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Abstract

Directly imaging the ultrafast changes in molecules during photochemical reactions has

been a long-standing goal for chemists and physicists. Over the past three decades, ultrafast

and intense light sources, including free-electron lasers (FELs), have been developed. These

tools have enabled measurements that can probe the structure and dynamics of photoexcited

molecules with femtosecond time-resolution. As these light sources improved, photo and

electron spectroscopies have likewise developed, enabling high-dimensional measurements

that provide a wealth of information on light-matter interaction.

In this thesis, FELs operating from the extreme ultraviolet (XUV) to the X-ray regime

are used to study the electronic and structural properties of complex isolated molecules.

Specifically, ultrafast electronic relaxation processes of the quadricyclane molecule are ex-

plored. This highly strained molecule and its isomer, norbornadiene, are photoswitches

with promising candidacy for solar energy storage. Here we apply time-resolved photoelec-

tron spectroscopy at a highly coherent XUV-FEL. The experimental results are combined

with non-adiabatic molecular dynamic simulations. With the high photon energy XUV-

FEL source, we are able to monitor the molecule from any electronic state involved in the

photochemical reaction, and we observe two competing relaxation pathways. One pathway

is distinguished by a coupling to several valence electronic states that return the system

to the ground state within � 100 femtoseconds. The other pathway involves slower mo-

tion along the long-lived Rydberg states. Both pathways facilitate isomerization with a

predicted branching ratio of norbornadiene/quadricyclane at approximately 3:2 in the elec-

tronic ground state.

Secondly, Coulomb explosion imaging (CEI) is discussed. This experimental technique

applies coincidence momentum imaging of molecules that rapidly dissociate after being



photoionized to a highly-charged state. This technique has generated a lot of excitement as

it is a promising candidate for probing gas-phase molecular structures, with previous results

showing a beautiful molecular frame picture1. In this thesis, we apply this technique to

isomers with different cyclic geometries, demonstrating that CEI can differentiate gas phase

hydrocarbon isomers that contain no preferential X-ray absorption sites, nor unambiguous

ways to define a molecular frame due to the absence of marker ion momenta. This work

contributes to the understanding of ultrafast molecular dynamics that underlies several light-

induced biological processes, and potential applications in the optical control of quantum

molecular systems.



Probing the structure and dynamics of complex hydrocarbons with ionizing

radiation from free-electron lasers

by

Kurtis Borne

B.Sc., University of Nebraska-Omaha, 2016

A DISSERTATION

submitted in partial ful�llment of the
requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Physics
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2024

Approved by:

Major Professor
Daniel Rolles



Copyright

Kurits Borne

2024



Abstract
Directly imaging the ultrafast changes in molecules during photochemical reactions has

been a long-standing goal for chemists and physicists. Over the past three decades, ultrafast

and intense light sources, including free-electron lasers (FELs), have been developed. These

tools have enabled measurements that can probe the structure and dynamics of photoexcited

molecules with femtosecond time-resolution. As these light sources improved, photo and

electron spectroscopies have likewise developed, enabling high-dimensional measurements

that provide a wealth of information on light-matter interaction.

In this thesis, FELs operating from the extreme ultraviolet (XUV) to the X-ray regime

are used to study the electronic and structural properties of complex isolated molecules.

Speci�cally, ultrafast electronic relaxation processes of the quadricyclane molecule are ex-

plored. This highly strained molecule and its isomer, norbornadiene, are photoswitches

with promising candidacy for solar energy storage. Here we apply time-resolved photoelec-

tron spectroscopy at a highly coherent XUV-FEL. The experimental results are combined

with non-adiabatic molecular dynamic simulations. With the high photon energy XUV-

FEL source, we are able to monitor the molecule from any electronic state involved in the

photochemical reaction, and we observe two competing relaxation pathways. One pathway

is distinguished by a coupling to several valence electronic states that return the system

to the ground state within � 100 femtoseconds. The other pathway involves slower mo-

tion along the long-lived Rydberg states. Both pathways facilitate isomerization with a

predicted branching ratio of norbornadiene/quadricyclane at approximately 3:2 in the elec-

tronic ground state.

Secondly, Coulomb explosion imaging (CEI) is discussed. This experimental technique

applies coincidence momentum imaging of molecules that rapidly dissociate after being



photoionized to a highly-charged state. This technique has generated a lot of excitement as

it is a promising candidate for probing gas-phase molecular structures, with previous results

showing a beautiful molecular frame picture1. In this thesis, we apply this technique to
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Chapter 1

Introduction

It seems that so many important natural phenomena occur on timescales too short for human

perception. From the galloping of a horse2 to vitamin photosynthesis3, the intricacies of

the motion in these biological systems are too fast to be viewed by our naked eye. Only

in recent history has human ingenuity and engineering developed methods to study these

systems at their natural timescales. The best methods are those that directly capture an

unambiguous image of the changing system.

Even the way a horse gallops had been elusive for years. Before the 19th century, riders

and artists held a perception that the animal leapt with all four limbs fully extended in a

swift, graceful motion. For centuries romantic paintings depicted horses with an exaggerated

`
ying gallop'.

Noted American attorney and former California governor, Amasa Leland Stanford, who

raised several horses on his California farm in the 1870s, had his doubts. In 1881, he wrote; \I

have for a long time entertained the opinion that the accepted theory of the relative positions

of the feet of horses in rapid motion was erroneous. I also believed that the camera could be

utilized to demonstrate that fact, and by instantaneous pictures show the actual position of

the limbs at each instant of the stride.2" So, he hired photographer Eadweard Muybridge

to setup a series of closely separated cameras that would be triggered by a cart the horse

1



Figure 1.1 : Artist depiction of a horses gallop beofre the work of Muybridge and Stanford.
Th�eodore G�ericault, Derby at Epsom, 1821, oil on canvas, 92 x 116 cm (Mus�ee du Louvre).4

pulled as it galloped. The cameras would thus capture the motions within the horses stride.

What they observed from the series of photographs greatly contradicted the picture people

had. Rather than the graceful leap, the horses legs moved in a complex interleaving motion

under its body.

The methodology with which Stanford approached this problem aligns with the what

physicists and chemist do to study the ultrafast changes in atomic and molecular systems.

Instead of 
ash cameras, we want to use ultrashort light pulses to project the system into

a state that provides an instantaneous, unambiguous observable that encodes the actual

position of atoms within the `stride' of an excited molecule.

The development of such methodologies is challenging because molecular motion occurs

on incomprehensibly fast femtosecond timescales (1=1;000;000;000;000;000 of a second). Analogies

drawn from everyday human activities fall short when compared to femtosecond molecular

dynamics. Su�ce it to say, that the speed at which a carbon ring opens in vitamin-D3

2



Figure 1.2 : \The Horse in Motion": Series of images capturing the true mechanism of a
horses gallop. From "The Horse in Motion." (Sallie Gardner, Owned by Leland Stanford;
Running at a 1:40 Gait Over the Palo Alto Track, 19th June 1878), 1878. Library of
Congress Prints and Photographs Division5

photosynthesis in relation to the timescales of human perception, is comparable to the

speed of a horse stride in relation to the timescale of all human history.

The �eld of femtochemistry was �rst pioneered by Egyptian-American scientist Ahmed

H. Zewail at the California institute of technology in 19886. This �eld set out to observe

chemical reactions that occur at these fast timescales. Employing intense ultrafast lasers,

Zewail performed measurements that could observe chemical transition states on femtosec-

ond timescales, such as the making or breaking of chemical bonds. For his revolutionary

work he was awarded the 1999 Nobel Prize in chemistry7.

Near the same time in 1987, French physicst Anne L'Huillier, developed theories for high

harmonic generation of light in rare gases8,9. This development would later be independently

used by Hungarian physicist Ferenc Krausz and French physicist Pierre Agostini to generate

attosecond light pulses (1=1;000;000;000;000;000;000 of a second)10,11. Just as Zewail's work enabled

the direct observation of nuclear motion in molecules, the work of L'Huiller, Krausz, and

Agostini enabled the direct observation of electron motion. For these accomplishments, the

three won the 2024 Nobel Prize in physics12.

Several techniques have been applied to study photochemistry using time-resolved spec-

3



troscopies. These techniques employ an excitation light pulse that `pumps' the molecular

sample to an excited state on which its wavepacket evolves. This is followed by a `probe'

pulse. This probe can project the molecular wavepacket into another state that provides an

observable that encodes information of the ultrafast evolution, as is the case for transient

absorption or photoelectron spectroscopies13,14,15,16,17,18,19,20. Other methods employ direct

observation of how this probe changes when it interacts with a sample. This is the case of

coherent x-ray scattering or ultrafast electron di�raction21,22,23,24. The theoretical frame-

work of time-resolved techniques, particularly for photoelectron spectroscopy, is discussed

in chapter 2.

Several of these techniques have bene�ted from the use of X-ray Free Electron Lasers

(FELs) 25,26. These large facilities provide intense, ultrashort X-ray pulses with lasing mech-

anisms akin to intense table-top lasers. All the work in this thesis was conducted at FELs

for probe pulses in the extreme ultraviolet (10 to 100 eV) or soft X-ray (100 to 5000 eV)

ranges. These high-energy photons are able to remove electrons from molecules through

di�erent ionizing processes.

All the work in this thesis involves detection of the photoparticles formed from photon-

matter interaction. Several of these experiments include measuring the three- dimensional

momentum of several photoparticles and seeing how they correlate with each other. In some

experiments, it was necessary to measure properties of the X-ray pulse at the same time

as the photoparticle detection for correlation analysis that improves temporal or energy

resolution. These high dimensional measurements have necessitated the development of

sophisticated analysis. Chapter 3 includes a discussion of free-electron laser principles, the

spectrometer techniques to study the photoparticles they generate, and the sophisticated

analysis necessary to fully elucidate the probing process.

That chapter includes two manuscripts that are in review at the time of writing this the-

sis. Section 3.4 includes a manuscript on the design and performance of the recently modi�ed

magnetic bottle electron spectrometer at the Linac Coherent Light Source (LCLS) FEL at

4



Stanford's SLAC institute. Section 3.5 includes a manuscript on a detector correlation

technique to improve the pump-probe resolution in experiments where the synchronization

between the two pulses is unstable and the acquisition of the main detector is sub-optimal.

The comprehensive goal of the other experiments is to study the structure and photoex-

cited dynamics of hydrocarbon isomers with the chemical formula C7H8. These molecules

have the same formula but di�erent molecular geometries. Understanding the photochemisty

of these molecules is important because they have potential applications in energy storage,

as described in chapter 4. In that chapter, studying the interconversion of these isomers us-

ing time-resolved photoelectron spectroscopy with XUV pulses from a seeded FEL to probe

the photoexcited dynamics of one of these isomers, quadricyclane. This measurement was

able to monitor the molecules photoexcited evolution, from the excited state manifold all the

way to the ground state, and monitor any subsequent interconversion to its isomeric coun-

terpart, norbornadiene. This chapter includes a published paper (section 4.2.1) describing

these results which contains theoretical support19.

The other isomers of C7H8 provide a good test-case for imaging the unique molecular

geometries that may occur during a photoreaction, as in the case for chapter 5. These

measurements employ X-ray induced Coulomb explosion imaging (CEI) to distinguish the

di�erent isomers, and map the momenta of correlated photoions back to the molecular

geometries1,27,28,29. This chapter demonstrates the e�cacy of employing CEI for biologically

relevant molecules that are pure hydrocarbons.

Lastly, chapter 6 contains a summary and outlook related to studies presented in this

thesis. That chapter contains a brief description of several spectroscopic tools being devel-

oped at the LCLS-II.

5



Chapter 2

Probing the dynamics of molecules

with photoelectron spectroscopy

The basics of molecular structure and photoexcited dynamics of simple molecules will be

presented in this chapter. First we introduce the standard quantum chemistry formalisms

for molecular wavefunctions, then we discuss the basics of molecular photoexcitation and

ionization schemes that are relevant to the work in this thesis. Lastly we discuss the theory

behind time-resolved photoelectron spectroscopy and its associated experimental techniques

that are relevant for the subsequent chapters. Note, that unless otherwise speci�ed, this

section uses atomic unitse = me = 4�� 0 = 1, Where e and me are the electric charge and

mass of the electron, respectively, and� 0 is the vacuum permittivity.

2.1 Molecular electronic structure

The quantum mechanical wavpacket of a photoexcited molecule is complex due to the inter-

actions between all negatively charged electrons and positively charged atomic nuclei. The

Hamiltonian of a molecule can be written as
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�
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r 2
r i

2mi
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2

X
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jr i � r j j

�
1
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X

i;I

Z I

jr i � R I j

!

+

 

�
X

I =1

r 2
R I

2M I
+

1
2

X

I 6= J

Z I ZJ

jR I � R J j

!

(2.1)

= He + Hn

The position of the ith electron is denoted with (r i ), while the position of the Ith nucleus is

denoted with (R I ). The mass and charge of the ith nuclei are denotedM i and Z i , respectively

Note that the summation in eq. 2.1 is split into two parts, with the right term depending

only on the nuclear coordinates. This splits the Hamiltonian into an electronic, (He), and a

nuclear (Hnuc ) part.

The initial molecular wavefunction can be found by solving the time-independent Schr•odinger

equation,

H (r; R ) = E (r; R ) (2.2)

The total molecular state can be expressed approximately as a �nite linear combination of

known basis functions,

 (r; R ) =
X

k

� k(R )� k(r ; R ): (2.3)

Generally, these basis functions are the electronic states, and are eigenstates of the purely

electronic Hamiltonian,

He� k(r ) = � k � k(k ): (2.4)

These basis functions can be found by solving eq. 2.4. Often, a self consistent Hartree-

Fock method is used by formulating� k(k ) as a linear combination ofSlater determinants
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which builds a solution to eq. 2.4. These Slater determinants are anti-symmetric functions

formed by products of single electron orbital wavefunctions that include both spatial and

spin components. The respective electronic wavefunction are functions of the electronic

coordinates,r , but they will be parameterized by the nuclear coordinates,R (denoted by

the semi-colon in eq. 2.3). This is due to the nuclear coordinates being held �xed in the

electronic Hamiltonian (eq. 2.4). In the case thatR changes, then� k(k ) and � k will need to

be solved for again. The expansion coe�cients �k(R ), are the nuclear wavefunctions, and

are functions of the nuclear coordinates only. Regardless of how� k(r ) and � k are determined,

� k(R ) have yet to be solved.

To make solving eq. 2.2 feasible, the Born-Oppenheimer approximation is applied. In this

adiabatic approximation, the electrons will respond quickly to small changes in the nuclei

positions. This assumption is valid because of the enormity of the nuclei mass compared to

the electron, and it enables separability in the electronic and nuclear wavefunctions.

Substituting eq. 2.3 into eq. 2.1 and projecting onto an orthonormal state 0(r ; R ),

reveals cross-terms which are non-adiabatic, signifying coupling among di�erent electronic

states. These terms are ignored through the Born-Oppenheimer approximation, and it can

be shown that the corresponding separability in electronic and nuclear coordinates reveals

an eigensystem for the nuclear wavefunction30,31

 

�
X

i

r 2
R i

2M I
+ Unuc (R )

!

� k = E� k ; (2.5)

where the nuclear potential energy surface is de�ned as

Unuc (R ) =
1
2

X

I 6= J

Z I ZJ

jR I � R J j
+ � k : (2.6)

With the adiabatic approximations discussed, eq. 2.5 is the Schr•odinger equation for the

nuclear wavefunction that can be solved numerically.

It is important to note that these potential energy surfaces in eq. 2.6 dictate the nuclear
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motion when excited out of their equilibrium con�gurations. Building these potential en-

ergy surfaces along the adiabatic coordinates de�nes the vibrational states. Solving for this

potential for di�erent electronic con�gurations k, even those for ionic states, will build sep-

arate excited state potential energy surfaces that may have signi�cantly di�erent gradients

compared to the molecular ground state.

In regions where these potential energy surfaces become degenerate, the molecular

wavepacket can move between these surfaces, e�ectively relaxing the molecular system with-

out absorbing or emitting radiation. These regions on the potential energy surfaces are called

conical intersections. It is in this region where the assumed adiabatic principles break down

and the nuclei positions can rapidly change in response to the wavepacket moving from one

region of the potential energy surfaces to another32,33.

2.2 Photoexcitation of molecules

If the molecule absorbs a photon with adequate energy it can be excited to a higher lying

electronic state and the wavepacket will move to a higher lying potential energy surface.

This optical transition is very fast in comparison to any nuclear motion. Thus the transition

is vertical, and the wavepacket is approximated to be excited from one point on the initial

potential energy surface to the same nuclear con�guration on the excited-state surface. This

approximation is known as the Franck-Condon principle.

The strength of the photoaborption transition from the ground state to the excited

state  0 is dictated only by the permanent electric dipole moment between the two states.

In this transition the wavepacket not only moves to a higher lying potential energy surface

k ! k0 (associated with dipole moment� ele), it may also move to a di�erent nuclear

vibration state � ! � 0 (associated with dipole moment� � ). Adhering to the adiabatic

approximations, this can be derived as
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R 0!  =
Z

� �
k0(r ; R )� �

� 0(R ) ( � ele + � � ) � k(r ; R )� � (R ) dR dr

=
Z

� �
� 0(R )

� Z
� �

k0(r ; R ) � ele � k(r ; R ) dr
�

� � (R ) dR

+
Z

� �
� 0(R ) � �

� Z
� �

k0(r ; R ) � k(r ; R ) dr
�

� � (R ) d (2.7)

Because the states involved in the electronic transition are orthogonal for each value of

R , the integral in the second term goes to zero fork6= k0. For transitions within the same

electronic state k = k0, this term does not vanish. Assuming that the electronic dipole

matrix element is a slow function of the nuclear coordinate, we replace the integration over

electronic coordinates in parentheses by a constant evaluated at the equilibrium nuclear

geometry,

R� ! � 0 =
Z

� �
k(r ; R ) � elec � k0(r ; R ) dr : (2.8)

This electronic dipole transition can be removed from the integral and the nuclear dipole

operation will not e�ect the electronic wavefuctions. So, the overall electric dipole moment

is34

R !  0 = R� ! � 0

Z
� �

� 0(R ) � �
� 0(R ) dR

= R� ! � 0S(� 0; � ) (2.9)

The electric dipole transition moment is therefore strongest for vibrational states that have

the greatest overlap along the internuclear coordinates in the ground state equilibrium. An

example is shown in �gure 2.1. The �rst two states (E0 and E1) have similar equilibrium

internuclear distances, and hence e�ectively couple with a single vibrational state dictated
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Figure 2.1 : Vibrational-wavefunctions are shown to illustrate the origin of the vibrational
excitation in electronic transitions.35

by eq. 2.9.

Generally, values of the overlap integralS(� 0; � ) are found for a progression of vibrational

states, and the transitions from the ground state occur with varying probabilities to all of

them. These discretized progressions are observed in the electronic spectrum, as discussed

in the next section.

Squaring the dipole transition moment provides the observable for the electron spectrum,

particularly the relative intensity for a certain transition. For the adiabatic approximation,

the square of the overlap integrals de�ne the Franck-Condon factors,jS(� 0; � )j2.

11



2.3 Photoionisation dynamics

If a molecule absorbs an adequately high energy photon it can transition to such a high lying

state that the electron couples into the electronic continuum and the molecule is ionized. It

is this electron that is detected, and its properties like kinetic energy, integrated 
ux, and

angular distribution in the lab or molecular frame can be measured. For the work in this

thesis, it is mainly the electron kinetic energy that is analyzed.

2.3.1 XUV ionization of valence electrons in molecules

The kinetic energy can be predicted in a very straightforward way with the application of

Koopman's theorem. In this theorem, the �rst ionization potential of a molecule is equal

to the negative of the energy of the highest occupied molecular orbital (HOMO). With the

Hartree-Fock methods that treat the electrons as independent particles, the energy of the

highest occupied orbital can be determined by solving for the eigenenergy in eq. 2.4.

Thus, the �rst ionization potential can be written as

I p = � � 0 (2.10)

This method can be used to solve the binding energy of any orbital, with the assumption

that no other orbitals of the remaining electrons relax during the ionization process36.

This is a good approximation for outer valence electrons involved in bond formations. For

inner valence and core electrons, this eq. 2.10 breaks down as there are signi�cant electron

correlations as the electron moves into the continuum37.

The electron kinetic energy measured will be the di�erence in the incident photon energy

and this ionization potential,

Ekin = ! � I p (2.11)
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For the photoelectron experiments conducted with the XUV ionizing source, it is the

change of this binding energy after photoexcitation that is of interest, and with the energy-

resolved electron spectroscopy technique employed, we use eq. 2.11 to determine the electron

binding energy at di�erent times during a photoreaction.

Again, putting Franck-Condon principles in the context of photoionization, the timescales

of ionization are short compared to molecular vibrations. Furthermore, ionization can orig-

inate from transitions from the neutral to high lying vibronic states in the cation. If the

equilibrium nuclear geometries between the neutral and cation are similar, the integral over

the nuclear wavefunctions in eq. 2.9 is large, and the transition strength will be very strong.

If there is a substantial di�erence in the neutral and ionic equilibrium nuclear geometries,

a vibrational progression in the electron spectra results from ionization of each neutral state

to each ionic vibronic state. The schematic in �g. 2.1 illustrates this with the ionization

from the neutral ground stateE0 to the ionic state E ion where the minima of the curve is

di�erent between the two. In this example, coupling to the� 0 = 0 is negligible but � = 2, 3,

and 4 are signi�cant.

The photoelectron spectrum of the diatomic nitrogen N2 demonstrates this mechanism

clearly. Figure 2.2 shows the ground state potential energy curves and the three lowest

ionic states above 15 eV in panel A. All three are accessible by photoionization with� 21

eV photon. The corresponding electron spectrum for each state are shown in panel B,

each having distinguishing features. The highest and lowest ionic states,X 2� +
g and B 2� +

g ,

respectively, are marked by single narrow peaks. This indicates that these ionic states have

a similar equilibrium nuclear separation to that of the neutral ground state. The middle

region associated withA2� u contains a series of peaks due to the slight o�set in equilibrium

separation between the ground and this ionic electronic states.
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Figure 2.2 : A) Potential energy curves forN2 and N +
2 . B) Photoelectron spectrum ofN2

ionized at 23 eV photon energy.38
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2.3.2 Photoionization with X-rays

When the photon energy is very high, ionization can occur in more deeply bound core orbitals

for an atom in a molecule rather than the valence shells. Unlike the valence electrons, these

inner shell electrons do not participate in bonding orbitals within the molecule and are

energetically isolated from the other electrons. The electron density associated with these

shells is well localized about a speci�c atomic site. Therefore, the ionization transition

properties of these electrons behaves much like ionizing an atom with X-rays. Their binding

energies are generally similar to the ionization energies for isolated atomic sites, except for

a few eV chemical shifts.

When performing X-ray photoelectron spectroscopy, it is the properties of the absorption

cross-section that enable site speci�city in probing these electrons. It is easy to express

this cross-section for a one-electron atom and generalize to multielectron atoms within a

molecule. The partial cross sections for ionizing from a single sub-shells is de�ned with the

elctronic dipole moment, similar to the transition strength for molecular photoexcitaiton

transitions in eq. 2.9,

� i (! ) =
1
!

j


� �

f (r )
�
� � elec j� i (r )i j 2 (2.12)

The total photoionization cross section calculated by summing over all initial states, and

for a single-electron atom with atomic numberZ can be derived with the proportionality39:

� � Z 5 ! � 7=2: (2.13)

This shows that photoabsorption decreases with increasing photon energy. TheZ 5 term

demonstrates that heavier elements with a large Z value are much better X-ray absorbers

than lighter ones with a lower Z value. The enormously di�erent cross sections between

atoms of even a single atomic number is the reason why x-ray photoelectron spectroscopy

is site-speci�c , and can be used to monitor binding energy variations of a unique atom in
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a molecule.

Auger-Meitner Decay

After the photoelectron (e�
photo) is ejected from the atoms inner-shell (A) through X-ray

photoionization, the molecule is left in an unstable excited state because of the remaining

vacant core hole.

The excited state has two di�erent ways in which it can relax. One way is for this

molecule to eject a high energy photon during this transition. Alternatively, it can transfer

the excess energy to another outer-shell electron, imparting enough energy that it is emitted

from the molecule. No radiation is emitted in this scenario. Both scenarios involve an

electron in a higher lying core orbital re�lling the core-hole In the latter case the second

step is called Auger-Meitner (AM) electron emissione�
photo,

A + ~! ! (A+ )� + e�
photo (2.14)

(A+ )� ! A2+ + e�
AM :

The kinetic energy of the AM electron is independent of photoexcitation energy. Rather

it depends on the location of the initial core-hole and second outer hole in the dicationic

molecule, with the di�erence in their energy levels being the kinetic energy of the AM

electron. Two AM electrons can be produced in this process if the dication still has excess

energy after the initial AM electron emission, a process called Auger-Meitnercascade40,41,42.

Because of the high ionization cross section and the AM-cascade e�ects that dominate

the smaller atoms, X-ray sources can easily produce a highly ionized molecule with a single

photon. With the development of XFEL sources that provide extremely high 
uences, the

X-ray intensity is so high that it can drive multiphoton absorption processes, with each

absorption inducing more electron emissions43,44,45. These highly charged ionic states of
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Figure 2.3 : The steps involved in Auger deexcitation.

the molecules are unstable for the highly charged molecule and it will quickly fragment

into several of its atomic constituents. Correlating these ionic fragments is the underlying

principle of Coulomb explosion imaging, the topic of chapter 5.

2.4 Time-resolved photoelectron spectroscopy

The prototypical molecular systems that are discussed in this thesis are proposed to have ap-

plications to molecular switches and energy storage. The mechanism for these applications

are induced by optical excitation, preferably at light wavelengths in the solar spectrum. To

truly understand the underlying mechanisms in these molecular reactions, we want to mon-

itor their electronic and nuclear evolution in the time domain. Time-resolved photoelectron

spectroscopy (TRPES) is a good method for moitoring these molecular dynamics, as the

photoelectron spectrum at each point in time may provide information on the electronic

and nuclear structure of the excited state molecule, as discussed in section 2.3.

Time-resolved experiments on molecules involve creating a molecular wavepacket that

evolves depending on the coherent superpositions of molecular eigenstates that are popu-

lated by an excitation pulse of light. In this thesis, this wavepacket is subsequently probed

by photoionisation. Although this is far from the only probing method in time-resolved
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measurements, it does have great bene�ts compared to other methods, like transient ab-

sorption spectroscopy. Particularly, the probing step in TRPES can in principle probe any

electronic states involved in the reaction, as there are nodark states to transition into a

continuum.

Additionally, as discussed above, there are several ionizing sources that can provide

di�erent observables of the photochemical reaction. This thesis contains examples of XUV

and soft X-ray sources, which provide high enough photon energies to ionize from any

electronic state with a single photon. The X-ray probe is also site selective so one can

monitor the binding energy for a single atom in the molecule. Ionizing laser sources also

can achieve adequate temporal resolution for the femtosecond dynamics to be studied.

There are three main steps in the pump-probe method. Firstly, the start time (t0) of the

`pump' pulse is incident on the sample, and the reaction is started. A coherent wavepacket

in the excited state is produced. As discussed in section 2.2, this excitation is assumed to

be a vertical transition faster than any proceeding nuclear dynamics.

For the second step, the wave packet evolves according to the energy phase factors

contained within the superposition of the molecular eigenstates that were determined from

eq. 2.5,

	( r ; R ; t) =
X

N

AN exp (� iE N t)  N (r ; R ; t) (2.15)

This wavefunction evolves as a function of time delay (t) depending on the electronic poten-

tial energy surfaces associated with the excited states (from eq. 2.6). In the case of nearly

degenerate electronic states, the adiabatic assumptions in this wavepacket propagation break

down.

Lastly, the probe pulse projects the wavepacket onto a speci�c �nal state, and for a

photoionizing pulse, this is within the continuum, often assumed to be the �rst ionic state.

The time dependence of an observed photoelectron signal is related to the transition dipole
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moment, which contains properties of the probe pulseE (! ), like in eq. 2.946,

Sf (t) = j h f jE (! ) j i (t)i j 2 (2.16)

= j
X

n

BN exp (� iE N t) j2;

where expansion coe�cientsBN contain the transition dipole matrix elements coupling each

molecular eigenstate to the continuum,

BN = AN h f (r ; R )jE (! ) j N (r ; R ; t)i (2.17)

To show the relationship between the wave packet dynamics and observed pump-probe

signal, eq. 2.16 can be rewritten as

Sf (t) = 2
X

N

X

M � N

jBN j jBM j cos ((EN � EM ) t + � NM ) (2.18)

This is the observable that shows that the signal is a coherent sum over all two-photon

transition amplitudes in coe�cients BM and BN and contains the interferences between all

degenerate two-photon transitions. Modulations in the signal at frequencies (EN � EM )

correspond to spacings in the electronic surfaces, making them easily interpretable if eq.

2.18 is analyzed in the frequency domain after a Fourier transformation.

For the TRPES experiments in this thesis, the di�erential signal will be the electron ki-

netic energy as a function of pump-probe delay. To account for the two-photon contributions

in pump-probe measurements, eq. 2.11 is easily modi�ed to

E0(� ) + ! pump + ! probe = I 0
p + E ion (� ) + E e�

kin ; (2.19)

where, I 0
p denotes the �rst ionization potential, from the Koopman's theorem formulation

in eq. 2.10.
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Some assumptions can be made regarding the rovibrational energies in the initial ground

state (E0(� )) and of the ion (E ion (� )). Firstly, the experiments in this thesis were con-

ducted with a supersonic molecular gas jet that is expected to cool through adiabatic ex-

pansion, so the thermal rovibrational contributions to the initial state are assumed negligible

(E0(� ) � 0 eV)47,48. Secondly, for probing the higher-lying electronic states, like the Ry-

dberg manifolds described in section 4.2.1, we apply the �� = 0 propensity, where we

e�ectively couple to the ground ionic states and no rovibrational energy is carried by the

ion, a generally good approximation in photoionisation of high-lying molecular Rydberg

states49,50,51

Also, as we wish to monitor the energy of the excited orbital, we assume the energy of

the pump was deposited into this orbital, and maintain Koopman's theorem is still valid:

I 0
p = I 0

p + ! pump . With all these assumptions the measured kinetic energy in the pump-probe

scheme is identical to eq. 2.11.

2.5 Experimental schemes

For photoelectron spectroscopy, two di�erent detection techniques can be used. An experi-

ment where the measured signal contains information of the the population of a single �nal

state populated by the probe pulse is calleddi�erential spectroscopy. For TRPES, this

�nal state is the ionization continuum. In these measurements the electron kinetic energy

is resolved as a function of pump-probe delay. This is the primary technique for this thesis.

Otherwise, an integration measurement is where the measured signal is proportional

to the total population in all �nal states. The observable in these measurements cannot

distinguish a single �nal state, but rather integrates over all �nal states populated by the

probe pulse. Examples of this technique are time-resolved 
uorescence or photoion-yields.

The experiment in section 3.5 was analyzed this way for time-resolved near-edge x-ray

absorption spectroscopy, where the total Auger-Meitner electron yield was measured as a

20



function of photon energy and pump-probe delay.
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Chapter 3

Experimental methods

This chapter discusses the experimental techniques used to study the nuclear and electronic

structure of isolated molecular systems, both for static and time-resolved measurements. In

this chapter, we will begin by describing the principles Free Electron Lasers (FELs), with

special emphasis on comparing the di�erent modes of operation that were used for work

in this thesis; SASE versus seeded. Secondly, we will discuss the spectroscopic assemblies

for photoparticle measurements, speci�cally those of magnetic bottle electron time-of-
ight

spectrometers (MBES) and reaction microscopes. Lastly, we will elaborate on the analysis

techniques for experiments with certain FELs. We will place particular emphasis on us-

ing detector correlations and regression models to improve spectral resolutions from noisy

sources, an imperative for the next generation superconductiong high-repetition rate FELs.

3.1 Free-Electron Lasers

Studies in femtochemistry have been greatly advanced with the use of X-ray Free-Electron

Lasers (XFELs). XFELs are light sources with properties comparable to conventional ultra-

fast lasers, as they produce monochromatic, polarized, and collimated light beams53. They

can also generate sub-femtosecond pulses, making them suitable for pump-probe experi-
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Figure 3.1 : Linac Coherent Light Source to illustrate main components of a high-gain
X-ray free-electron laser. 1) Electron gun generating high charge electron bunches. 2) Three
stage linear accelerators, and 3) the undulator and the electron dump.52

ments. However, unlike conventional lasers, they can generate these intense pulses in the

extreme ultraviolet (XUV) and X-ray regimes.

With these properties, they enable measurements in gas phase photochemistry that

are challenging to perform with smaller laser sources. For example, their high intensities

can drive multiphoton ionization that can access very high charge states in atoms and

molecules45,43. Additionally, their tunable X-ray energies are valuable for site-selective in-

vestigations, allowing absorption at a single atom that has a unique absorption cross-section

within a large molecule22. The layout of a free-electron laser is illustrated in �g. 3.1, using the

Linac Coherent Light Source (LCLS) as an example52. The XFEL consists of four primary

sections: the electron gun, which produces electron bunches in the pico- to nanocoulomb

range; a three-section linear accelerator that accelerates electrons to relativistic speeds at

GeV energies; the undulator, responsible for generating X-ray radiation; and the electron

dump, which separates the X-ray pulses from the electron bunches.

3.1.1 Undulator Radiation

The high energy photons are generated via undulator radiation. An undulator is an array

of alternating north and south magnetic poles that are all equally spaced by an undulator

period, � u , typically a few centimeters, as shown in the top panel of �g. 3.2. This array

generates a sinusoidally varying magnetic �eld in the direction transverse to the electron

propagation.
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Figure 3.2 : Undulator schematic. Top: the alternating magnetic poles and the transverse
oscillations of the electrons in the corresponding periodic magnetic �eld. Bottom: Exponen-
tial increase of the X-ray pulse power and the microbunching of the electron that occur along
the undulator length until saturation.52
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For all free electron lasers, electrons ejected from a cathode are accelerated to several

GeV energies in a linear accelerator prior to being injected into the undulator. As these

accelerated electrons are sent down the undulator they experience a sinusoidal Lorentz force

which induces motion transverse to their propagation direction. In a frame that moves with

the electron, the motion appears as a transverse harmonic oscillator, and they emit radiation

with a frequency that equates to their oscillator angular frequency.

However, in the lab frame, this emitted radiation is Lorentz contracted due to the high-

speed of the electron rest frame, enabling short wavelength undulator X-ray radiation. The

radiated wavelength on the axis of electron propagation can be written as

� l =
� u

2
 2

�
1 +

K 2

2

�
; (3.1)

where 
 is the electron energy in units of its rest energy (mec2). The dimensionless quan-

tity K = ( eB0� u)=(2�m ec) is called the undulator parameter. Here,me and e are the mass

and charge of the electron, respectively.,B0 is the �eld strength at the center of the un-

dulator dipole magnets, typically around 1 Tesla. Ideally the undulator spacing and �eld

strengths are adjusted such that undulator radiation power for the wavelength of interest is

optimized.

The radiated power can be derived from the well-known Larmour formula54,

P =
e2c
K 2

12�� 0� u
�
1 + K 2

2

� : (3.2)

Here � 0 is the vacuum permittivity. The radiation emitted from the free electrons in the

undulator is incoherent by nature and the intensity will only scale linearly with the total

number of electrons (N ), I / NI 0, where I 0 is the radiation intensity of a single electron.

These pulses emitted from undulators are fairly weak and have a large temporal width.

However, the geometry of the linear assembly of undulators in FEL enables much higher

pulse energies using the principle of electronmicrobunching.

25



3.1.2 Microbunching

Microbunching is the process of concentrating electrons into very narrow slices within the

undulator. This process occurs because the emitted radiation and the neighboring electrons

interact with each other within the undulator.

As both the electromagnetic wave and the relativistic electrons have sinusoidal spatial

pro�le, there will be places where the electron bunch gains or loses energy to the electro-

magnetic �eld depending on whether the electron velocity points parallel or perpendicular

to the �eld polarization. This process causes the radiation to modulate the trajectory of

the electrons, and they clump together to form these microbunches. The electrons within

these microbunches will begin to radiate coherently.

Furthermore, in the radiating process, the light pulses will slip ahead of the electron

bunch by one wavelength per undulator period. Thisslippageassures that the electrons will

interact with the pulses of electromagnetic waves throughout the entirety of the undulator,

causing further microbunching, and the radiation gain will increase exponentially55. Once

the bunch period is the same as the radiation wavelength, this process saturates, as shown

in the bottom panel of �g. 3.2.

This is similar to a traditional quantum laser, which has a gain medium that provides am-

pli�cation to the stimulated radiation (but the electrons associated with that gain medium

are bound). In FELs, the electron bunches in the undulator act as the gain medium to the

emitted X-ray radiation.

The metrics that relate the e�ciency in the ampli�cation process are that of the gain

length (lg) and the power gain-length (Lg), given as,

lg =
� w

4��
(3.3)

Lg =
lgp
3

: (3.4)
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The power gain length is de�ned as the distance into the undulator where the radiation

power grows by 2:72. The expression for the gain length in eq. 3.3 shows that the relationship

of the ampli�cation process to parameters of the undulator and both electron and x-ray

beams through the pierce parameter56,

� =

0

@ 1
8�

 
KJJ

1 + K 2

2

! 2

� 2

r

2�� 2
x

1

A

1=3

: (3.5)

Typcal values for� are around 103. Here,I is the electron beam current. The Alfven current

limit, I A � 17kA corresponds to the current value at which the beam's self-magnetic �eld is

strong enough to reverse the direction of the electron trajectories at the outer edge of the

electron beam57. Thhe root mean square transverse size of the gaussian electron beam is

� x , while JJ = ( J0(� ) � J1(� )) is a parameter depending on undulator parameters withJ0

and J1 being Bessel functions of the �rst kind, and� = ( K 2=(4 + 2K 2)).

The radiated power at saturation can be formulated with this pierce parameter and the

power in the electron beam.

Psat � �P e = �

m ec2I

e
: (3.6)

This expression shows that the relationship between X-ray pulse power delivered monotom-

ically increases withK and 
 .

The slippage in the FEL undulators is also the mechanism that makes the pulses from

an FEL so short in time. In principle, if the x-ray ampli�cation was localized to a single

bunch, the pulse duration could be as low as the time for the light to travel across that

single gain slippage length, on the order of 1 fs58. Due to the exponential scaling of x-ray

power in the undulator, most of the radiation is produced in the �nal gain length.

Several assumptions were made for the process of making these high intensity, ultra-

short duration x-ray pulses. Non-ideal conditions, such as changes in beam steering can

signi�cantly degrade these qualities.
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3.1.3 SASE and seeded FELs

For the studies in this thesis, three di�erent FELs at di�erent facilities were used. They

are SLACs Linac Coherent Lightsource (SLAC-LCLS) at Stanford, European XFEL in

Hamburg, and FERMI at Elettra Sincrotrone Trieste.

The ampli�cation processes for these di�erent FELs are similar, however the methods of

initiating the ampli�cation are di�erent, and fall into two categories; Self-Ampli�ed Spon-

taneous Emission (SASE) and seeded modes. The underlying di�erence between SASE and

seeded operations lies in how the electron beam modulation to induce microbunching occurs.

These two modes result in distinct FEL pulse properties and experimental requirements.

SASE

In the SASE mode, the FEL process can be interpreted as starting from shot noise25. There

will be some inherent, albeit unstructured, modulations in the initial electron beam. These

stochastic modulations will have some low emittance. This emittance resembles white noise

and will have some components within the FEL bandwidth and will initiate the lasing

process. The undulators are tuned to optimize the max 
uence for the desired soft-xray

wavelength, and so this technique provides intense pulses of high energy photons.

However, the noisy startup process causes several di�erent wavelengths to be radiated

within the pulse and have random phase shifts between them. This leads to a stochastic

frequency spectrum with several narrowband, high-intensity SASE spikes. The distribution

of these spikes will change randomly on a shot-to-shot basis. Additionally, these random

phase shifts lead to a short coherence time within the pulse, and the pulse energy 
uctuations

tend to be very large. Figure 3.3 demonstrates the strong intensity variation in the SASE

modes on a single shot basis, a property calledjitter .

All these stochastic properties of the SASE pulses can degrade the spectral quality of

photoelectron or X-ray absorption measurements when averaged over several shots. Thus,

when operating in SASE mode it is important to have single-shot diagnostics of the spectrum
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Figure 3.3 : Averaged and single shot spectra of individual SASE pulses with a central
photon energy of 410 eV. Several high intensity sub-eV SASE spikes are apparent in the
single shot traces.
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to account broad bandwidth in SASE parameters.

Seeded

If instead the electron bunch is modulated by a high coherent optical laser prior to the undu-

lators, the startup process would be induced by a single, stable mode. Thus, microbunching

will occur quickly and the FEL radiation will be spatially and temporally coherent. Then


uctuations would be minimized.

At the FERMI FEL in Elettra, the seeding process is done via the High-Gain Harmonic

Generation (HGHG) process59,60. Here a harmonic of a coherent laser source in the deep

ultraviolet region acts as a seed and modulates the electrons, as shown in �g. 3.4. Firstly,

this optical seed beam and the electron beam are sent through a short undulator called the

modulator. The modulator shapes the energy of the electron beam sinusoidally. Secondly,

the electron bunch moves through a magnetic chicane that converts the energy modulation

into charge density modulation, generating narrowly spaced electron macrobunches. Finally,

the electron bunch is sent into a longer undulator, called the radiator, which has undulator

parameters tuned to a higher harmonic of the seeded laser such that density-modulated

beam produces FEL radiation at this wavelength.

Because the FEL process in seeded operation is synchronized to a coherent source the

jitter is negligible, and the pulses have narrow bandwidth, as shown in �g. 3.5. However,

the seeded mode often limits photon energies to the XUV region as the lasing wavelength

can only be a few harmonic orders of the seed laser itself, which is typically done in the

deep UV wavelengths, as these sources provide the 
uence to initially modulate the electron

beam.
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Figure 3.4 : Schematic of seeding process via high-gain harmonic generation. The top
graph shows the three main components: the modulator wherein the seed beam and electron
bunch interact, the chicane and the main radiator where the FEL radiation is generated.
Longitudinal phase space distributions of the electron energy before and after charge density
modulation from the magnetic chicane are shown in panelsa and b, respectively. Energy
and charge density are shown as functions of internal bunch coordinate� , which relates the
phase relation of the electron and the electromagnetic wave.55

Figure 3.5 : Spectral properties of HGHG seeded operation. Left: seed laser and FEL at the
8th harmonic showing narrow spectral width. Right: Single shot spectra showing negligible
variations in the central photon energy and stable pulse intensity.59
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3.2 Photoelectron and photoion measurements

Ionizing radiation from these FELs is used to probe gas phase molecular systems. Infor-

mation about molecular electronic and nuclear structure, and the changes they undergo

upon excitation, can be extracted from photoparticle kinetic energies, angular distributions,

and momentum correlations between several particles. The spectroscopic techniques used

in this thesis fall into two categories. First are photoelectron spectroscopies, in which the

goal is to study the time-evolving electronic structure of UV excited molecules. The elec-

tron spectrometer assembly used in this thesis is the magnetic bottle electron spectrometer

(MBES). Secondly is photoion coincidence spectroscopies. In this case, we study fragmen-

tation of highly ionized molecules employing cold target recoil ion momentum spectroscopy

(COLTRIMS).

3.2.1 Magnetic bottle electron spectrometers

In time-resolved photoelectron spectroscopy, the aim is to track changes in the electronic

structure of a molecule upon photoexcitation. In the most basic formulation, extracting the

kinetic energies of photoelectrons or Auger-Meitner electrons can elucidate the changing

electronic dynamics as the molecule relaxes from photoexcited states to the ground state.

For these measurements involving complex molecules, good energy resolution is imperative,

and when performing these measurements with FELs, where shot-repetition rates are cur-

rently low and acquisition times are short, high collection e�ciency is also a necessity. The

magnetic bottle electron time-of-
ight spectrometer is particularly suited for these applica-

tions61,62,63.

In a standard magnetic bottle spectrometer, electrons generated at a localized laser-

sample interaction point are directed to the detector through by a magnetic �elds, via the

Lorentz force, as shown in �g. 3.6. The spectrometer includes an extended 
ight tube

(approximately 2 meters long) housed within a magnetic solenoid that provides the uniform
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Figure 3.6 : Magnetic bottle electron spectrometer �eld diagram showing the slow variation
from initial strong �eld B i to the �nal strong �eld, B f . Helical motion of the electrons
emitted at di�erent initial angles and the parallelization of their �nal trajectories.61

magnetic �eld.

To have 4� acceptance and be spatially selective in the interaction region, a second

permanent magnet often sits opposite of the 
ight tube, providing stronger 
ux that guides

electrons that were emitted antiparallel to the 
ight tube axis (see �gure 1 in section 3.4 for

a schematic). The electrons undergo periodic cyclotron motion with a frequency and radius

of

! =
eB
me

; (3.7)

r = v sin(! i )=!; (3.8)

respectively. Here,B is the magnetic �eld strength,v is the magnitude of the initial electron

velocity, and � i is the emission angle of the electron relative to the spectrometer axis. The

magnitude of the electron's velocity is unchanged as it is only under the in
uence of the

magnetic force. The anglar momentum of the electron is

l =
m2

ev2 sin2 (! i )
eBi

: (3.9)

So long as the magnetic �eld is adiabatic, such that it has negligible variation within a
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single helical motion of the electron, the angular momentum of the electron is conserved61.

This mechanism is key for the parallelization of the electron trajectory, the electron's velocity

vector at the end of the tube will point parallel to the 
ight-tube axis.

vzf = v
�

1 �
�

B f

B i

�
sin2(! i )

�
(3.10)

This parallelization enables the full 4� acceptance of the electrons with no strong extraction

�elds that would deteriorate the energy resolution

Additionally, as the energy resolution is proportional to the time of 
ight (TOF) via the

relationship
�E
E

=
�TOF
TOF

(3.11)

, some magnetic bottles are equipped with a retarding lens assmbly to slow the electrons

from their initial velocities with a uniform electric �eld 64,65,66.

The two MBES described in this thesis are located at the Low-Density Matter (LDM)

beam line at the FERMI FEL67 and the Time-resolved AMO (TMO) at the LCLS-II FEL 68.

They are similar in setup. Both have an approximately 2-meter-long 
ight tube and retar-

dation plate stack. The two key di�erences are the detector schemes and permanent magnet

steering.

As discussed later in this chapter, the experiments conducted at TMO wish to acquire a

broad range of electron energies simultaneously, as in the case of photoelectron and Auger-

Meitner electron covariance measurements69,70. Therefore, the TMO MBES is equipped with

a segmented anode detector that enables simultaneous modes of operation, where one can

measure a certain electron energy range with high detection e�ciency and a high resolution

in another.

With the limited energies accessible with the XUV line at the FERMI FEL, this spatial

discimination with a segmented anode is unnecessary and thus we record with a single anode

detector. Additionally, the MBES at TMO is equipped with a three-dimensional movable
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Figure 3.7 : COLTRIMS schematic. Gas phase sample is introduced via a supersonic
gas jet. The ion trajectories are traced in red while electron helical trajectories in green.
Fragments are guided by a uniform electric �eld along the time-of-
ight axis. Positions of
charged particles are detected by an mcp stack coupled to a delay-line anode. Note that
for the work in this thesis that focuses on high-fold ion-ion coincidence, no electrons were
measured.71

magnet, while the FERMI MBES magnet is only adjustable parallel to the spectrometer

axis.

With the similarities of these two MBES, more elaborate discussion is included in a

paper in section 3.4 that details the performance of the TMO magnetic bottle spectrometer,

including a discussion of its compatibility with photoelectron spectroscopy from a noisy

SASE-FEL, and a modulation transmission function that is ubiquitous in magnetic bottles.

3.2.2 COLTRIMS

For experiments in which we want to observe nuclear dynamics within a molecule, we em-

ploy the COLd Target Recoil Ion Momentum Spectrosocopy (COLTRIMS) method72,73.

This spectrometer type enables three-dimensional momentum resolved measurements in the

center-of-mass frame of a photodissociation reaction. If this dissociation reaction occurs

rapidly, with all fragments produced simultaneously without intermediate rotations, the

35



measured asymptotic momenta can provide information on the nuclear geometry74.

It is necessary to perform these measurements in a coincidence mode, where particle

detection on a time and position sensitive detector are correlated with each other to assure

photofragmentation within a single shot truly comes from an isolated molecule at the in-

teraction point. The kinetic energies and angular distributions of the photofragments from

these events are then correlated with each other to gain an understanding of the photodis-

sociation process. To probe structure and dynamics of neutral molecules with reasonable

statistics, all of these coincidence procedures are best suited for very low background pres-

sures and dilute molecular beam sample deliveries that are very cold and well collimated,

minimizing the thermal distributions and capture the molecular geometry with minimum

rotational or vibrational distributions. These conditions minimize the amount of false co-

incidence events (where particles from two di�erent molecules are detected within a single

shot) and provide good momentum resolution.

To generate the unidirectional electric �eld, a series of equally spaced electrodes (typ-

ically 50 thin plates with � 5 mm spacing) are connected in series by identical resistors

(typically 1M 
 ). High voltages of opposite polarity are applied to the two ends of the spec-

trometer, generating a uniform voltage drop across the spectrometer (typically� 150 V/ cm).

These �elds are su�cient to guide highly energy ions to the detector, enabling the detection

with recoil energies up to 70 eV emitted perpendicular to the spectrometer axis.

To achieve the cold molecular beam sample and very low target density, a supersonic

gas jet device is ubiquitous for COLTRIMS assemblies. This includes very small nozzle

(typically 10 s of � m in diameter) that holds very high backing pressures (several bar

for samples seeded with helium). The gas jet is separated into four di�erential pumping

stages that are separated by small skimmers (typically� 1 mm in diameter) that select

only the central narrow slice of the molecular beam. Each section can reduce the pressure

by two orders of magnitude. The gas jet is also equipped with a set of slits just before

the interaction region that enables cutting the outer, warmer sections of the molecular
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Figure 3.8 : Spectrometer design of SQS-REMI InstrumentA ) Photograph of spectrometer
B ) Schematic showing lengths of spectrometer segments and operating voltages.
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beam. The molecular beam is introduced to the main chamber with very low base pressures

(typically around 10� 11 Torr). With these vacuum levels and a dilute enough molecular

beam sample in the interaction volume, the X-ray pulse could see as little as one molecule

per shot, creating ideal conditions for ion coincidence measurements.

In usual COLTRIMS experiments, the three-dimensional momentum reconstruction for

the photofragments is determined by a time and position sensitive detector. For thex- and

y- directions perpendicular to the spectrometer axis, these values are recorded with a delay

line anode. This anode consists of at least two wires wound reciprocating each other. Signal

arrival times are measured at opposite ends of each wire, and the di�erence between their

arrival times can be used to determine where the particle landed in thex and y positions

with the simple formula

x =
V
2D

(t1 � t2); (3.12)

whereV is the signal speed transfer,D is the total length of the wire, andt i is the arrival

time of the electronic pulse to reach the individual end of the wire.

The time-of-
ight, spectrometer voltage and length, and the position values are necessary

to convert these values to momentum and analyze the photodissociation observables in the

lab frame. With appropriate characterization of the molecular and X-ray beam interactions

(such as the jet velocity and the beam interaction point coordinates), the center-of-mass

momentum can be determined, as discussed in section 5.4.

In this thesis the COLTRIMS technique was employed for a measurement using Coulomb

explosion imaging to distinguish di�erent isomers with the chemical formula ofC7H8,

toluene, cycloheptatriene, and 1,6-heptadiyne. For the analysis procedure of CEI, and the

results of this experiment, see section 5.4.

38



3.3 Detector correlation analysis

As illustrated above, SASE XFEL sources have inherent instabilities in several key param-

eters on a shot-to-shot basis, including the inherent spectral jitter and 
uctuating pulse

energies. Additionally, the laser-FEL timing stability in pump-probe measurements de-

grades due in part to the SASE lasing mechanism, but also because of thermal instability,

RF noise, and spatial drifting between the laser and FEL beams75.

These problems can be mitigated by taking single-shot measurements that can encode

a value for the shot-to-shot jitter and correlating them with the main observable of interest

in the experiment. Using this correlation, one can correct for the jitter and improve the

spectral resolution, and also account for noise in either detector. This procedure is like the

classical ghost imaging technique76.

In classical ghost imaging, a high-resolution image of an object is reconstructed by

correlating information from two detectors that are illuminated from a split coherent beam.

One is a spatially sensitive detector that does not contain any information of the object,

but rather encodes the 
uctuation of the probing light source. The second is a single-pixel

detector that sits behind the object being studied.

This carries over to photoelectron spectroscopy with SASE FELs, a term called Fre-

quency Domain Ghost-Imaging (FDGI) or Spooktroscopy77,78,79. In this case one simulta-

neously measures a single-shot photoelectron and a photon energy spectrum. To reconstruct

a photoelectron spectrum with improved resolution that would otherwise be degraded due to

the noisy SASE probe, we solve for the spectral response function that maps the measured

incident photon spectrum to the measured photoelectron kinetic energy spectrum.

In the single photon regime, this spectral response can be formulated as the partial

absorption cross section, and the total electron yield can be written as the product between

this cross-section and the photon spectrum integrated over all frequency components

b=
Z

d!A (! )� (! ): (3.13)
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This can be represented as the over- or under-determined system of equations,Ax = b.

HereA is the measured X-ray photon spectrum, represented as ann � m matrix, where n is

the number of FEL shots andm is the number of energy bins in the spectrum. The matrix

b represents the measured kinetic energy spectrum, represented as ann � p matrix, where p

is the number of kinetic energy bins.

Many methods exist to solve this expression for the response function,x , such as the

Moore-Penrose pseudoinverse, however these solutions are inherently unstable80. This means

that small variations within the noise of eitherA or b can change the solutionx drastically.

Thus, it is preferable to impose physically meaningful constraints on this equation and solve

for the x that minimizes the constrained equation

jAx � bj22 + � s jxj1 + Ind + (x) +
2X

i =1

� i jL i xj22 : (3.14)

Here � i are hyperparameters that weigh the degree of smoothing across either the photon

or photolectron energy axis, which is quanti�ed by the Laplacian operator (L i ). Hyperpa-

rameter � s weighs the sparsity of the solution, quanti�ed by the norm of the solutionjxj.

The indicator function, Ind + , which is 0 when the argument is non-negative and in�nity

otherwise, constrains the solution to be a positive value.

From the solution x, the correlation of the reference photon and photoelectron energy

measurements become apparent, as clear dispersion lines are seen and can be distinguished

from noisy features, as shown in �g. 3.9.

To represent the photoelectron spectrum as a well resolved, one-dimensional spectrum we

can correct for this dispersion and integrate over the photon energies. Although introducing

the hyperparameters to the system of equations signi�cantly improves the data quality, and

they are robust over several orders of magnitude, they can super�cially a�ect the resolution

of the measurement if selected inappropriately. Several methods exist to verify the appro-

priate selection of hyperparameters for a given problem. In the reconstructions presented
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Figure 3.9 : Spectral response of nitrous oxide using frequency domain ghost imaging to
distinguish the central-terminal splitting in the binding energies of nitrogen sites. A) Two-
dimensional representation showing dispersion of the electron kinetic energy spectra against
the measured photon energy spectra. B) Accounting for the dispersion and projecting over
all photon energies. Comparing ghost imaging reconstruction of this spectra against the
traditional measurement that is unable to resolve the splitting due to the large single shot
jitter in the central photon energy.
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in this chapter, the hyperparameters were selected via the L-curve method, where a log-log

parametric plot for the norms of the solution residuals and regularization operation is ana-

lyzed81,82,83,84. With this visualization one can see a vertical and horizontal asymptote that

corresponds to regions of over�tting, as shown in panel A of �g. 3.10 and overregularization

(either oversmoothing or oversparsi�cation) like in panel C. A good compromise is seen at

the sharp bend in this L-curve where the curvature is maximized, like in panel B.

The Spooktroscopy method can be extended to the time-domain, where one can recon-

struct the pump-probe delay signal that is degraded by large temporal jitters associated with

unseeded operations. This is particularly bene�cial for detector correlations that operate at

di�erent acquisition rates. In this case, a detector is unable to operate at the full repetition

rate of the FEL, and thus needs to average over several shots. Within this averaging win-

dow several pump-probe jitter values would be sampled but could not be di�erentiated, and

hence the temporal resolution of the signal would be degrated as we average over several

delays. By applying the same logic of the frequency domain ghost imaging to this time-

domain problem, one can reconstruct the pump-probe signal with such improved resolution,

that it is as if the slow detector is not integrating at all.

3.4 Design and performance of a magnetic bottle elec-

tron spectrometer for high-energy photoelectron

spectroscopy

This section includes work discussing the developments of the magnetic bottle electron

spectrometer coupled to the TMO endstation at LCLS85. At the time of writing this thesis,

this manuscript is in review.

This manuscript discusses the instrument design and performance. We demonstrate the

resolution, collection e�ciency, and spatial selectivity. Particular topics, like employing
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Figure 3.10 : Ghost imaging reconstructions of nitrogen photoelectrons in nitrous oxide
with di�erent hyperparameters. Upper left panel shows the L-curve whcih is a log-log plot
of the solution residual against the L-2 norm of the solutions Laplacian. Changing this
hyperparameter varies the degree of smoothing along the horizontal axis. At the upper corner
of the L-curve, the hyperparameter� 2 is very small and the solution over�ts to the data, as
shown as the noisy features inA . At the bottom right of the L-curve,� 2 is very large and
the solution is drastically oversmoothed, as shown in panelC. At the corner of the L-curve,
a good compromise between these is achieved, as shown in panelB .
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frequency-domain ghost imaging for photoelectron spectroscopy and addressing a common

periodic modulations in electron detection e�ciency, are explained in much more detail than

in section 3.2.1.

Coauthor Jordan T. O'Neal developed the algorithm discussed in section IV86, and

generated �gures 11 and performed analysis on a para-aminophenol experiment, with results

in �gure 12. Coauthor Jun Wang performed the electron-electron covariance analysis for

the results in �gure 5.

I helped with modi�cations to spectrometer and coupling the chamber to the LCLS

beamline. I helped with operations during the commissioning beamtime, along with the

rest of the TMO team. I analyzed the data, wrote the draft, prepared the manuscript with

feedback from all coauthors, and submitted for publication.
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