝑏𝐿
𝐿𝐹 with L > 2 remain close to zero. 

Conversely, the value of 𝑏2
𝐿𝐹 increases steadily to a value of ~0.5, consistent with 

photoelectron intensity being concentrated along the direction of the polarization 

direction of the probe pulse. At higher alignment intensities, the value of 𝑏2
𝐿𝐹 continues 

to increase but at a much lower rate.    

The change in the values of 𝑏2
LF seen in figure 6.10 can be attributed to an increased 

degree of alignment, i.e. an increased value of 〈cos2 𝜃𝑛̂〉, as the intensity increases.  

The fact that the 𝑏2
LF values are increasingly positive tells us that as the alignment 

improves the photoelectrons emission peaks increasingly along the polarization vector 

of the probe beam.  In figure 6.9 we have seen that the simulation for completely 

aligned aniline molecules shows photoelectron emission peaking perpendicular to the 

polarization vector of the probe beam [92]. Therefore, we can see that even at a high 

degree of alignment we do not expect the experimental images to converge on the 

molecular frame.  We attribute this discrepancy to the absorption of a 800 nm photon 

by aniline in its S1 electronic state. The absorption of the 800 nm photon will lead to 

excitation of a higher-lying electronic (Rydberg) state and allow access to higher-lying 

vibrational states in the cation. The evidence for this process can be seen in figure 6.7 

where the photoelectron spectrum is qualitatively different when the alignment pulse 

is introduced. 

Figure 6.10. Normalized photoelectron anisotropy parameters, 𝑏𝐿
𝐿𝐹, in the presence of 

different alignment field intensities, determined from the inversion of the measured aniline 

photoelectron images.  All 𝑏𝐿
𝐿𝐹 values are assumed to contain an error of ±0.15. 
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6.7 Naphthalene 

Naphthalene was ionized in a (1+1) scheme through S1 state using ~293.5 nm light 

linearly polarized along the Z direction (figure 6.11). The raw photoelectron image 

that is measured in the absence of the alignment pulse is shown in figure 6.11a(ii). 

Two prominent rings are observed in the image and the photoelectron emission 

direction is localized along the polarization of the probe pulse in both rings. The effect 

of introducing an alignment pulse that is linearly polarized along the Z-axis can be 

seen in figure 6.11b; this pulse is expected to induce 1D alignment, confining the long 

axis of the molecules along the z-axis as illustrated in figure 6.11b(i). In figure 

6.11b(ii) it can be seen that, in the case of the outer ring, the intensity of the electron 

emission along the Z-axis decreases, and a four-lobed structure appears. 

Figure 6.11. Photoelectron images from naphthalene. (a) No alignment pulse present, (i) 

spatial orientations of the naphthalene molecules that are ionized relative to the detector; (ii) 

raw photoelectron images produced when the 293.85 nm probe pulse ionizes the naphthalene 

molecules. (b) as for (a) but with the linearly polarized alignment pulse introduced. (c) as for 

(a) but with the elliptically polarized alignment pulse introduced, with an intensity ratio 

between the major and minor axis of 3:1. The peak intensity of the alignment pulse 5.8 

× 1011 W/cm². 
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Measurements were also made with an elliptically polarized alignment beam to induce 

3D alignment; in this case the major polarization axis was directed along the Z-axis 

and the minor polarization axis along the Y-axis with an ellipticity ratio of 3:1. The 

resulting alignment is illustrated schematically in figure 6.11c(i). The outermost ring 

in the image shows the same characteristic four-lobed structure, see figure 6.11c(ii), 

with the suppression of the electron emission along the Z-axis a little more pronounced 

than when the molecules are 1D aligned. 

Because cylindrical symmetry has been preserved to measure the images shown in 

figures 6.11a and 6.11b the pBASEX software can be used to invert the images.  

However, when the naphthalene molecules are aligned in three dimensions (figure 

6.11c) cylindrical symmetry is broken. Although alternative routines, such as FINA 

[154, 155], do exist to deal with this situation, in this work we have not determined a 

kinetic energy distribution or angular distribution for the image shown in figure 6.11c 

so this image will not be discussed in what follows.   

The rings observed in the image appear as distinct peaks in the kinetic energy 

distribution, shown for randomly oriented molecules by the blue curve in figure 6.12. 

The peak corresponding to the outermost ring is labelled peak 1 in figure 6.12 and 

centered at 0.33 eV. This peak corresponds to the formation of the naphthalene cation 

in its vibrational ground state. Peak 2 corresponds to the next ring and is centered at 

Figure 6.12. Kinetic energy distribution of the photoelectrons produced when the 293.5 nm 

probe pulse ionizes naphthalene molecules. The blue curve corresponds to randomly oriented 

molecules and is obtained from the image in Fig. 6.13a(ii). The red curve corresponds to 1D 

aligned molecules and is obtained from the image in Fig. 6.13b(ii). 

 1 
 2 
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0.12 eV; this peak corresponds to the formation of the vibrationally excited 

naphthalene cation. The kinetic energy distribution extends almost to 2 eV, even with 

no alignment pulse present. Such high energies indicate that the naphthalene molecule 

can absorb three photons from the probe pulse (I.P = 8.1 eV and two photon energy = 

8.44). The kinetic energy distribution that results when the molecules are aligned in 

one dimension by the 800 nm pulse is shown by the red curve in figure 6.12. It can be 

seen that the alignment pulse only causes minor changes in the photoelectron 

spectrum. 

In order to gain insight into the measured photoelectron anisotropy we have performed 

ePolyScat calculations of the photoionization dynamics in order to determine 

MFPADs, as described in Section 6.3.  In figure 6.13 we show examples of the 

resulting MFPADs at different photoelectron kinetic energies and in two different 

geometries: (𝜃𝑛̂, 𝜙𝑛̂) = (0, 0)  and (𝜃𝑛̂, 𝜙𝑛̂) = (𝜋
2
, 𝜋
2
). The dramatic change in the 

MFPADs over the 0 – 5 eV range of kinetic energy can be attributed to the presence 

of a shape resonance by analogy with experimental observations on other similar 

molecules [92].  

Figure 6.13. Iso-surfaces showing molecular frame PADs following the ionization of 

naphthalene at different photoelectron kinetic energies.  The panel on the bottom left shows 

the orientation of the aniline molecule relative to the alignment field (red arrow) and the 

probe field (green).  The green arrow defines the laboratory frame Z axis. The molecular 

orbital used to describe the initial electronic state of naphthalene is shown on the bottom 

right. 
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The relatively high symmetry of the molecular structure restricts the contributing 

photoelectron partial waves, resulting in relatively simple MFPADs.  In particular, 

they have up-down symmetry at all kinetic energies.  As the kinetic energy increases 

more lobes appear in the MFPADs for both polarization geometries.  The LFPAD 

results from an average over all the possible directions of the MPA in the laboratory 

frame, weighted by any anisotropy in the distribution of MPAs that is introduced by 

the experiment. When the alignment pulse is introduced the distribution of MPAs is 

confined along the laboratory frame Z-axis, according to the value of 〈cos2 𝜃𝑛̂〉.  In the 

limit of 〈cos2 𝜃𝑛̂〉 = 1 the LFPAD would converge on the MFPAD.  

In order to establish how close to a molecular frame measurement we have achieved 

in the photoelectron images shown in figure 6.11b we have used the output of the 

ePolyScat calculations at 1 eV photoelectron kinetic energy to create simulated 

photoelectron images (section 6.3) in two limiting cases (a) ionization of a distribution 

of naphthalene molecules that is completely aligned in one-dimension (〈cos2 𝜃𝑛̂〉 = 1) 

and (b) ionization of an isotropic distribution of naphthalene molecules (〈cos2 𝜃𝑛̂〉 =

Figure 6.14. Comparison of experimental and simulated photoelectron images of 

naphthalene; in all cases the polarization vector of the ionizing beam, Zprobe, points vertically. 

Panels (a)-(c) show the raw experimental images for (a) probe only, (b) alignment and probe 

polarizations parallel (taken from Fig. 6.14b) and (c) alignment and probe polarizations 

perpendicular.  Panels (d)-(f) show shows the simulated photoelectron images for 1 eV 

photoelectron kinetic energy for (d) an unaligned sample, (e) a sample with 〈𝑐𝑜𝑠2 𝜃𝑛̂〉 = 1 

(au continuum) and (f) 〈𝑐𝑜𝑠2 𝜃𝑛̂〉 = 0 (b1u continuum). The radius of the ring in the simulated 

images is chosen arbitrarily. 
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1/3).  The results of these simulations are shown in figure 6.14 and compared with the 

equivalent experimental image taken from figure 6.11b.  We have also included in 

figure 6.14 the experimental and simulated photoelectron images that result when the 

polarization of the alignment beam is perpendicular to the polarization of the probe 

beam.  In this figure we can see that the four-fold structure that appears in the outer 

ring of the experimental images when the alignment beam is introduced in the parallel 

geometry is reproduced in the simulations, and that these simulations also reproduce 

the experimental images in the isotropic (probe only) and crossed polarization cases.  

This agreement is remarkable considering that (i) the 1 eV calculations are compared 

with 0.33 eV photoelectrons in the experiment (more precise 0.3 eV calculation are in 

progress) and (ii) the complicated nature of the excited electronic state in naphthalene 

has not been fully accounted for in the calculations. 

6.8 Conclusion  

In this chapter we presented the photoelectron angular distribution from an aligned 

molecule of aniline and naphthalene through (1+1) REMPI. Photoelectron images 

were recorded using linearly polarized UV pulses. Molecules were aligned using 800 

nm pulses prior to ionization. Depending on the polarization of the alignment pulse 

molecules can be aligned in one dimension or three dimensions.  For both molecules, 

the one-dimensional alignment case has been presented and discussed.  

In case of aniline, for the one-dimensional alignment (polarization of probe and 

alignment being parallel), a clear change in the photoelectron angular distribution was 

observed. Upon alignment, photoelectron spectra showed a few extra peaks in the 

spectrum which showed possible absorption of 800 nm photon. A clear change in 

anisotropy parameter was also observed, where b20 changed from zero for probe only 

to 0.5 for the aligned case. Further, a comparison of calculated LFPADs with 

experimental PADs is presented, although the experimental results cannot be 

reproduced by the calculations. This is attributed to perturbation of the ionization 

process by the alignment pulse in the case of aniline. For example, absorption of 800 

nm photon leading to a (1+1'+1) REMPI process. 

For naphthalene photoelectron images were also recorded after aligning the molecules 

using 800 nm pulses. Measurements were done via S1 vibrational states, for unaligned 

case origin channel showed a two-fold symmetry in the angular distribution with 
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preferred ejection of electron in the direction of probe polarization. When molecules 

were aligned the four-fold symmetry appeared in the photoelectron angular 

distribution. Similar to aniline a comparison of simulated PADs and experimental 

PADs were presented. The simulation reproduced the four-fold structure in the PADs 

for parallel and perpendicular cases and two-fold structure in the probe only case. 
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Chapter 7 Conclusions and future directions 

In this work, photoelectron angular distributions in the weak-field limit have been 

measured for polyatomic molecules. We have performed novel experiments using the 

techniques of strong-field alignment in which the use of a strong-field alignment pulse 

has enabled us to approach a molecular frame measurement in the two-photon 

ionization of aniline and naphthalene. We have compared our measured PADs with 

calculations performed using the ePolyScat package. Comparison with calculated 

photoelectron images that result from the ionization of unaligned and fully aligned 

distributions of molecules demonstrates that an excellent degree of alignment is 

required to measure photoelectron angular distribution in the molecular frame. We 

have also performed PECD experiments using a (2+1) REMPI scheme with a 

picosecond laser system. The use of picosecond laser pulses has enabled the resolution 

of vibrational structure in the photoelectron spectrum, allowing decoupling of 

electronic and vibrational effects. The tunability of the picosecond laser system has 

enabled the study of the intermediate electronic state (3spd Rydberg state) in three 

molecules (fenchone, α-pinene, 3-carene).  Measurements of the REMPI spectrum has 

shed light on the ionization threshold of different Rydberg states and provided a rough 

estimate of the excited state lifetime. Ion yield measurements as a function of laser 

power and polarization have shed light on the two-photon absorption cross-sections 

for the observed Rydberg states. 

In this chapter the most significant findings will be summarised, and the prospects for 

future work discussed. 

7.1 REMPI- PECD 

7.1.1 REMPI spectrum and parent ion yield measurements 

In the present work, by recording a (2+1) REMPI spectrum with a picosecond laser 

for the low-lying Rydberg states of fenchone, α-pinene, and 3-carene, we have 

revealed new vibrational structure in the lower energy 3spd region. Complementing 

this with the FT VUV absorption spectrum. Three different regions identified in the 

REMPI spectra correspond to the B-, C- and D-band transitions, which are believed to 

correspond to 3s, 3p, and 3d excitation, respectively, for all three molecules [130, 131]. 
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Extensive use has been made of laser intensity dependence measurements that shed 

light on the extent of competition between the two-photon excitation, ionization, and 

relaxation processes in the REMPI spectrum. For fenchone (figure 7.1), the 3p 

excitations display a second-order power dependence from which we deduce that the 

two-photon absorption is rate-limiting. The 3s excitation is similarly second order at 

higher intensities reached with a femtosecond laser pulse, but as the laser intensity is 

decreased there are indications that a more subtle interplay of the excitation and 

relaxation/ionization dynamical processes becomes more controlling, and the observed 

power dependence becomes intermediate between 2nd and 3rd order. 

For α-pinene (Chapter 4), the 3s region showed an average photon order of n = 3.1 

(~3rd order), the 3p showed a value of n = 2.6, and third range corresponds to the 3d 

region with an average of n = 2.5. The 3p and 3d regions show a dynamic value which 

changes across the band. The 3rd order laser power dependence is an indication that 

the ionization step is not saturated, and it will be a rate determining step and relaxation 
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Figure 7.1.  Polarization dependence and laser power measurements of parent ion (m/z 152) 

REMPI signal, expressed as the slope of log10-log10 plots. Also included are C/L ratios of 

parent ion yield recorded with circular and linear polarized laser light, averaged over the 

9–15 mW range. Solid lines joining data points are drawn simply to guide the eye, both for 

the power dependence data and the C/L ratio data. The ps REMPI spectrum is plotted on the 

same axis as an overall reference. (Ref. Chapter 3, Fig. 3.7)  
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into non-ionization channel will be in direct competition with the ionization channels. 

For 3-carene (Chapter 4), throughout the REMPI spectrum, a ~3rd order power 

dependency was observed, hinting that the ionization step is not saturated. 

In investigation of REMPI circular-linear dichroism, the ratio of signal (ion yield) 

recorded with circular and linear light polarization has also shown to have the 

capability to aid diagnosis of the spectroscopy. Circular-linear dichroism is well 

established in two-photon liquid phase spectroscopy but seems to have been largely 

overlooked in gas phase REMPI, due to the possibility of ill-defined contributions 

from any photon dynamics, including ionization, occurring after the two-photon 

absorption, but nevertheless contributing to the observed effects. We showed that the 

laser power dependence measurements serve as a guide, and when a 2nd order 

dependence applies the experimental circular-linear (C/L) dichroism measurements 

may be in very good accord with theoretical predictions utilizing calculated two-

photon absorption cross-sections [116]. Conversely, it has been possible to infer for 

fenchone, from the apparent lack of such agreement that the 3pz sub-state is a 

vanishingly small contributor to the overall REMPI 3p excitation, corroborating the 

same inference based upon the relative weakness of the linear 3pz cross-section. For 

fenchone, two different C/L values were observed (see figure 7.1). The 3s region 

showed a value of ~1.5 and 3p/3d regions a value of ~0.5. The REMPI circular-linear 

dichroism measurements are particularly revealing in the 3s excitation since they 

appear to be inversely correlated to the photon intensity dependence for fenchone and 

α-pinene. For α-pinene, the C/L values were in range ~0.8-1 for the 3s region and ~0.5 

for the 3d region. Whereas 3-carene showed a value of 1 in 3s region and decreasing 

value in the 3p region (changing from 1 to 0.5). These investigation of REMPI circular-

linear dichroism, the ratio of signal (ion yield) recorded with circular and linear light 

polarization has shown to have the capability to aid diagnosis of the spectroscopy of 

intermediate electronic state. The laser power dependence measurements serve as a 

guide, and when a 2nd order dependence applies the experimental circular-linear 

dichroism measurements may be in very good accord with theoretical predictions 

utilising calculated two-photon absorption cross-sections [116]. The REMPI circular-

linear measurements can also help assign symmetry for nonchiral molecules and hence 

identify electronically excited sates [123]. 
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7.1.2 Photoelectron spectra 

A series of REMPI photoelectron spectra, recorded at excitation energies throughout 

the 3s, 3p, and 3d excitation region for fenchone (Chapter 3), α-pinene (Chapter 4), 

and 3-carene (Chapter 4), provide much more insight into the vibrational dynamics of 

these Rydberg states and the cation. For all three molecules, three ridges were observed 

corresponding to v = 0 peak for ionization via 3s, 3p, and 3d Rydberg state. For 

fenchone and 3-carene, below the 3p excitation threshold, the 3s REMPI-PES show 

that the anticipated v = 0 propensity is rigorously followed, with a single 

photoelectron peak. Above the 3p threshold a second series of v = 0 peaks appear in 

the REMPI-PES that are clearly attributable to excitation via the 3p Rydberg 

intermediate, while the 3s  v = 0 trend appears to be continued. However, this leads 

to excitations that clearly fall outside the Franck-Condon envelope reachable from the 

ground state geometry, and instead have an intensity distribution that tracks the 

Franck-Condon envelope of the 3p resonant intermediate. From this it is inferred that 

rather than the 3s and 3p intermediate states being excited in parallel, the dominant 

mechanism above the 3p threshold is for its excitation to be followed by a rapid internal 

conversion to highly excited vibrational levels of the 3s state before it is now ionized. 

A further indication of much more complex vibronic dynamics above the 3p threshold 

is that the propensity for  v = 0 ionizations is much weaker, with both principal 

REMPI-PES peaks showing vibrational progressions ranging to higher vibrational 

quantum number.  For α-pinene we observed the similar behaviour except in the 3s 

Figure 7.2. Photoelectron spectrum of α-pinene following ionization via the 3s Rydberg 

state at 417.7 nm showing v' = 0,1 (v1 and v56 modes respectively) and v=0 peaks. 

v=0 

v'=0 v'=1 

Ionization energy (eV) 
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region, where v = 0 propensity rule was not rigorously followed. The v' = 0 and 1 (v1 

and v56 modes respectively) peaks were observed along with the main v = 0 peak 

(figure 7.2). 

7.1.3 Vibrational and electron kinetic effects on PECD 

PECD measurements were recorded along the two regions (3s and 3p) for all three 

molecules. The data in 3d region could not be recorded due to the size limit of the 

detector. For fenchone, the PECD signal associated with the 0-0 transition (origin) 

peak showed a significant value, of about 30-35%, and for a highly vibrationally 

excited 3s peak (8.75 eV) a much smaller PECD signal of ~10% was observed. In 

comparison to Kastner et al.’s [80] femtosecond (2+1) REMPI PECD work in 3s the 

region (Table 7.1), our picosecond PECD results show a higher PECD value (almost 

double in magnitude). This difference in signal could be a vibrational effect which are 

not usually resolved with femtosecond laser pulses. Despite the different PECD value, 

both femtosecond and picosecond result showed a decrement in PECD value with 

higher vibrational character of the excited state. 

Results S-Fenchone (PECD %) Wavelength Pulse length 

Kastner et al. [115] 3s (-17), 3p (-15) 375-420 nm 25 ns 

Kastner et al.[80] 3s (-15 to 7), 3p (-1) 359-431 nm 25 fs 

Miles et al.[13] -13.9±0.4 394 nm 250 fs 

Beaulieu et al.[109] -13 398 nm 25 fs 

Lux et al.[73] -10.1(-13.8 FWHM) 398 nm 25 fs 

Present work 3s (-35), 3p (-10) 350-420 nm 1.3 ps 

Table 7. 1. Previous PECD values for S- fenchone enantiomers for ionization via 3s and 3p 

intermediate state using (2+1) REMPI. 

A few striking features were observed for the PECD measured following ionization 

through 3s region; first, it showed a clear modulation with the principal vibrational 

peaks. Second, its absolute magnitude changes from 35% to almost zero for the peaks 

in the 8.5-8.9 eV range which correspond to the ionization via highly excited 

vibrational levels (higher kinetic energy electrons). Third, a significant change in 

PECD with different excited vibrational peaks was observed, the 3s origin peak shown 
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a PECD value of -35%, whereas the vibrational peak at 8.65 eV shows a higher PECD 

value of -40% illustrating a clear vibrational influence on the PECD value. Toward the 

end of the 3s region, for higher vibrational states, the PECD value goes down to almost 

zero, towards the end of FC window. However, the peaks beyond the FC allowed 

window (9.0-9.4 eV), which are believed to result from internal conversion from 3p to 

3s states, show huge PECD values. The peak at 9.0 eV shows the value of -30% (See 

figure 3.11 3s PECD curve). The following peak at 9.2 eV shows the PECD value of 

-20%. These observations clearly show a strong indication that the intermediate 

electronic and vibrational state has an influence on PECD. To get detailed insight, 

more computational work is required. 

The α-pinene REMPI-PECD results shed some light on the initial and final state effect 

on PECD and showed some unique results. The complete PECD data along the two 

ridges showed that vibrational dependency of PECD (figure 7.3), where PECD value 

reduced from 30% to almost zero. Electron kinetic energy effects were observed for v' 

= 0 and 1 peaks over the range of an eV (figure 7.4). The v' = 0 peak shows striking 

Figure 7.3. Complete PECD data for ionization via 3s (red curve) and 3p (blue curve) 

are shown along with the PES intensity along 3s ridge (black curve) for -pinene (see 

text). The PES and the PECD are plotted on the same ionization energy axis. 
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PECD value of ~35% which reduces up to ~ 5% with the increase in electron kinetic 

energy (over the range of 0.5 eV). The v' =1 peak shows PECD around 25% and 

decreases to ~7% with an increase in electron kinetic energy (over the range of 0.4 

eV). This observation is purely an electron kinetic energy influences on PECD for the 

first two peaks in 3s vibrational progression (figure 7.4 inset).   

The PECD measurements in 3s region for α-pinene and 3-carene showed a different 

trend. The former showed a smaller PECD value than the later. Both molecules are 

isomers, hence this difference in PECD value could be due to its dependency on 

molecular structure. For 3-carene, interesting electron kinetic energy behaviour was 

observed. In Chapter 5, figure 5.14a showed that the change in sign of the PECD for 

ionization via the 3s and 3p could be a consequence of electron kinetic energy, this 

trend is not fully understood yet, more theoretical work is required to unravel this 

mystery. The PECD along the 3s and 3p ridges for 3-carene also showed some 

vibrational dependency. 

Figure 7.4. eKE effect:  Mean PECD value for v' = 0 (red data set) and v' = 1(blue data set) 

peaks (v1 and v56 modes respectively)  when ionized via 3s state is shown on eKE axis for 𝛼-

pinene. Inset: 3s FC calculation. 
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A few striking features were observed for the PECD measured following ionization 

through 3s region (figure 7.5); first, it showed a clear modulation with the principal 

vibrational peaks. Second is the change in the sign of PECD value for ionization via 

the 3s and 3p Rydberg states. Third, the absolute maximum PECD value for ionization 

through these two states is observed for the third peak, which is the one quanta 

excitation in v60 mode (symmetric stretch in methyl group), this shows the clear 

vibrational influence on the PECD value.  

7.1.4 Intermediate state effects 

For 3-carene we observed a unique result hinting toward an effect of intermediate on 

PECD. For multi-photon ionization we observed a different trend for PECD value 

when compared to single-photon ionization for similar photon energies. Figure 7.6 

shows the comparison of one-photon and (2+1) ionization processes (9.2 eV total 

photon energy) and their recorded PECD. The PECD results for multi-photon 

ionization process show a complete opposite trend than one-photon ionization. An 

almost zero PECD value was observed for the origin peak for multi-photon ionization 

Figure 7.5. Complete PECD data for ionization via 3s (red curve) and 3p (blue curve) are 

shown along with the PES intensity along 3s ridge (black curve) for 3-carene. The PES and 

the PECD are plotted on the same ionization energy axis. 

v60 
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and a higher absolute magnitude for highly excited vibrational peaks at 9.0 eV, 

whereas for one photon ionization an opposite trend was observed (figure 7.6). Both 

the measurements have similar electron kinetic energy and show similar vibrational 

peaks, leaving the only difference being number photon and intermediate state. Thus, 

the change in the PECD signal for multi-photon ionization process could be a 

consequence of intermediate effect.  

7.2 Approaching MFPADs in Aniline and Naphthalene 

In Chapter 6 we presented the photoelectron angular distributions from aligned aniline 

and naphthene molecules. The alignment was achieved by interaction with a 100 ps 

infrared laser pulse with ionization achieved in a two-photon resonant scheme using a 

low intensity UV pulse of ~6 ps duration. We have presented photoelectron images 

measured following the ionization of aligned distributions of gas phase naphthalene 

and aniline molecules. The resulting images are found to exhibit anisotropy that 

increases when the alignment pulse is present with the aniline PADs peaking along the 

polarization vector of the ionizing light and the naphthalene PADs developing a 

Figure 7.6. Intermediate state effect: VUV VMI-PES and PECD is shown in comparison with 

(2+1) REMPI-PES and PECD. For total photon energy for both cases is 9.2 and 9.3 eV 

respectively. VMI-PES has arbitrary intensity but is plotted on the same ionization energy as 

PECD 
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characteristic four-lobed structure. The PADs that result from the ionization of 

unaligned and fully aligned distributions of molecules are calculated using the 

ePolyScat method and converted into two-dimensional photoelectron images. 

Comparison with calculated photoelectron images that result from the ionization of 

unaligned and fully aligned distributions of molecules demonstrates that an excellent 

degree of alignment has been achieved in the case of naphthalene and that the 

photoelectron images are largely determined by the photoelectron angular distribution 

in the molecular frame (figure 7.7). However, the aniline work represents a cautionary 

tale as it is clear that additional processes occur following the one-photon resonant 

step and that this affects the measured photoelectron angular distribution.   

 

  

Figure 7.7. Comparison of experimental and simulated photoelectron images of naphthalene; 

in all cases the polarization vector of the ionizing beam, Zprobe, points vertically. Panels (a)-

(c) show the raw experimental images for (a) probe only, (b) alignment and probe 

polarizations parallel (taken from Fig. 3b) and (c) alignment and probe polarizations 

perpendicular.  Panels (d)-(f) show shows the simulated photoelectron images for 1 eV 

photoelectron kinetic energy for (d) an unaligned sample, (e) a sample with 〈𝑐𝑜𝑠2 𝜃𝑛̂〉 = 1 (au 

continuum) and (f) 〈𝑐𝑜𝑠2 𝜃𝑛̂〉 = 0 (b1u continuum). The radius of the ring in the simulated 

images is chosen arbitrarily. 
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7.3 Future direction  

7.3.1 MP-PECD 

Photoelectron circular dichroism following single-photon ionization has been 

extensively studied over the years with considerable interest in recent years in the 

extension to multiphoton ionization.  Thus far, multiphoton PECD studies have been 

limited to a few classic chiral molecules, such as fenchone and camphor. Very few 

REMPI studies have been performed on these molecules and so there is a lack of 

information available on the relevant excited state spectroscopy. The work presented 

in this thesis makes a contribution in that direction. Other chiral molecular systems 

which have been studied by one-photon PECD would be worth exploring and 

characterizing in the multi-photon regime; examples include limonene, and methyl 

oxirane. 

In this work, we explored the influence of the character of an intermediate Rydberg 

state on PECD in a (2+1) REMPI scheme. A next step would be to explore (1+1) 

REMPI, this would further shed some light on the difference between one-photon and 

two-photon absorption and its effect on PECD and the degree of weak-field alignment 

that can be created. We made some attempts to conduct (1+1) REMPI PECD 

measurements on α-pinene using 200 nm femtosecond light pulses at the ARTEMIS 

beamline (CLF), but these were not fully successful for due to lack of time and will be 

repeated in the near future. 

One of the aims of the present work was to decouple the effects of photoelectron 

kinetic energy and vibration on PECD. To fully decouple these effects, one would 

require two-colour experiments in, for example, a (2+1') or (1+1') REMPI scheme. By 

populating the same intermediate vibrational state and using different photon energies 

to ionize the vibrational dependence can be decoupled. Although we attempted (2+1') 

REMPI experiments using the Nottingham picosecond laser system, these were not 

fully successful. The two-colour ionization cross-section was not sufficient to do a 

PECD experiment. We attribute this to the short (picosecond) intermediate lifetimes 

of the systems studied. Therefore, we anticipate that shorter laser pulses are needed for 

these two-colour experiments.  We have future plans to perform such an experiment 

on α-pinene at the ARTEMIS beamline. 
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In order to understand the dynamics associated with the intermediate state accessed, a 

time-resolved PECD experiment is required. We attempted time-resolved PECD 

experiments at Nottingham, but again due to the short lifetimes of intermediate states, 

these were not successful. 

The ultimate goal of the REMPI-PECD experiment would be to record REMPI-PECD 

in the molecular frame. The importance of molecular alignment in PECD experiments 

has been discussed by Beaulieu et al. [82]. This could be approached either via an 

electron-ion coincidence measurement (COLTRIMS) or the technique discussed in 

this work (laser-induced molecular alignment). However, for COLTRIMS 

experiments a challenge is the necessity of finding a small chiral system with limited 

fragmentation, and for the strong field alignment technique to work the molecule 

would need to have suitably anisotropic polarizability.    

7.3.2 MF-PADs 

In the present work we implemented strong-field alignment with a truncated pulse, in 

order to minimize the influence of the alignment pulse on the photoionization 

dynamics.  However, we have seen that in the case of aniline significant perturbations 

still occur which affect the measured PAD. New techniques are therefore needed that 

maximize alignment and minimize perturbations. 

Recently Chatterley et al. [93] have demonstrated alignment of diiodobiphenyl in 

helium nanodroplets using the truncated pulse alignment technique. The authors 

compared the alignment achieved in the isolated molecule with the alignment achieved 

when the molecule was embedded in helium nanodroplets and showed that the 

alignment can last up to 10 ps after the alignment pulse. This type of experiment could 

be used to measure the molecular frame PADs in the field-free environment.  

In the present work we have used a (1+1) REMPI scheme to measures the PADs, but 

this brings about complications because of the interaction of the alignment pulse with 

the excited state.  Use of an XUV source would enable one-photon ionization to be 

accomplished which would circumvent this problem. Although various groups have 

used the XUV light from free-electron lasers (FELs) [41] and from high harmonic 

generation method (HHG) [43] to perform alignment experiments, this has yet to be 

extended to polyatomic molecules of the size studied in this thesis.  
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