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ABSTRACT

Molecules are traditionally treated quantum mechanically using the Born-

Oppenheimer formalism. In this formalism, different electronic states of the molecule

are treated independently. However, most photo-initiated phenomena occurring in

nature are driven by the couplings between different electronic states in both iso-

lated molecules and molecular aggregates, and therefore occur beyond the Born-

Oppenheimer formalism. These couplings are relevant in reactions relating to the

perception of vision in the human eye, the oxidative damage and repair of DNA,

the harvesting of light in photosynthesis, and the transfer of charge across large

chains of molecules. While these reaction dynamics have traditionally been studied

with visible and ultraviolet spectroscopy, attosecond XUV pulses formed through

the process of high harmonic generation form a perfect tool for probing coupled

electronic dynamics in molecules. In this thesis, I will present our work in using

ultrafast, XUV spectroscopy to study these dynamics in molecules of increasing

complexity. We begin by probing the relaxation dynamics of superexcited states

in diatomic O2. These states can relax via two types of electronic couplings, ei-

ther through autoionization or neutral dissociation. We find that our pump-probe

scheme can disentangle the two relaxation mechanisms and independently measure

their contributing lifetimes. Next, we present our work in observing a coherent elec-

tron hole wavepacket initiated by the ionization of polyatomic CO2 near a conical

intersection. The electron-nuclear couplings near the conical intersection drive the

electron hole between different orbital configurations. We find that we can not only
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measure the lifetime of quantum coherence in the electron hole wavepacket, but

also control its evolution with a strong, infrared probing field. Finally, we propose

an experiment to observe the migration of an electron hole across iodobenzene on

the few-femtosecond timescale. We present experimental modifications made to the

high harmonic generation set-up in order to probe this ultrafast and elusive charge

migration. These results demonstrate the potential of ultrafast, XUV spectroscopy

in probing the inner-workings of electronic couplings occurring in nature.
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CHAPTER 1

Introduction

Human civilization has always been interested in documenting the flow of time. As

early as 440 BC, Herodotus recorded Histories in which he systematically attempted

to transcribe the cultural and political events of his time. The ancient Egyptians

developed an astronomical calendar as a means to understand the cyclic change of

the Nile river [1]. However, up until the mid-1800s, the only events which humans

could perceive and record were limited to a time frame longer than their biological

response time (on the order of 0.1 s). It wasn’t until the invention of photography

that humans could grasp a realm that occurred on faster timescales.

With the invention of photography, cameras could now document events that oc-

curred on the millisecond (1 ms = 10−3 s) scale. Eadweard Muybridge famously used

high-speed photography in the late 1800s to put an end to the longstanding debate

on whether all four of the horses feet leave the ground during a gallop. Improve-

ments to high-speed photography culminated in the invention of the stroboscope in

the mid-1900s and Harold Edgerton demonstrated the capability of this technique

by photographing a bullet as it shot through a playing card. The short bursts of light

in this technique set the resolution of the stroboscope to the microsecond timescale

(1 µs = 10−6 s).

The limiting factor in the resolution of high-speed photography is set by the

shutter time of the camera. Modern cameras can get down to hundreds of µs shutter

speeds while stroboscopes can get down to a few µs. However, in order to achieve



14

10#18%s%
a(osecond%

10#15%s%
femtosecond%

10#12%s%
picosecond%

10#9%s%
nanosecond%

10#6%s%
microsecond%

10#3%s%
millisecond%

100%s%
second%

Biological(
Response(Time(

Fluorescence(
Life5me(

Molecular(
Vibra5ons(and(

Rota5ons(

Cameras(Electronics(Lasers( Stroboscope(

Electron(Mo5on(

Figure 1.1: A diagram demonstrating the different sub-second timescales we can
probe in the lab and the corresponding instruments we use to resolve these
timescales.

sub-µs shutter speeds, we need to employ the use of high-speed laser pulses. Since

the invention of the laser in 1960, scientists have been able to produce laser pulses

with pulse durations in the nanosecond (1 ns = 10−9 s), picosecond (1 ps = 10−12

s), femtosecond (1 fs = 10−15 s), and most recently attosecond (1 as = 10−18 s)

domain. The shortest laser pulse measured to date sets the record at 67 as [2],

corresponding to a 10-millionth of a billionth of a second. The time resolution set

by these ultrafast laser pulses allows us to move past the realm of human experience

and into the world of quantum mechanics.

The various physical processes that can be recorded within each timescale are

summarized in Fig. 1.1. The most common physical phenomenon in the ns-domain

is the fluorescence emission of excited atoms and molecules. On the ps timescale,

we can begin to observe the rotational dynamics within molecules as well as charge

carrier dynamics in solid-state devices. As we move into the fs-domain, we start to

resolve interatomic (nuclear) motion within molecules. This resolution gives us the

capability to observe chemical reaction dynamics as they unfold in real-time. Ahmed

Zewail was awarded the Nobel Prize in Chemistry in 1999 [1] for his pioneering work

in this field of femtochemistry.
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However, the most fundamental timescale in atomic and molecular physics is

the attosecond timescale. On this timescale we can begin to observe the individual

motion of electrons in atoms, molecules, and even solid-state devices. For example, if

we did a classical analysis on the ground state of the Hydrogen atom, we would find

that the electron orbits the nucleus with a period of 152 as. Therefore, by resolving

the attosecond time domain, we can observe how the electrons within a molecule

rearrange during a chemical reaction and how this irreversible change drives the

structural evolution of the molecule.

One difficulty in generating sub-fs laser pulses is that we require coherent ra-

diation in the extreme ultraviolet (XUV, 10 nm − 100 nm or equivalently 10 eV −
100 eV) energy regime to generate these attosecond pulses. However, with the dis-

covery of high harmonic generation (HHG) in the late 1980s [3] and the characteri-

zation of the corresponding pulse durations in 2001 [4], attosecond, XUV pulses are

now common table-top tools used in exploring many interesting atomic, molecular,

and condensed-matter phenomena. Attosecond pulses have had the most success in

probing atomic phenomena. Some of these successes include measuring the delay in

photoionization between two atomic orbitals [5], observing the coherent oscillation of

a spin-orbit wavepacket [6], determining the autoionization lifetime of a inner-shell

excited atom [7], and watching an electron tunnel out of an atom [8]. In molecules,

a lot of interesting work has been done in fairly simple systems. Various groups have

demonstrated the ability to reconstruct static molecular orbitals within molecules

[9], observe and control the localization of an electron in a dissociating diatomic

molecule [10], observe the fragmentation of a molecular cation [11], and measure the

lifetime of an autoionizing molecular state [12]. However, for this tool to become a

multidisciplinary technique in the areas of chemistry, biology, and material science,

ultrafast XUV spectroscopy with HHG pulses needs to be demonstrated as a general

tool for probing more complex molecular and condensed matter phenomena.

One common theme in many photo-initiated chemical reactions found in complex

systems is the presence of electronic couplings. These couplings can give rise to fast

and efficient energy transfer across fairly large compounds and reaction centers. For
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example, the perception of vision in the human eye is activated by a conformational

change in the rhodopsin molecule driven by electron-nuclear couplings [13]. The

efficient energy flow found in the photosynthetic reaction center of a green sulfur

bacteria is mediated by the electronic dipole couplings in a molecular aggregate [14].

Photocatalytic surface reactions are initiated by proton-coupled electron-transfer

at a molecule-bulk interface [15]. These ubiquitous couplings have conventionally

been studied using visible and UV spectroscopy. However, XUV pulses generated

through HHG form the perfect to for probing these coupled reactions. By virtue of

their short pulse durations, they exhibit extremely broad bandwidths allowing them

to coherently excite a superposition of electronic and vibrational states. As these

states evolve, we can study the electron couplings that arise between them on the

electronic, vibrational, and rotational timescale.

In this dissertation, I will present research in which we apply XUV spectroscopy

to study electronic couplings and molecular dynamics in systems with increasing

complexity. Chapter 2 will be devoted to introducing the various methods of gen-

erating both femtosecond and attosecond pulses. In Chapter 3, I will describe the

experimental set-up we use to preform XUV pump-probe studies. In Chapter 4,

I will introduce the quantum structure of molecules. In Chapter 5, I will present

our experimental results for simultaneously measuring both the autoionization and

predissociation lifetime of a superexcited state in the oxygen molecule. In Chapter

6, I will present our work on observing and controlling the evolution of an elec-

tron hole wavepacket near a conical intersection in carbon dioxide. In Chapter 7, I

will present our preliminary results on generating an isolated attosecond pulse from

HHG and discuss a proposed experiment to use this pulse to observe charge migra-

tion in iodobenzene. Finally, I will summarize my results in Chapter 8 and discuss

the future of ultrafast XUV spectroscopy.
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CHAPTER 2

Ultrashort Pulse Generation

Before I discuss the various means to generate femtosecond and attosecond pulses,

it’s beneficial to first introduce some of the fundamental properties of ultrashort

laser pulses. Laser pulses are electro-magnetic waves characterized by a well-defined

optical frequency and a time-varying field amplitude. We can express the electric

field of a laser pulse, E(t), using a Gaussian envelope, or

E(t) = Eoe
i[ωot−ϕ(t)]e−2 ln(2)t2/τ2 . (2.1)

There are many important quantities in the above equation: Eo is the amplitude of

the electric field at t = 0, ωo is the central optical frequency, τ is the pulse duration

of the field envelope, and ϕ(t) is the temporal phase. The latter quantity will be

discussed in detail later, but its main effect is to broaden the pulse from it’s initial

duration of τ . We can also define the wavelength of the electric field by λo = 2πc/ωo

where c is the speed of light in vacuum.

To calculate the spectrum of this pulse, we take a Fourier transform of the laser

field. However, to simplify the expression, I will first consider the case where we
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have no temporal phase, or ϕ(t) = 0. This results in a laser spectrum given by

E(ω) =

∫ ∞

−∞
E(t)e−iωtdt

= Ẽoe
−2 ln(2)(ω−ωo)2/∆ω2

(2.2)

where Ẽo is the amplitude after Fourier transforming and

∆ω =
4 ln(2)

τ
(2.3)

is the spectral bandwidth of the laser field. From this transformation, we see that the

corresponding frequency spectrum of a Gaussian laser pulse is a Gaussian-shaped

spectrum centered about ωo.

At this point I will note that it is non-trivial to measure E(t) and E(ω) directly in

any experimental lab. Most lab instruments and physical processes are sensitive to

the laser intensity as opposed to the field. We therefore calculate the laser intensity

to be

I(t;ω) =
1

2
εoc|E(t;ω)|2, (2.4)

where εo is the electric permittivity of free space. Therefore, the two quantities we

have access to experimentally are the intensity profile and spectrum, or

I(t) = Ioe
−4 ln(2)t2/τ2 (2.5a)

I(ω) = Ĩoe
−4 ln(2)(ω−ωo)2/∆ω2

, (2.5b)

where Io = 1/2 εocE
2
o and Ĩo = 1/2 εocẼ

2
o . From this derivation, we find what type

of pulse duration τ actually characterizes. When I(t) = Io/2, the corresponding

position in time is t = ±τ/2. Therefore, the temporal width between these two

points is τ , as shown in Fig. 2.1 (a). We call this characterization of τ and ∆ω

the full-width at half maximum (FWMH) and we will use this value to describe

the pulse duration (and bandwidth) of both our femtosecond and attosecond pulses
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Figure 2.1: (a) Intensity profile of a Gaussian laser pulse. We use the value of
the full-width at half maximum (FWHM) to characterize the pulse duration of the
laser field. (b) In order to generate ultrashort laser pulses, we need many different
frequency components to constructively interfere. Here we show the interference of
5 integer frequencies to produce a short pulse.

throughout the rest of the paper.

We can now rearrange Eq. 2.3 to arrive at one of the most important relations

governing ultrashort pulses, the time-bandwidth product

τ∆ω = 4 ln(2). (2.6)

If we want to increase our time resolution for whatever physical event we are trying

to measure, we must reduce our laser pulse duration. From Eq. 2.6, we see that

the only way to reduce the pulse duration τ is to increase the laser bandwidth ∆ω.

The physical origin of this requirement is qualitatively explained in Fig. 2.1 (b).

While a single frequency component will oscillate indefinitely, a collection of many

frequency components will constructively interfere periodically giving rise to short

bursts of light as seen in Fig. 2.1 (b). Using Eq. 2.6, we find that to produce a

pulse of 1 ps we need a spectral bandwidth of 0.9 nm centered about 785 nm, for

100 fs we need a bandwidth of 9 nm, and for 10 fs we need a bandwidth of 90 nm.
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will redistribute the frequency components of the spectrum such that the lower
frequencies arrive in time before the higher frequencies.

Now we consider the effects of the temporal phase of the laser pulse. If the

temporal phase is ϕ(t) = 0, as presented in the above treatment, we call the pulse a

transform-limited pulse. While transform-limited pulses are convenient to deal with

theoretically, we must consider the effects of a non-zero temporal phase in most

realistic situations. The first order contribution to temporal phase is a linear chirp,

where ϕ(t) = bt2. As seen in Fig. 2.2, a positive chirp will redistribute the temporal

phase of each frequency component such that the lower frequency components arrive

in time before the higher frequency components. The opposite would be true for

a negative chirp. We can take the Fourier transform of this pulse to arrive at a

time-bandwidth product of [16]

τ∆ω = 4 ln(2)

√
1 +

b2

(2 ln(2)/τ 2)2
. (2.7)

From this equation we see that the main effect of chirp is to actually elongate the

pulse to a longer temporal duration. Therefore, chirp must be compensated for

when generating ultrashort pulses experimentally.

Finally, I will briefly discuss how we characterize the amplitude of the laser field.
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We typically present intensity measurements in units of W/cm2 and we quote the

peak intensity, Io, of the laser field. For the femtosecond lasers pulses used in our lab,

we use intensities that range from 1011−1014 W/cm2. The higher intensities are used

to generate the attosecond pulses and the lower intensities are used in probing the

evolving dynamics of an excited quantum state. We can also report the amplitude

of the laser field in terms of the pulse energy which has been integrated over the

entire duration of the pulse. We measure pulse energy in units of Joules, J. Our

femtosecond pulses have pulse energies ranging between 10 µJ to 2.5 mJ, which is

sufficient for observing a myriad of non-linear and multi-photon processes. However,

the pulse energies of our attosecond pulses are substantially smaller, ranging from

100 pJ to 10 nJ. As a result, excitation by our attosecond pulses are limited to one

photon events. Therefore, attosecond pump-probe experiments are preformed in

conjunction with the femtosecond pulse which acts as the probing pulse to obtain a

statistical quantity of two-photon events.

2.1 Femtosecond Pulse Generation

As noted in the previous section, the only way to produce an ultrashort laser pulse is

to have the appropriate spectral bandwidth. It was shown in the 1980s that crystals

doped with small concentrations of a transition-metal ions yielded gain profiles with

sufficient bandwidth to generate pulses in the femtosecond domain [17]. Titanium

doped sapphire (Ti:S) in particular was demonstrated to have a large absorption

cross-section and a gain bandwidth which could support ≈ 4.5 fs pulses [18]. After

the first demonstration of a Ti:S femtosecond oscillator [19], Ti:S became the crystal

of choice for producing stable, high-energy, and ultrashort femtosecond pulses. In the

following section I will discuss how we can create a train of short femtosecond pulses

using Kerr-lens modelocking in a Ti:S femtosecond oscillator and how we can further

select out a single pulse from that train and amplify the pulse to unprecedented peak

powers.
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2.1.1 Theoretical Aspects of a Femtosecond Oscillator

The most common method for generating femtosecond pulses is through mode lock-

ing in a femtosecond oscillator. An oscillator is a laser cavity consisting of some

broadband gain medium, in this case Ti:S. In order to achieve a resonant standing-

wave in the cavity, the total length of the cavity must equal an integer number

of half wavelengths λo. As a result, the cavity supports a number of longitudinal

frequency modes

ωn = n
2πc

L
(2.8)

where n = 0, 1, 2, ... is an integer and L is the total roundtrip distance in the cavity

[20]. Due to the broad gain bandwidth of the Ti:S crystal, the oscillator cavity

can support many different longitudinal modes simultaneously. If the longitudinal

modes are all phase-locked and have linewidths that are much narrower than the

gain bandwidth, we can write the electric field for the cavity modes as

E(ω) =
∞∑

n=0

Eoe
−2 ln(2)(ω−ωo)2/∆ω2

δ(ω − ωn) (2.9)

where ωo is the central frequency in the Ti:S gain profile, ∆ω is the gain bandwidth,

and δ(x) is the Dirac delta function. Fourier transforming into the time-domain

gives us an electric field profile

E(t) =
∞∑

n=0

Eoe
−2 ln(2)(ωn−ωo)2/∆ω2

e−iωnt. (2.10)

Therefore, we see that an oscillator cavity consists of a series of oscillating modes

separated in frequency by ωrep = 2πc/L and weighted by their respective positions

on the gain profile. Since all of the modes are phase-locked (mode locked), they will

constructively interfere periodically to give rise to ultrashort femtosecond pulses.

We can see this analytically by simplifying the situation and assuming a flat gain
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profile which can support N frequency modes. We can then write Eq. 2.10 as [16]

E(t) =
N−1∑

n=0

Eoe
−inωrept

= Eo
1− e−iNωrept
1− e−iωrept .

(2.11)

The resulting intensity for this mode locked cavity is

I(t) = Io
sin2

(
Nωrept

2

)

sin2
(ωrept

2

) . (2.12)

A representative intensity profile for a mode locked cavity with N = 8 cavity modes

is shown in Fig. 2.3. We can see from this plot that a superposition of phase-locked

cavity modes will give rise to a train of pulses with pulse durations much shorter

than the repetition period Trep = 2π/ωrep. A simple analysis shows us that the

pulse duration of the individual pulses is approximately τ ≈ Trep/N . Therefore, for

a typical frep = 80 MHz repetition rate, we would need a cavity that supported

N = 1.25× 106 phase-locked modes within its gain medium to produce a 10 fs laser

pulse.

2.1.2 Kerr-lens Passive Mode Locking

We have shown that, theoretically, a cavity supporting a million phase-locked longi-

tudinal modes is capable of producing femtosecond pulses, but how does one achieve

mode locking experimentally? One method is to modulate the absorption or trans-

mission of the light within the cavity at a frequency of ωrep. This will create fre-

quency sidebands for each mode which overlap with the adjacent cavity modes,

thus locking the modes together in phase [20, 21]. This amplitude modulation can

be done actively or passively. Active mode locking employs the use of intracavity

electro-optic or acousto-optic modulators to physically modulate the light intensity

and/or phase within the cavity [20]. The far superior method is to passively mode

lock the cavity using a saturable absorber.
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Figure 2.3: A pulse-train created through the phase-locking of N = 8 cavity modes
within a simplified oscillator.

A saturable absorber is a material that demonstrates intensity dependent ab-

sorption near some saturation intensity. Therefore, when placed into an oscillator

cavity, the saturable absorber can function to transmit optical pulses which exhibit

a higher peak power than the continuous wave (CW) background. Since the trans-

mission is intensity dependent and favors the more intense portion of the pulse, the

absorber has the ultimate effect of shortening the pulse after every round trip. As

the pulse duration decreases, the pulse spectrum becomes broader and phase-locks

a greater number of cavity modes. This effect will reach some steady-state resulting

in a stable train of short femtosecond pulses.

In order to produce pulses on the order of 10 fs, we would need to use a sat-

urable absorber with an even shorter response time. While it is quite difficult to

find such materials, we can instead take advantage of non-linear phenomena which

respond instantaneously to the pulse intensity in order to simulate the effect of a

fast saturable absorber. One such phenomenon is the optical Kerr effect. This

is a non-linear, refractive index effect which can be expressed using the following

equation

n(r, t) = no + n2I(r, t), (2.13)
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where no is the unperturbed (or linear) refractive index of the medium, I(r, t) is the

transverse and time-dependent laser pulse profile traveling through the medium,

and n2 is the contribution due to the non-linear polarization of the medium. Since

the transverse profile of the laser beam is radially varying, this will give rise to a

radially-varying optical phase shift, ∆ϕ(r, t) = −2πn2I(r, t)L/λ, within a medium

of length L. This radially-varying phase shift mimics the effect of an optical lens

and causes the pulse to self-focus onto itself [16]. This effect is called Kerr lensing.

To see how Kerr lensing gives rise to saturable absorption, we consider a typical

Ti:S oscillator (Fig. 2.4). The Ti:S crystal is pumped by a λpump = 532 nm CW

laser with an initial spot-size around wo = 2 mm. If we use a f ∼ 10 cm focal length

lens to focus the laser onto the Ti:S crystal, the pump beam will have a final spot

size of

wpump =
4fλpump

πwo
≈ 35 µm. (2.14)

On the other hand, the spot size of the emitted λem = 785 nm light confined to the

confocal cavity of length L = 10 cm will be much greater, or [20, 22]

wem = 2

√
Lλem

2π
≈ 225 µm. (2.15)

Therefore gain extraction is not too efficient for the 785 nm light. However, if a pulse

starts circulating within the cavity, it can reach high enough peak powers to self-

focus thereby reducing the transverse size of the laser pulse and increasing overlap

with the pump beam. This will allow for much better gain extraction [22, 23]. Since

self-focusing is intricately related to the intensity of the laser field, only the most

intense portion of the pulse will induce this Kerr lensing. Therefore, we will have

an intensity dependent gain extraction which mimics the effect of a fast saturable

absorber for the circulating laser pulses.

The optical Kerr effect can also effect the temporal domain of the laser pulse.

Since the intensity profile of the pulse exhibits a Gaussian temporal character, the

non-linear refractive index creates a time-dependent optical phase shift as well re-

sulting in a positive chirp [24]. This effect will elongate the pulse, reduce it’s peak
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Figure 2.4: A typical design for a Ti:S, Kerr-lens mode locking, femtosecond oscil-
lator.

intensity, and reduce the amplitude modulation created by the Kerr-lens saturable

absorber. Therefore, to get the best output from the oscillator, we need to compen-

sate for this dispersion effect. This can be done by introducing a prism pair into

the cavity placed at Brewster angles with respect to the beam. The prism pair will

produce negative chirp which is finely adjusted by moving one of the prisms into and

out of the cavity beam [25]. A schematic for a typical femtosecond, Ti:S oscillator

based on the Kerr lens effect is shown in Fig. 2.4.

2.1.3 Femtosecond Amplification

The typical output of our oscillator yields 5 nJ pulses with a duration of 20 fs and

a repetition rate of 80 MHz. Unfortunately, these pulses are too weak to provide

the peak intensities required for the production of attosecond pulses. Therefore, we

must amplify these pulses by a factor of 1 × 106 to generate the sufficient energy

required for attosecond pulse production and observation.

Pockels Cell

In order to amplify the oscillator pulses, we require a near 30 mJ, 532 nm pulsed

laser to provide the necessary energy. Unfortunately, no laser technology exists to

accommodate 30 mJ pulses at a 80 MHz repetition rate. Therefore, we must reduce

our repetition rate to the kHz regime. This is accomplished using a Pockels Cell, a
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⇠ 5 kV

Figure 2.5: The femtosecond pulse train from the oscillator is aligned through a
Pockels cell. When a high voltage pulse is applied across the Pockels cell crys-
tal, it can rotate the polarization for an individual pulse within the train - thus,
transmitting that pulse through the high contrast polarizer.

device based on a non-linear, electro-optical phenomenon. When a uniaxial crystal

is placed into an electric field, the symmetry of the crystal is broken such that

the ordinary plane of the refractive index gets split into two components, nx and

ny. This is known as Pockels effect [24]. If we send our femtosecond laser pulses

through the Pockels cell, a portion of the light field can lie in the plane of nx and ny

depending on the crystal orientation. By tuning the electric field amplitude, we can

tune the relative phase shift of the light field along these different refractive index

planes to be π, thus mimicking the effect of a half-wave plate.

The actual operation of the Pockels cell is shown in Fig. 2.5. Two parallel plates

are placed at either end of a non-linear crystal and the femtosecond beam is aligned

through the center of the apparatus. A high contrast polarizer (1:1000) is placed at

the output aligned perpendicular to the light polarization. When there is no voltage

applied across the crystal, all of the pulses will be suppressed by the polarizer.

However, if we apply a high voltage pulse (∼ 5 kV) to the Pockels cell that spans

just one of the oscillator pulses in the pulse train, we can rotate the polarization of

that individual pulse to be parallel to the polarizer - thus transmitting the individual

laser pulse. We typically run the Pockels cell at a 1 kHz repetition rate, therefore

one pulse is passed into the amplifier stage every 80,000 pulses.



28

Stretcher'

Amplifier' Compressor'

Figure 2.6: A schematic diagram of chirped pulse amplification. The femtosecond
pulse is first stretched out to hundreds of picoseconds before amplification to avoid
damaging the amplifier crystal. The pulse is then amplified by a factor of 106 through
gain extraction in a cryo-cooled Ti:S crystal. Finally, the pulse is recompressed to
the femtosecond time by a pair of gratings.

Chirped Pulse Amplification

To amplify the individual femtosecond pulse from the output of the Pockels cell, we

use a high power laser to pump energy into a Ti:S crystal, which can in turn be

extracted out by the femtosecond seed pulse. However, as we start to amplify the

femtosecond pulse, the pulse will reach high enough peak powers to self-focus within

the Ti:S, distort the wavefront, and damage the crystal. Therefore, to avoid this

unwanted self-focusing, we employ a technique called chirped pulse amplification

(CPA) [26, 27, 21]. The idea behind CPA is schematically shown in Fig. 2.6. To

avoid crystal damage, the pulse is first stretched to a few hundred picoseconds by a

grating-based stretcher. The stretched pulse is then amplified to the mJ level using

a multi-pass amplifier cavity. Since the pulse is now hundreds of picoseconds in

duration, it can no longer reach the peak powers to self-focus. After the multi-pass

amplifier, the pulse is finally re-compressed to the femtosecond domain by using a

complimentary grating-based compressor.

The layout of the multi-pass amplifier is shown in Fig. 2.7 (a). A near 30 mJ

pump pulse with a central wavelength of 532 nm and a pulse duration of 200 ns is

focused onto a cryo-cooled Ti:S crystal. The crystal is held at a temperature of 77

K and placed into ultrahigh vacuum to avoid damaging the crystal and to prevent

thermal lensing from distorting the femtosecond beam. The energy injected into
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the crystal by the pump pulse is stored as excited-state population in the crystal.

As the seed pulse passes through this excited state population, it can stimulate a

portion of the population back to the ground state, releasing coherent radiation

and injecting energy back into the seed pulse. Since the seed pulse is much shorter

than the pump pulse, the seed pulse can propagate through the crystal for multiple

passes, extracting out more energy after each pass. The amplifier geometry shown

in Fig. 2.7 (a) is called a ring cavity because it refocuses the seed pulse back into the

Ti:S crystal in a circular manner. After 12 passes, the seed pulse can reach energies

well into the mJ regime. When a sufficient amount of energy is extracted from the

pumped Ti:S crystal, a pick-off mirror is used to remove the seed pulse from the

amplifier cavity and send the pulse to the compressor where it will be compressed

back to the femtosecond domain.

The grating based stretcher and compressor work in a similar manner. Both

employ the use of parallel diffraction gratings to introduce dispersion into the laser

pulse. In the compressor, the frequency components are spatially dispersed by

the first diffraction grating, and collimated by the second, as shown in Fig. 2.7

(b). A retro-reflecting mirror sends the pulse back through the two gratings in

the opposite direction to spatially recombine the frequency components. Due to the

geometry of this set-up, the bluer frequency components travel a shorter optical path

length than the red frequency components, thereby introducing negative dispersion

(chirp) into the pulse [28]. In the stretcher, a telescope is introduced after the first

grating to create an image of the first grating behind the second grating. This

produces a negative optical path length, reversing the sign of the dispersion to

positive [29]. In the CPA set-up, the stretcher is first used to introduce positive chirp

into the femtosecond beam and stretch the pulse to 100-300 ps. After amplification,

a complimentary compressor is used to compensate the positive chirp by introducing

negative dispersion, resulting in a pulse with minimal net chirp.

After the compressor, the laser pulse at the output of the amplifier is typically

a 2 mJ pulse centered at 785 nm, with a temporal duration of 40 fs. These pulse

parameters are now sufficient for generating and observing attosecond pulses.
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Figure 2.7: (a) Multi-pass ring cavity used for the amplification of chirped laser
pulses. The amplifier crystal is kept in vacuum at 77 K to avoid damaging the
crystal and to prevent thermal lensing from distorting the femtosecond pulse. (b) A
typical grating based compressor where a pair of diffraction gratings (orange) is used
to spatially separate the spectrum of the laser. A retro-reflecting mirror is then used
to reverse the direction of the beam and spatially recombine the laser frequencies.
Since each frequency travels a different optical path length through this set-up, it
has the overall effect of producing negative dispersion in the pulse.

2.2 Attosecond Pulse Generation

The 785 nm, near infrared (NIR) pulses generated from the above procedure have

a central optical period of 2.6 fs. Therefore, it is impossible to compress the NIR

pulses to even shorter durations corresponding to the attosecond domain. In order

to generate attosecond pulses, we need pulses with a smaller wavelength (higher

energy). To break the 1 fs time barrier, we would need pulses with wavelengths

below 300 nm (or an energy above 4.1 eV). One method of producing such high

energy pulses is through the process of High Harmonic Generation (HHG).

The first observation of HHG was by a French group in 1988 [3]. They observed

that when a strong IR field was focused onto an ensemble of noble gas atoms, a

series of odd optical harmonics appeared that were much greater than the ioniza-

tion potential of the noble gas medium. While low-order (i.e. - second and third)

harmonic generation was well understood in the context of perturbative, non-linear

optics [24], no theory yet existed to explain the observation of such a high-order

phenomenon. HHG remained mysterious until Corkum and his colleagues [30, 31]

presented a semi-classical theory based on a three-step model. In this three-step
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model, a valence electron in the noble gas atom is first ionized through a tunneling

barrier created by the strong optical field. Second, the now free electron is acceler-

ated in the presence of the laser field. Finally, when the field reverses it’s direction,

a small population of the continuum electrons can recollide with the parent ion,

releasing coherent radiation with energy greater than the ionization potential of the

medium. This will occur at every half-cycle of the laser field. Therefore, given proper

phase-matching conditions, the bursts of radiation that occur every half-cycle can

have pulse durations well into the attosecond regime.

In the following section, I will discuss the three-step model and how a train of

attosecond pulses are formed through the process of HHG. I will then discuss how

we can experimentally gate the NIR field to generate a single, isolated attosecond

pulse.

2.2.1 Step One: Tunnel Ionization

When an atom is placed into a constant electric field, it will experience a linear

electric potential. This linear potential will distort the atomic potential of the

valence-most electron, giving rise to a finite potential barrier as seen in Fig. 2.8 (a).

For an oscillating electric field (i.e., laser field), the slope of this linear distortion will

change with time. If the electric field amplitude is strong enough and the optical

frequency is slow enough, there is a likely probability that the valence electron will

tunnel through the potential barrier and into the ionization continuum before the

electric field changes sign. This is referred to as tunnel ionization. The theory of

tunnel ionization was first laid out by Keldysh in the mid 1960s [32]. He introduced

a convenient parameter now referred to as the Keldysh parameter, γ. The Keldysh

parameter is the ratio between the tunneling time of the electron and the optical

period of the laser field. It can be expressed in terms of the ionization potential of

the medium, Ip, or

γ =

√
Ip

2Up
(2.16)
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Figure 2.8: (a) When an atom is placed in a strong electric field, the field can distort
the Coulomb potential of the valence most electron, creating a finite potential energy
barrier which the electron population can tunnel out of. If the electric field is an
oscillating laser field, the electron population will tunnel out periodically with a
rate based on the laser parameters. (b) A plot of the ADK rate of tunnel ionization
for typical laser parameters attainable experimentally. The tunnel ionization rate
is strongly dependent on the instantaneous electric field and only peaks every half
laser cycle.

where Up = e2E2
o/4meω

2
o is the ponderomotive potential characterizing the energy

acquired by the electron in the laser field, e is the charge of the electron, Eo and

ωo are the amplitude and optical frequency of the laser field, and me is the mass of

the electron. When γ � 1, the tunneling time is much faster than the optical cycle

and tunnel ionization dominates the ionization process of the atom. However, when

γ � 1, the valence electron population does not have time to tunnel ionize and will

absorb the photon energy instead, resulting in multiphoton ionization. When, γ ∼ 1

both processes can compete simultaneously.

We can calculate the tunnel ionization rate of the atom by invoking Fermi’s

golden rule, or

wtun =
2π

~
|〈~k|Ŵ |ψg〉|2ρ(~k). (2.17)

In the above expression, |~k〉 is the continuum wave function for a photoionized
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electron and ρ(~k) is the density of states in the ionization continuum. Once the

electron is ionized, the Coulomb interaction with the ion core is small and can be

effectively ignored. We can therefore use Volkov wave functions, which are solutions

to the Schrödinger equation for a free electron placed in an oscillating electric field

[16]. The ket, |ψg〉, is the ground state of the neutral atom and is generally expressed

as a hydrogenic atom with some effective quantum number and orbital angular

momentum, n∗ and l∗ = n∗−1. Finally, the operator Ŵ = ~A · p̂ is the dipole matrix

element connecting the ground state of the atom to the ionization continuum, ~A is

the vector potential of the strong laser field, and p̂ is the momentum operator. This

equation has been solved by Ammosov, Delone, and Krainov [33] for an arbitrary

atom in the case where γ � 1 and is known as the ADK rate of tunnel ionization.

This ADK tunneling rate can be expressed as

wADK = wo(Ip, n
∗, l∗)

(
1

F (t)

)2n∗−1

e−1/F (t), (2.18)

where wo(Ip, n
∗, l∗) is an atom specific constant and F (t) = 3E(t)/2Eo is the laser

field strength normalized to the Coulomb field of the atom, Eo = (2Ip)
3/2 (expressed

in atomic units where e = me = ~ = 1/4πεo = 1). We can see from this rate equation

that when F (t)� 1, the tunneling rate will be effectively zero. However, when E(t)

becomes comparable to Eo, Eq. 2.18 will give us a non-zero rate. Therefore, tunnel

ionization is very sensitive to the instantaneous value of the laser electric field. I have

plotted the ADK rate for a Xe atom using typical experimental laser parameters in

Fig. 2.8 (b). From this plot, we see that the tunnel ionization rate only contributes

at the peaks of the electric field that occur every half-cycle. Therefore, tunnel

ionization in a strong NIR laser field will result in the generation of temporally

localized photoelectron population that occurs with a periodicity of twice the laser

cycle.
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2.2.2 Step Two: Electron Acceleration in the Laser Field

In order to acquire the energy sufficient to generate high energy harmonics greater

than the ionization potential of the atom, the photoelectron population is acceler-

ated in the presence of the strong laser field. While we could resort to a quantum

description of this process [34, 31], most of the important features of HHG can be

extracted by invoking a purely classical treatment to describe the acceleration of

the photoelectron in the laser field [30].

When the electron has tunnel ionized and is in the continuum, we can ignore

the Coulomb interaction with the ion core and express the force on the electron by

a strong laser field, E(t) = Eo cos(ωot), as

me
d2x(t)

dt2
= −eE(t). (2.19)

If the electron is ionized at time t′, we can integrate the above expression to arrive

at the time-dependent velocity and position of the electron, or [16]

v(t) = − eEo
meωo

[sin(ωot)− sin(ωot
′)], (2.20)

x(t) =
eEo
meω2

o

[cos(ωot)− cos(ωot
′) + ωo sin(ωot

′)(t− t′)]. (2.21)

From this classical treatment, we can see that the motion of the electron is actually

quite sensitive to the tunnel ionization (emission) time t′. We will see in the final step

of HHG that this will have an important effect on the character of the harmonics.

2.2.3 Step Three: Electron Recombination

The final step in the HHG process involves the recombination of the tunnel ionized

photoelectron with its parent ion. After the electron recombines, it emits a pho-

ton with energy equivalent to the ionization potential of the atom and the energy
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acquired in the laser field, or

EHHG(t) = Ip + 1
2
mev

2(t)

= Ip + 2Up[sin(ωot)− sin(ωot
′)]2.

(2.22)

However, in order to recombine, the HHG trajectory has to bring the electron back

to the position of the atom, or x(t) = 0. From Eq. 2.21, this gives us the requirement

that

cos(ωot)− cos(ωot
′) + ωo sin(ωot

′)(t− t′) = 0. (2.23)

Therefore, the emission time t′ and the recombination time t are directly related.

While no analytical solution exists for Eq.2.23, we can use the approximate solution

[16]

ωot = π/2− 3 sin−1

(
2

π
ωot
′ − 1

)
. (2.24)

Combining this solution with Eq. 2.22, we can calculate the energy of the emitted

photon as a function of recombination time. This result is plotted in Fig. 2.9 (a).

From this plot, there are many interesting features we can deduce about the HHG

process. The first is that the maximum kinetic energy acquired by the electron in

the laser field is approximately 3.17Up. This sets a ceiling on the maximum photon

energy attainable through the HHG process and is referred to as the cut-off energy.

Second, there appears to be a continuous spectrum of energy that can be emitted

by the atom ranging from the ionization potential to the cut-off energy. Third, for

a given photon energy within this range, there are two recombination times that

give rise to the same energy. Therefore, there are two electron trajectories that

will contribute to the HHG process, a long and short trajectory. The plot in Fig.

2.9 (b) shows the emission and recombination time of an electron for both a long

(blue-dashed line) and short (green-dashed line) trajectory corresponding to the

same electron kinetic energy of 1.67Up. The cut-off trajectory (purple-dashed line)

is also shown as a reference. Fourth, we see that there is a time-dependence in the

recombination time for different photon energies. For the short trajectories, lower
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Figure 2.9: (a) A plot of the kinetic energy of the returning electron as a function
of recombination time. The spectrum of the electron energy peaks at 3.17Up, cor-
responding to the cut-off energy of the high harmonic spectrum. Below the cut-off
energy, two different electron trajectories - a long and a short trajectory - will con-
tribute to the observed energies. (b) A long (blue-dashed) and short (green-dashed)
trajectory with a final kinetic energy of 1.67Up are shown over the coarse of one
laser cycle. Also included is the cut-off trajectory (purple-dashed) as a reference.

energy electrons recombine before higher energy electrons resulting in a positive

chirp in the emitted harmonic signal. On the other hand, higher energy electrons

recombine earlier for the longer trajectories resulting in a negative chirp.

Finally, since the periodicity of this three step HHG process is To/2 (correspond-

ing to a frequency of 2ωo), the spectrum emitted at every half-cycle will construc-

tively interfere, giving rise to a series of discrete odd harmonics spaced by 2ωo. Since

the time period To/2 sets the maximum duration of the HHG process, we can already

see that the emitted bursts of light have to be shorter than 1.3 fs. It was theorized

in the early days of HHG that the emitted light corresponded to attosecond bursts

of radiation [35], thus paving way for the next frontier of time resolution.

Typical HHG spectra obtained in our lab are shown in Fig. 2.10 (a) for Xe and

Ar target gases. We see from the Fourier transform of both spectra, Fig. 2.10 (b),

that the time structure for HHG pulses correspond to a train of ultrashort bursts
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separated by To/2. The width of the shortest bursts are 330 as for Xe and 250 as for

Ar. Therefore, these pulses do indeed correspond to a train of ultrashort attosecond

pulses (attosecond pulse train - APT) with an overall pulse envelope corresponding

to 3 - 10 fs. While the inherent chirp introduced in the recombination process will

act to broaden the pulses to longer time durations, the stretching factor is not too

great and the HHG pulses remain in the attosecond domain. In Chapter 3, I will

discuss how we can experimentally measure the atto-chirp in order to obtain a better

measurement on our attosecond pulse duration.

Finally, I would like to briefly remark on the energy structure of the emitted

harmonics. We can see from Eq. 2.22 that in order to increase the energy of the

harmonics, we either need to increase the quantities Ip or Up. The Ar HHG spectrum

in Fig. 2.10 (a) can support higher energy harmonics because the ionization potential

of Ar (15.76 eV) is greater than the ionization potential for Xe (12.13 eV). We could

also increase the intensity of the laser field to increase the quantity Up and extend the

cut-off energy. However, this does have one adverse effect. If we keep on increasing

the laser intensity, we risk fully ionizing the atom. If the ground state of the neutral

atom has been depleted, we can no longer increase the harmonic yield. We can use

the ADK rate from Eq. 2.18 to numerically calculate the ionization probability, or

P (t) = 1− e−
∫ t
−∞ wADK(t)dt. (2.25)

The inset of Fig. 2.10 (b) shows the time-dependent ionization probability in both

Xe and Ar gases for typical laser parameters in our lab. We see that in the case of

Xe, the atom is fully ionized within the first half of the laser pulse duration. How-

ever, since Ar has a higher ionization potential, only 30% of the Ar ground state

population is ionized through out the entire pulse duration. Therefore, to achieve

higher harmonic energies, it is always better to use nobel gas atoms with very high

ionization potentials. Various groups have also demonstrated that increasing the

driver wavelength can help to dramatically extend the cut-off energy [36, 37], how-

ever, this improvement is countered by the quantum diffusion of the photoelectron
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Figure 2.10: (a) Typical HHG spectra obtained in our lab for Xe and Ar target
gases. (b) We can take the Fourier transform for these spectra to get an idea of the
temporal structure of the harmonics. We can see they correspond to a train of short,
attosecond pulses. The overall shape and envelope of these harmonics depends on
the ionization probability of the ground state population, shown as a function of
time in the inset of (b).

wavepacket at longer wavelengths.

2.2.4 Isolated Attosecond Pulses

APTs are a great source for probing atomic and molecular processes that occur on

the femtosecond timescale. However, due to the ambiguity of excitation time that

arises from the pulse train, the resolution from these attosecond pulses is typically

limited to the duration of the APT envelope. While a few groups have utilized in-

terferometric pump-probe configurations to achieve sub-cycle resolution using APTs

[38, 39, 40], to really achieve sub-10 fs time resolution, we need to employ single

attosecond pulses (SAP).

Achieving an SAP is no trivial feat. Since the light-matter interaction intrinsi-

cally occurs with a To/2 periodicity, the only way to break this cyclic behavior is

to gate the HHG emission to half an optical cycle. This can be accomplished using
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three different methods. Amplitude gating is the most common way of producing

short SAPs [41] and takes advantage of the HHG cut-off energy. The highest energy

harmonics are only going to be produced at the peak intensity of the laser field cor-

responding to a single half cycle. Therefore, they form an energetic continuum near

the cut-off energy in the HHG spectrum. By using a filter to transmit the spectrum

around this cut-off energy, only the single attosecond burst produced at the peak

intensity will be transmitted. However, due to the availability of band-pass filters,

this method is typically limited to the cut-off energies in Ne around 100 eV.

Another method to create SAPs is to create match the negative dispersion from

the electron plasma with the positive dispersion from the gas for a single half cycle,

thus creating a macroscopic phase-matching window. Since the plasma dispersion is

tuned by controlling the amount of ionization, this method is referred to as ionization

gating [42, 43, 44]. While ionization gating has been shown to efficiently generate a

large flux of SAPs in a Xe target, it is not easy to control the macroscopic phase-

matching conditions in noble gases with higher ionization potentials.

The most versatile method for producing an SAP is through polarization gating

[45, 46, 47]. This method takes advantage of the sensitivity of the electron recombi-

nation step to elliptically polarized laser fields. L’Huillier’s et al. [48] demonstrated

that the harmonic yield in Xe, Ar, and Ne decreased by about an order of magni-

tude moving from linear polarization to an ellipticity of 0.2. Therefore, polarization

gating employs the use of birefringent optics to create a time-dependent ellipticity

in the driving field such that the polarization is only linear for half an optical cycle.

This method has been able to produce SAPs with the greatest photon flux and it

has also been demonstrated to work in Xe, Ar, Ne, and He. Fig. 2.11 shows an SAP

spectrum obtained through Double Optical Gating (a flavor of polarization gating)

in Ar. Due to its continuous nature, when we Fourier transform the spectrum (inset

in Fig. 2.11) we see that it corresponds to a 250 as SAP. I will talk more about

generating SAP in Chapter 7.
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Figure 2.11: (a) One method to produce an SAP is to gate the polarization of the
laser pulse such that linear polarization is only achieve over half an optical cycle.
This is done by creating two counter-rotating, circularly polarized pulses which
overlap half an optical cycle. (b) A typical spectrum produced in Ar through a type
of polarization gating known as Double Optical Gating. The continuous spectrum
is able to support an isolated 250 as pulse (inset).
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CHAPTER 3

Experimental Set-up

Using the femtosecond and attosecond pulses described in the previous chapter,

we can obtain high-resolution data on how chemical reactions evolve on the most

fundamental time scales in atoms and molecules. However, due to the time resolution

imposed by the CCD cameras (i.e., acquisition rate) we use in our experiment, we

cannot simply observe the reaction dynamics in realtime. Instead, we preform a

pump-probe experiment. In a pump-probe experiment, two different laser pulses are

employed to achieve the necessary time resolution. First, the pump pulse is used

to promote the ground state population of the atom or molecule into an excited

quantum state, launching an excited state reaction. Next, a time-delayed probe

pulse is used as a shutter to capture the dynamics of the excited state population

at various delays during it’s evolution. The time resolution is therefore set by the

cross-correlation of the two pulses, or

C(τ) =

∫ ∞

−∞
Ipump(t)Iprobe(t− τ)dt. (3.1)

In this above equation, there are two time-scales that appear: t, the real-time of

the quantum system, and τ , the experimental time delay between the pump pulse,

Ipump(t), and probe pulse, Iprobe(t − τ). In pump-probe experiments, we only have

access to the delay time dynamics, which is an integration over the time duration

of the two laser pulses. Therefore, the time resolution for a standard pump-probe
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Figure 3.1: Schematic of the APT, XUV-pump and NIR-probe set up used to study
coupled molecular dynamics.

experiment, assuming Gaussian laser pulses, is given by

σres =
√
σ2

pump + σ2
probe, (3.2)

where σpump and σprobe are the time durations of our pump and probe pulse respec-

tively. If we do a degenerate pump-probe experiment with our 40 fs amplified pulse,

our time resolution will be σres = 56.6 fs. For a pump probe experiment between

our 40 fs pulse and APT (∼ 5 fs pulse envelope), we obtain an even better time

resolution of σres = 40.3 fs.

In general, we experimentally employ an XUV, APT-pump and NIR-probe con-

figuration to resolve coupled electron, nuclear reactions in molecules. A schematic

of our pump-probe set-up is shown in Fig 3.1. A beamsplitter is used to split the

amplified, femtosecond pulse into two pathways. The first pathway is used to drive

the HHG source and produce an APT. The APT is focused by a toroidal mirror into

an interaction chamber where it excites a specified target gas, launching an excited

state reaction. The excited state reaction is then probed with the time-delayed

NIR pulse from the second beam splitting pathway. In this chapter I will discuss
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the various aspects of our pump-probe set-up including the HHG source geometry,

the grazing based optics required for XUV light, the Velocity Map Imaging spec-

trometer (VMI) used to observe the excited state reaction, and the HHG diagnostic

techniques.

3.1 High Harmonic Generation Geometry

The theory for HHG presented in the previous chapter was for a single atom re-

sponse. To achieve enough harmonic light, HHG is performed in a gas ensemble and

special care is taken to make sure the harmonic light emitted at each point in the

macroscopic ensemble is in phase. This is termed phase-matching. The idea behind

phase-matching is to balance the spatial wavevector of the fundamental generating

light and the emitted harmonic light. The wavevector of a partially ionized gas

ensemble can be written as

k(ω) = kvac(ω) + kgas(ω) + kplasma(ω) + kgeo(ω), (3.3)

where kvac(ω) = ω/c is the typical vacuum dispersion, kgas(ω) = ngas(ω)ω/c is the

neutral gas dispersion, kplasma(ω) = np(ω)ω/c is the plasma dispersion, and kgeo is

the geometric dispersion due to the experimental geometry of the HHG set up. The

quantities ngas(ω) and np(ω) =
√

1− (ωp/ω)2 are the neutral gas and plasma refrac-

tive indices respectively where the plasma frequency is given by ωp = Nee
2/εome and

Ne is the number of free electrons [16, 49]. To achieve phase-matching, we require

∆k = k(ωq)− qk(ω) = 0 (3.4)

where ωq is the frequency of the qth harmonic. Therefore phase-matching is achieved

by balancing the neutral gas dispersion, plasma dispersion, and geometric disper-

sion. This creates a complex parameter space in which the pressure, intensity of

the driving laser field, and experimental geometry can be tuned to achieve phase-

matched harmonics.
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Figure 3.2: Figure demonstrating the various HHG geometries used to generate
phase-matched XUV harmonics, including the (a) gas jet (GT), (b) static gas cell
(SGC), (c) semi-infinite gas cell (SIGC), and (d) hollow-core waveguide (HCW). (e)
A plot comparing the performance of of the SGC, SIGC, and HCW HHG geometries.
Clearly, the SIGC produces the highest flux of phase-matched harmonics.

The four common HHG geometries employed to generate a high flux of phase-

matched XUV light are shown in Fig. 3.2 (a)-(d). The most common geometries

are the gas jet (GJ) and finite gas cell (FGC) geometries (Fig. 3.2 (a) and (b)

respectively). The geometric dispersion terms in these geometries are due to the

Guoy phase slip of a Gaussian beam passing through a focus [50]. This term actually

acts to reduce phase-matching, so the gas sources have to be placed after the focus

to avoid this phase slip. As a result, a curved wavefront is used to generate the

harmonics. One advantage to these geometries is that a small interaction length

of less than 2 mm can be used to create the harmonics, reducing the absorption of

harmonics by the driving medium.

Another, less common, geometry is the semi-infinite gas cell (SIGC - Fig. 3.2 (c))

which is capable of producing µJ harmonic pulse energies [51, 52]. In this geometry,

a long arm is statically filled with some source gas and a metal foil is placed at one

end of the arm. The other side of the foil is kept at high vacuum. The driving

laser is loosely focused into the cell and the focus is placed at a location near the

metal foil at the end of the arm. The high driving pulse energy drills a small hole

in the metal foil. Since harmonics are only produced in the focal volume of the
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laser pulse, they will travel through a small volume of gas and immediately enter

the vacuum on the other side of the foil. The loose focusing geometry of the pulse

reduces the geometric dispersion due to the Guoy phase slip and accommodates for

the production of high-flux, phase-matched harmonics with very little absorption in

the driving medium.

The final geometry is the hollow-core waveguide (HCW - Fig. 3.2 (d)) which is

the set-up employed in our lab. In this geometry, a 3 cm long cylindrical waveguide

with a 150 µm hollow-core is statically filled with gas and pumped on either side

of the fiber with turbo pumps. The HCW is aligned to couple the fundamental

mode of the driving laser into the waveguide geometry. The laser field inside the

HCW has a flat wavefront so there is zero effect from the Guoy phase slip of the

beam. In addition, the HCW itself provides some negative dispersion which can

help compensate for the positive dispersion introduced by the neutral gas. The only

downsides are that the alignment to the fundamental mode within the HCW can be

quite cumbersome and the long path length of the light within the fiber can lead to

significant absorption of the harmonic light.

There have only been a hand full of studies to provide a direct comparison

between the various HHG geometries [50, 53]. In an early study by Constant et al.

[50], they found that the HCW geometry yielded 2× the photon flux as compared

to the GJ geometry. In a more recent study by Brichta et al. [53], they preformed

a systematic comparison between the SIGC, FGC, and GJ geometries. They found

the SIGC to be the superior geometry, yielding more than 2× the flux compared

to the FGC and more than 30× the flux compared to the GJ. To bridge the gap

between the comparison of the two gas cell geometries and the HCW, we performed

an experiment to measure the harmonic spectrum resulting from the SIGC, FGC,

and HCW geometries. The results are shown in Fig. 3.2 (e). In line with the result

from Brichta et al., we also find the SIGC to be the superior geometry in terms of

photon flux, producing more than 3× the harmonic yield as compared to the HCW

and 20× the yield as compared to the FGC. In addition to the integrated harmonic

yield, we also recorded the stability of each geometry by measuring the yield of
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Table 3.1: Comparison between the relative flux and stability (contrast) of the
different HHG geometries.

Geometry Integrated Yield Contrast
(arb. units) (%)

SIGC 1.00 3.1
FGC 0.042 2.2
HCW 0.28 0.68

the 15th harmonic over a 5 minute period and calculating the fluctuation contrast,

defined as

C =
Imax − Imin

Imax + Imin

, (3.5)

where Imax is the highest value recorded in the harmonic yield and Imin is the low-

est value. The results are recorded in Table 3.1. In terms of stability, the HCW

geometry has the smallest fluctuation contrast with a value that is 5× less than the

SIGC value. Therefore, we employ the HCW geometry to obtain the most sensi-

tive measurement of the quantum dynamics arising from an excited state molecular

reaction.

3.2 Grazing Optics & Toroidal Mirrors

With a stable source of high flux, attosecond harmonics, we now turn to the use

of optics to manipulate and focus the light. Unfortunately, the absorption coeffi-

cient of most metals and dielectrics peaks in the XUV energy regime. Therefore,

due to absorption loss, we cannot use conventional metallic mirrors or glass lenses

to manipulate the XUV beam. On the other hand, the reflection off a material

boundary scales to unity with an increasing grazing angle, irrespective of energy

[54]. Therefore, we can use grazing optics to manipulate our XUV beam.

In the experimental set-up, we use two fused silica grazing optics. The first

optic is a flat mirror placed at an angle of 82◦ with respect to the XUV beam

(corresponding to a 65% reflection). This reflects the XUV light by 16◦ towards a

toroidal grazing mirror. The toroidal grazing mirror is used to focus the light and
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minimize aberrations in the beam. If we were to use a spherical mirror to focus

the beam, the off-axis reflection would result in severe spherical aberrations [54].

Instead, a toroidal mirror is manufactured with two different axes of curvature, the

tangential and sagittal axes, as shown in Fig. 3.3. The curvature for each axis is

chosen such that, for a given grazing incidence, the beam along each axis is focused

to the same point. The formulas for equating the focal distances for a grazing angle

reflection of α off a toroidal mirror are given by [55]

1

do
+

1

di
=

2

R cosα
(3.6)

for the tangential ray and
1

do
+

1

di
=

2 cosα

ρ
(3.7)

for the sagittal ray. In these equations, do is the distance between the object and

toroidal mirror, di is the distance between the toroidal mirror and the focal plane,

R is the tangential radius of curvature, and ρ is the sagittal radius of curvature. For

the two axes to have the same focal length, we must equate Eq. 3.6 and 3.7 to find

ρ = R cos2 α. The toroidal mirror in our set-up is designed to focus the XUV beam

to a distance of di = 1000 mm at a grazing angle of α = 82◦.

3.3 Gas Injection & Velocity Map Imaging Detector

The XUV beam is focused by the toroidal mirror to the center of an interaction

vacuum chamber containing the gas injection source and Velocity Map Imaging

(VMI) detector. The gas injection source is an effusive gas jet created by backing

a 50 µm, laser drilled hole in the center of the repeller plate (discussed later) with

50-100 torr of specified gas. The XUV pulse focuses about 3 mm above the effusive

jet where it interacts with molecules at a density of around 1013-1014 cm−3. This

XUV beam is used to excite the ground-state population of the molecular ensemble

in the effusive jet and launch an excited state reaction.

To probe the time dynamics of this reaction, a time-delayed NIR pulse is focused
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Figure 3.3: Geometry of the toroidal grazing mirror. The radius of curvature for the
sagittal and tangential axes (R and ρ respectively) are designed to focus the XUV
beam aberration-free to the same imaging plane.

onto the excited molecules to project the population onto a probing pathway. In

our set-up, the probing pathway is the generation of unique charged particles (i.e.,

photoelectrons or photoions) that can only originate from the NIR probing step.

Therefore, by measuring the production of charged particles as a function of XUV-

pump and NIR-probe time delay, we have a unique measure for the time dynamics

of the excited state reaction.

To image the charged particles generated in the pump-probe experiment, we use

a VMI detector. The VMI detector functions in a similar manner as a microscope.

In a microscope, a system of lenses is used to map the spatial vector of a microscopic

object to an imaging plane where it is captured by a camera. In the VMI, a system

of electrostatic lenses is used to map the velocity vector of a charged particle to

an image plane where it can be captured by a micro-channel plate (MCP) detector.

Every particle with the same initial velocity vector will be mapped to the same point

on the detector, irrespective of spatial location. Unlike conventional time-of-flight

detectors where the energy information of the charged particle is stored along the

time-of-flight axis, both the energy and angular information of the emitted charged

particles are mapped to the spatial axes in VMI making it a much more powerful
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technique [56].

To achieve the desired electrostatic focusing, we use a series of three circular,

metallic plates set at different voltages: the repeller, extractor, and ground plates.

A schematic of the VMI set-up is shown in Fig. 3.4 (a). As mentioned above,

the effusive gas jet is created through a 50 µm hole in the repeller plate so the

repeller plate actually sits behind the gas jet. The role of the repeller plate is

to therefore repel the charged particles away from the interaction region towards

the detector. The combination of the extractor and repeller plate then distorts

the equipotential lines to allow the charged particles to focus in a velocity specific

manner at the detector [57]. This is demonstrated in Fig. 3.4 (b) where I have

plotted the equipotential lines within the VMI spaced by 200 V. We can see that

charged particles with the same velocity emitted at +2.5 mm, 0 mm, and -2.5 mm

along the laser propagation axis are focused to the same point on the detector.

Finally, the ground plate allows the particles to travel in a field free drift tube

before they hit the detector. An additional grounded, mesh grid is place shortly

before the detector to uniformize the fields within the VMI and create a clean image

at the detector.

To image the charged particles at the focal plane of the VMI, we use an MCP

detector. An MCP works in a similar manner to a photomultiplier tube. A voltage is

applied to either the front or back plate (Fig. 3.4 (a)) of the MCP to accelerate the

charged particles towards two stacks of mirco-channels. The micro-channel stacks

are manufactured in the chevron configuration where the channels are angled at +45◦

and -45◦ with respect to the image plane. When a charged particle hits the top stack,

a shower of electrons are produced which grow in number as the event propagates

between the two micro-channel stacks. The electrons are then accelerated towards

a phosphor screen. When the voltage difference between the MCP stacks and the

phosphor screen is large enough, the phosphor will fluoresce. The fluorescence is

captured by a grid of optical fibers and imaged with a CCD camera. Therefore, the

MCP is capable of spatially resolving the charged particles.

When we use XUV radiation to ionize a molecule, the molecule can break up into



50

Dri$%Tube%

Microchannel%
Plate%

Repeller%(R)%

Extractor%(E)%

Ground%(G)%

Front%Plate%(F)%
Back%Plate%(B)%

Phosphor%(Ph)%

(a)$ (b)$

Mesh%Grid%

R%

E%

G%

F%

Figure 3.4: (a) A cross-section of our Velocity Map Imaging (VMI) spectrometer.
The repeller (R), extractor (E), and ground (G) plates are electrostatic lenses used
to focus charged particles formed in the interaction region in a velocity-specific
manner. The microchannel plate (MCP) is then used to image the the charged
particles at the focal plane of the VMI. (b) A Simion [58] simulation plotting the
equipotential lines spaced by ∆V = 200 V within the VMI geometry. When we
release photoelectrons with10 eV of kinetic energy at different regions along the
propagation axis, the simulation predicts that the electrons with the same velocity
will arrive to the same point on the front plate regardless of their location of birth.
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Table 3.2: Typical voltages applied to the various plates in the VMI set-up for both
photoelectrons and photoions.

Photoelectrons Photoions
DC (kV) Pulse (V) DC (kV) Pulse (V)

R -3.000 0 +2.000 0
E -2.465 0 +1.640 0
G 0 0 0 0
F 0 0 -1.120 -800
B +1.120 +800 0 0
Ph +4.120 0 +2.120 0

constituent fragments (photoions). These ions will travel with different momenta in

the VMI detector depending on their mass and will therefore have different time-

of-flight arrivals. To avoid collecting all ionic species produced in the probing step,

we time gate our MCP such that phosphor only fluoresces within a 400 ns window.

This is accomplished by pulsing the voltage on the front (or back) plate of the

MCP. Therefore, by tuning the delay of the pulse, we can collect a single ionic

species within the 400 ns window. Table 3.2 lists the typical voltages used in the

VMI and MCP for both photoelectron imaging and photoion imaging.

For a VMI to function properly, the polarization of the incident light must be

parallel to the detector plane. For charged particles emitted within this plane, the

particles will be mapped to a specific radius R on the MCP detector governed by the

equation [57] R(v||) = v||tTOF, where v|| is the initial velocity of the charged particle

parallel to the detector plane and tTOF is the time-of-flight from the interaction

region to the detector. Since v|| is related to the kinetic energy of the charged

particle by K = 1/2mv2
||, we can rewrite R as

R =

√
2K

m
tTOF (3.8)

wherem is the mass of the charged particle. Therefore, there is a one-to-one mapping

between the radius on the detector and the energy of the charged particle. To

calibrate this energy axis, we can rewrite Eq. 3.8 as K(R) = aVMIR
2 where a is
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a scaling coefficient determined by tTOF and which is highly sensitive to the VMI

geometry. The value of aVMI can be calculated using Simion software [58] to solve

the 3-dimensional Leplace equation and simulate the trajectories of charged particles

within the VMI.

However, the better method is to use the phenomenon known as above threshold

ionization (ATI) [59]. In ATI, an atom exposed to a strong laser field can absorb

more than the minimum number of photons required to photoionize the atom. This

produces a series of photoelectron peaks spaced by the incident photon energy.

Experimentally, we perform ATI in Xe since it is a relatively easy noble gas to

ionize. A typical VMI image for ATI in Xe is shown if Fig. 3.5 (a). Since the

absorption of a photon imparts an angular momentum of ∆l = ±1 on the atom,

we observe rich angular structure for the multiphoton ionization in the ATI VMI

image. To calibrate the VMI, we take a line-out of the VMI image along the laser

polarization (vertical axis) as shown in Fig. 3.5 (b), and record the radial position

R (in units of pixels) of each ATI peak. Since the energy K(R) ∝ R2, we can apply

a linear fit to the data set R2 as a function of ATI peak number and impose the

constraint that the separation between adjacent peaks is equal to the photon energy

~ωo = 1.58 eV to arrive at the calibration of aVMI = 1.40× 10−4 eV/pixel2.

3.4 X-ray Spectrometer

To characterize the spectrum of our attosecond pulses, we can use the VMI set-up

to collect the photoelectrons ionized by the high-order harmonics. However, this

method is quite sensitive to the gas density and cross-section of the atomic target

and generally leads to spectral broadening in the photoelectron peaks. The bet-

ter method is to characterize the spectrum using an XUV spectrometer. In our

lab, we use a home-built XUV spectrometer which employs the use of a concave

diffraction grating to image the spectral axis of our attosecond pulses. The diffrac-

tion grating is manufactured with a blaze angle of θB = 1.5◦, a line spacing of

d = 1/(1200 grooves/mm), and a radius of curvature of R = 1000 mm. The diffrac-
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Figure 3.5: (a) A typical VMI image demonstrating above threshold ionization (ATI)
in Xe atoms. The rich radial and angular structure is a result of the atom absorbing
more than the minimum number of photons required to ionize the valence electron.
(b) Since the photoelectron peaks in this ATI image are separated by ∆E = ~ωo,
we can use the ATI spectrum to calibrate the VMI spectrometer.

tion angle of the qth harmonic can be characterized using the grating equation, or

mλq = d(sinα + sin βq), (3.9)

where m is the diffraction order, α is the angle of incidence on the diffraction grat-

ing, and βq is the diffraction angle of the qth harmonic. The set-up of the XUV

spectrometer is shown in Fig. 3.6 (a). To image the focal plane of the harmon-

ics, we use an x-ray CCD camera placed at 120◦ with respect to the XUV incident

beam. Therefore, we have the experimental constraint that the central harmonic

energy must obey α + βq = 120◦. In addition to the diffraction angle, we can also

calculate the focus of the qth harmonic as [60]

fq =
rR cos2 βq

r(cosα + cos βq)−R cos2 α
. (3.10)
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Figure 3.6: Schematic of the XUV spectrometer used in our experiments. A concave
diffraction grating characterized by a radius of curvature R and line-spacing d, is
used to focus the spectral axis of the attosecond pulses to an image plane where it
is measured by an x-ray CCD camera.

Since the curved diffraction grating is used to image the spectrum at the focus of

the XUV beam inside the interaction chamber, the quantity r refers to the object

distance between the XUV focus at the center of the interaction chamber and the

diffraction grating.

To calibrate the XUV spectrometer, previous groups have employed the use of

well known atomic absorption lines [61] and material absorption edges [62] in the

XUV regime. However, due to various experimental difficulties, we instead use

photoelectron spectra collected with the VMI to calibrate our XUV spectrometer.

By fitting the various photoelectron peaks which arise due to photoionization by

different harmonics, we can record the energy of each harmonic peak. We can then

use the equation [62]

λ(n) =
λ(n1)− λ(n2)

n1 − n2

(n− n2) + λ(n2) (3.11)

to calibrate the wavelength λ(n) for the entire n pixel axis. In this equation, λ(n1)

and λ(n2) are the recorded wavelengths for two different harmonic peaks at a pixel

number of n1 and n2 respectively. This calibration allows us to fill in the rest of the

spectral axis.
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3.5 Pulse Characterization Techniques

As I mentioned in the previous chapter, the temporal profile of an ultrashort laser

pulse can be determined by Fourier transforming the spectrum of that pulse. How-

ever, any spectrum we measure experimentally will be given by the spectral intensity,

I(ω) ∝ |E(ω)|2, and the phase information will be lost. On the other hand, we could

also resort to a time domain measurement where we split the pulse into two and take

a cross-correlation measurement of the pulse. However, the cross-correlation mea-

surement will measure a broadened profile of I(t), and again the phase information

is lost. Instead, we must make a “time-frequency” domain measurement in order

to retain the phase information of the electric field and completely reconstruct the

pulse [63]. In this final section, I will discuss the three techniques we use to measure

the pulse duration of our amplified femtosecond pulse, attosecond pulse train, and

single attosecond pulse.

3.5.1 FROG

The most common method for reconstructing the electric field profile of an ultrashort

laser pulse is through the method of Frequency Resolved Optical Gating (FROG)

[63]. FROG is accomplished utilizing a cross-correlation measurement in some non-

linear medium. However, instead of exclusively measuring the intensity of the signal

pulse, we can instead generate a two-dimensional plot by recording the spectrum

of the signal pulse as a function of time delay between the two laser pulses. This

two-dimensional plot is referred to as a spectrogram and can be mathematically

expressed in the most general case as

S(ω, τ) =

∣∣∣∣
∫ +∞

−∞
E(t)g(t− τ)e−iωtdt

∣∣∣∣
2

. (3.12)

The direct interpretation of this equation is that we experimentally use some time-

delayed gate pulse g(t− τ) to sample the complex electric field of our ultrafast laser

pulse E(t). This sampling is collected as a spectral intensity, hence the Fourier
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transform. In the case of FROG, we use the laser pulse itself as the time gate such

that g(t− τ) = E(t− τ). Therefore, the spectrogram will read as

S(ω, τ) =

∣∣∣∣
∫ +∞

−∞
E(t)E(t− τ)e−iωtdt

∣∣∣∣
2

. (3.13)

If we multiply out the above equation, we will find that the signal produced by

the non-linear addition of the two pulses corresponds to the second harmonic of

the fundamental frequency. We therefore refer to this flavor of FROG as second

harmonic generation (SHG) FROG. We can record the spectrum of the second

harmonic signal as a function of time delay between the two pulses in order to

obtain the spectrogram of the laser pulse. The experimental layout for such a

SHG-FROG set-up is shown in Fig. 3.7 (a) and Fig. 3.7 (b) displays a typical

spectrogram for the output of the femtosecond amplifier. To reconstruct the complex

electric field of the laser pulse from the spectrogram, we use an iterative principal

components general projections algorithm [63] to test many different trial electric

fields and slowly converge to the correct solution. Fig. 3.7 (c) plots the electric field

reconstructed from the FROG spectrogram in Fig. 3.7 (b).

3.5.2 RABBITT

Even though HHG was discovered in the late 1980s, it wasn’t until 2001 that an

experimental group from France was able to confirm that the bursts of radiation

emitted in the HHG process were sub-femtosecond pulses. This group used the

method referred to as the Reconstruction of Attosecond Beating By Interference

of Two-photon Transitions (RABBITT) to reconstruct the temporal profile of the

attosecond pulse train [4]. The idea behind RABBITT is schematically shown in

Fig. 3.8 (a). When the harmonics from an APT ionize an atom, they generate a

photoelectron wavepacket in the continuum with discrete energy bands correspond-

ing to the energy of the harmonics. Since the APT is composed of odd harmonics,

the energies within the photoelectron wavepacket will be separated by 2~ωo. When

the fundamental NIR pulse overlaps in time with the APT, the photoelectrons will
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Figure 3.7: (a) An example of a SHG-FROG set-up in which two time-delayed
pulses are focused into a non-linear crystal to generate a second harmonic signal.
The spectrum of the second harmonic signal is then recorded as a function of time
delay, yielding a two-dimensional spectrogram. (b) A typical spectrogram obtained
for the amplified 40 fs laser pulse at the output of the amplifier. The spectrogram
can be used to fully reconstruct the electric field of the pulse by employing an
iterative general projections algorithm. (c) The reconstructed electric field for the
spectrogram in (b).
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emerge into the continuum in the presence of the NIR field. This can induce a

continuum-continuum transition which allows the photoelectrons to absorb an NIR

photon. Therefore, new ‘sidebands’ appear in between the harmonics. For a given

pair of harmonics, ωq and ωq+2, a sideband will appear in between the harmonics at

ωq+ωo = ωq+2−ωo. Since the APT imparts it’s spectral phase on the photoelectron

wavepacket, the contribution from ωq + ωo and ωq+2 − ωo will interfere with time,

manifesting as an oscillation in sideband photoelectron yield with a frequency cor-

responding to the separation between the two harmonic contributions (2ωo). The

phase of this oscillation will correspond to the spectral phase difference between

the two harmonics. We can apply a simple perturbation theory analysis to this

XUV+NIR process to find that the time-dependent intensity of the photoelectron

sideband goes as [16]

ISB(τ) = 2(Mg,qMq,q′)
2IXUVINIR [1 + cos(2ωoτ + ∆φq,q+2)] (3.14)

where Mg,q and Mq,q′ are the ground-continuum and continuum-continuum dipole

matrix elements respectively, IXUV and INIR are the APT and NIR pulse intensities,

τ is the time delay between the XUV and NIR pulse, and ∆φq,q+2 is the spectral

phase difference between the harmonics ωq and ωq+2.

Experimentally, we preform a RABBITT scan by recording the integrated yield

of the photoelectron sideband oscillation as a function of XUV-pump and NIR-probe

time delay using our VMI spectrometer. A typical RABBITT scan is shown in Fig.

3.8 (b). We can see that the phase of the different sideband oscillations changes

linearly with energy, demonstrating the linear chirp imparted in HHG discussed

in the previous chapter. We can reconstruct the temporal profile of the pulse by

incorporating the spectral phase of each harmonic into the HHG spectrum and

Fourier transforming it into the time domain. In Ar harmonics, the typical APT

pulse envelope is shown in Fig. 3.8 (c), yielding a pulse duration of 260 as for an

individual half-cycle burst.
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Figure 3.8: (a) When the APT ionizes an atom, the harmonics will give rise to
discrete photoelectron energy bands. In the presence of the fundamental NIR field,
the photoelectrons can absorb or emit an NIR photon resulting in sidebands (SB)
between the harmonic bands. As we delay the NIR pulse with respect to the APT,
the SB intensity will modulate with a frequency of 2~ωo and a phase corresponding
to the spectral phase difference between the adjacent harmonics. (b) A typical
RABBITT spectrogram for an APT produced with Ar harmonics. We can see
that the SB oscillations are linearly dependent on the energy (white dashed line),
corresponding to the chirp in the attosecond pulse. (c) The electric field of the APT
reconstructed from the RABBITT spectrograph in (b).
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3.5.3 FROG-CRAB

In an APT, the presence of multiple harmonics will lead to spectral interferences

which modulate the sideband intensities. However, if we gate the driving field to

produce a broadband, isolated attosecond pulse, we will no longer get this modu-

lation, or sidebands for that matter. Instead, the attosecond pulse will produce a

broadband, temporally localized photoelectron wavepacket with a duration much

shorter than the optical cycle of the NIR field. When the photoelectron wavepacket

is born in the continuum in the presence of the strong NIR field, the momentum of

the wavepacket will be perturbed by the NIR field to a new value of

~p(t) = ~ν + ~A(t), (3.15)

where ~ν is the initial momentum of the wavepacket and ~A(t) is the vector potential of

the laser field. This perturbation results in a phase modulation in the photoelectron

wavepacket of [64]

φ(t) = −
∫ +∞

t

dt′
[
~ν · ~A(t′) + | ~A(t′)|2/2

]
, (3.16)

resulting in a momentum shift of the wavepacket in the plane of the NIR polarization

as shown in Fig. 3.9 (a). An experimental example of an attosecond electron

wavepacket being streaked by a strong NIR field is shown in Fig. 3.9 (b) [65].

The energy (and hence, the momentum) of the wavepacket is clearly modulating in

sync with the the field of the laser. We can conveniently write out the transition

amplitude to the continuum state ~ν as [64]

a(~ν, τ) = −i
∫ +∞

−∞
dteiφ(t)d~p(t)EXUV (t− τ)e−i(ν

2/2+Ip)t, (3.17)

where τ is the time delay between the XUV and NIR fields, d~p(t) is the dipole matrix

element from the ground state to the perturbed continuum state, EXUV (t − τ) is

the complex electric field of the attosecond pulse, and Ip is the ionization potential
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Figure 3.9: (a) When an isolated attosecond pulse ionizes an atom, a temporally lo-
calized photoelectron wavepacket is created. In the presence of a probe NIR field, the
field can perturb the momentum of the wavepacket by a quantity ∆~p(t) = e ~A(t)/c.
As we delay the NIR pulse, the photoelectron wavepacket will see a delay-dependent
streak which follows the ~A(t) field of the laser pulse. (b) An example of a experimen-
tal attosecond streaking spectrogram showing the modulation of the photoelectron
wavepacket in the presence of the laser field. Adapted from Schmeinberger et al.
[67] with permission from the Optical Society of America (2012).

of the target gas. Since we experimentally measure the probability of this streaked

photoelectron wavepacket, we can write the attosecond streaking spectrogram as

|a(~ν, τ)|2 =

∣∣∣∣
∫ +∞

−∞
dt
[
eiφ(t)d~p(t)

]
EXUV (t− τ)e−iωνt

∣∣∣∣
2

. (3.18)

Therefore, the phase modulation induced by the NIR pulse can actually be used

as a gate to reconstruct the complex electric field of the XUV pulse using a sim-

ilar algorithm as the one employed for FROG [64, 66]. This technique has been

referred to as Frequency Resolved Optical Gating for the Complete Reconstruction

of Attosecond Bursts, or FROG-CRAB.
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CHAPTER 4

Quantum Treatment of Molecules

Before we can discuss the dynamics of a molecular system, we first need to under-

stand how to treat molecules in a quantum mechanical framework. We can start by

writing out the full quantum mechanical Hamiltonian for a molecule as [68]

Ĥmolec = T̂el + T̂nuc + V̂ (~ri, ~Rk) (4.1)

where

T̂el = − ~2

2me

∑

i

∇2
i (4.2)

is the electron kinetic energy operator,

T̂nuc = −
∑

n

~2

2Mn

∇2
n (4.3)

is the nuclear kinetic energy operator, and

V̂ (~ri, ~Rk) =
1

2

∑

i 6=j

e2

|~ri − ~rj|2
+

1

2

∑

n6=m

ZnZme
2

|~Rn − ~Rm|2
−
∑

n

∑

i

Zne
2

|~ri − ~Rn|2
(4.4)

is the potential energy operator incorporating all of the Coulomb interactions in

the many-body molecule. This molecular Hamiltonian depends on the coordinate

of the ith (jth) electron ~ri,j in the molecule, the mass the nth atom Mn, the atomic
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number of the nth (mth) atom Zn,m, and the coordinate of the nth (mth) atom ~Rn,m.

Since we are interested in the internal structure and dynamics of the molecule, all

of the coordinates will be expressed in the center-of-mass frame and the set of all

electronic and nuclear coordinates will be expressed by r and R respectively. The

above Hamiltonian is quite complex and there is no exact solution. Instead, we must

invoke an approximation known as the Born-Oppenheimer approximation. In this

approximation, we note that the reduced mass of the molecule is significantly larger

than the mass of the electron, therefore, the electrons will respond almost instan-

taneously to any change in the interatomic (nuclear) configuration of the molecule.

As a result, we can separate the Hamiltonian into two components,

Ĥ = T̂nuc + Ĥel(r,R). (4.5)

The solution to the electronic portion of the molecular Hamiltonian is given by [69]

Ĥel(r,R)|φk(r,R)〉 = Ek(R)|φk(r,R)〉 (4.6)

where |φk(r,R)〉 is the electronic wavefunction and Ek(R) is the R-dependent

eigenenergy for the kth electronic state. We refer to this eigenenergy as a potential

energy surface. If |φk(r,R)〉 forms a complete orthonormal basis, we can write out

the exact molecular wavefunction of Eq. 4.5 as

|ψ(r,R)〉 =
∑

k

χk(R)|φk(r,R)〉, (4.7)

where χk(R) is some expansion coefficient. If we plug the exact wavefunction into

Eq. 4.5 and use Eq. 4.6 to integrate over the electronic coordinates, we arrive at

T̂nucχk(R) +
∑

j

cjkχj(R) = [E − Ek(R)]χk(R). (4.8)

Eq. 4.8 is almost an eigenvalue problem with respect to the expansion coefficient

χk(R) and the operator T̂nuc. We can therefore interpret χk(R) as the nuclear
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portion of the molecular wavefunction which includes the rotational and vibrational

degrees of freedom for the molecule. The only complication that arises is the presence

of off-diagonal contributions from the coefficient

cjk =

∫
dRχ∗j(R)

∑

n

−~2

2Mn

[
〈φj(r,R)|∇2|φk(r,R)〉

+ 2 〈φj(r,R)|∇n|φk(r,R)〉∇n]χk(R),

(4.9)

where n is a sum over all atoms in the molecule. With the presence of the non-

adiabatic cjk coefficient, the electronic and nuclear wavefunctions become coupled.

However, in the Born-Oppenheimer approximation we ignore this coupling and take

all the cjk elements to be zero. With this approximation, we can write Eq. 4.8 as

[
T̂nuc + Ek(R)

]
χk(R) = Etotχk(R), (4.10)

where Etot is the total energy of the molecular wavefunction including electronic,

vibrational, and rotational contributions. Within the Born-Oppenheimer approxi-

mation, we can see that this nuclear wavefunction is directly dictated by the shape

of the potential energy surface of an individual electronic state. Therefore, the in-

teratomic motion of a given electronic state within the molecule will be governed by

the electronic potential energy surface.

For the case of a diatomic molecule, there is just one interatomic coordinate

R and the potential energy surface reduces to a one-dimensional curve. If the

potential energy curve exhibits a well defined global minimum (blue curve, Fig. 4.1),

the internuclear position at that minimum will correspond to the equilibrium bond

length of the diatomic molecule. However, if the potential energy curve decreases

monotonically with internuclear separation (green curve, Fig. 4.1), the lowest energy

configuration will correspond to R → ∞ and the molecule will dissociate into it’s

constituent fragments. The curvature of the potential energy curve will then set the

timescale for the molecular dissociation.

While the Born-Oppenheimer approximation has proven to be quite success-
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Figure 4.1: Examples of typical potential energy curves in a diatomic molecule
within the Born-Oppenheimer approximation. If the curve exhibits a well-defined
minimum (blue curve), the location of that minimum will depict the equilibrium
bond length of the molecule. If the curve decreases monotonically with increasing
R (green curve), the molecule will fragment into its constituent atoms.

ful in our understanding of fundamental molecular phenomena, many interesting

photochemical reactions occur at the breakdown of this approximation. While the

approximation treats all electronic states as isolated, the off-diagonal term in Eq.

4.8 can act to efficiently couple many different electronic states. We can recast the

off-diagonal coupling element as [70]

cjk =
∑

n

1

2Mn

(2Fjk · ∇n +Gjk) (4.11)

where

Fjk = 〈φj(r,R)|∇n|φk(r,R)〉 (4.12)

is the derivative coupling vector and

Gjk = 〈φj(r,R)|∇2
n|φk(r,R)〉 (4.13)

is the scalar coupling. Since we have chosen to expand the molecular wavefunction



66

in terms of electronic eigenstates (Eq. 4.7), the electronic Hamiltonian is diagonal

with respect to this basis and the off-diagonal coupling terms arises in the nuclear

portion of the molecular Hamiltonian. We call this basis the adiabatic basis and

the off-diagonal couplings non-adiabatic, nuclear couplings. We can express the

derivative coupling vector in the adiabatic basis as [71]

Fjk =
〈φj(r,R)|∇nĤel|φk(r,R)〉

Ek(R)− Ej(R)
. (4.14)

From this above equation, we see that these non-adiabatic couplings becomes non-

negligible near intersections between two different electronic potential energy sur-

faces and even become singular at the point of degeneracy.

In the case of a diatomic molecule, we can treat these singularities by transform-

ing into a basis where the derivative coupling vector vanishes to zero. We call this

new basis the diabatic basis and the off-diagonal couplings transfer to the electronic

Hamiltonian after transforming into this new basis. Since we have taken care of the

singularity in the diabatic basis, the potential energy surfaces are allowed to cross

within this basis. However, due to the singularity, potential energy surface crossing

are replaced with avoided crossings within the adiabatic basis [68]. The contrasting

behavior of the potential energy surfaces in both bases is shown in Fig. 4.2. The

diabatic curves (dashed lines) demonstrate a crossing at some internuclear config-

uration while the adiabatic curves (blue and green solid lines) exhibit an avoided

crossing. As a result of the avoided crossing, the potential energy curves in the adi-

abatic basis have a mixed electronic character. Finally, the physics of the molecular

system should not depend on the choice of basis. Therefore, both bases should yield

similar results as long as a sufficient number of states is included in the calculation.

In diatomic molecules, we can always transform into an adiabatic basis where

curve crossings are avoided. However, in polyatomic molecules, we cannot simulta-

neously lift these degeneracies for all degrees of freedom within the molecule [68, 71].

Therefore, surface crossings are inevitable for polyatomic molecules. We call these

surface crossings conical intersections. For both diatomic and polyatomic molecules,
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Figure 4.2: Demonstration of the difference between adiabatic (solid curves) and
diabatic (dashed curves) bases in a diatomic molecule.

avoided crossings and conical intersections can couple and transfer quantum pop-

ulation between different electronic states, resulting in fast and efficient reaction

dynamics.
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CHAPTER 5

Measuring Competing Relaxation Processes in

Superexcited O2

The following chapter contains content published in Timmers et al., “Dy-

namics of Neutral Superexcited Oxygen: A Direct Measurement of the

Competition between Autoionization and Predissociation,” Phys. Rev.

Lett. 109, 173001 (2012).

The interaction of atoms and molecules with high energy, UV radiation plays a

very important role in the chemistry of Earth’s stratosphere [72]. At the heart of this

chemistry is the excited (1D) oxygen atom. The photodissociation of ozone can give

rise to the production of (1D) O, however, the reaction of the excited atom with an

oxygen molecule can also lead to the reformation of the ozone molecules. Therefore,

the production of ozone is sensitively intertwined with the concentration of these

excited atoms. The reaction of (1D) O with water can also lead the formation of the

hydroxyl radical which is an important compound in the removal of ozone-depleting

gases [73].

Ozone fragmentation isn’t the only pathway leading to the production of (1D)

O. The atom can also be produced through the XUV photodissociation of the oxy-

gen molecule. When the molecule is excited to a highly non-equilibrium state, it

can couple to a myriad of dissociative molecular states, leading the the fragmen-
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tation of the molecule. This is referred to as predissociation. Understanding the

predissociation dynamics that give rise to fragmentation into (1D) O is necessary

for understanding the reaction rates that arise in Earth’s stratosphere.

In molecular oxygen, there are two prominent types of couplings that can lead to

predissociation into (1D) O: the non-adiabatic, nuclear coupling discussed in Chapter

4 and spin-orbit coupling. We can express spin-orbit coupling with the off-diagonal

matrix element [74]

Vnm = 〈φm(r, R)|ĤSO|φn(r, R)〉 (5.1)

where ĤSO is the spin-orbit operator. This quantity depends on both the spin and

orbital angular momentum ladder operators, or ŝ± and l̂± respectively. The spin-

orbit operator is summed over the total number of electrons and is proportional

to

ĤSO ∝
∑

i

l̂+i ŝ
−
i + l̂−i ŝ

+
i . (5.2)

Therefore, we can see that this coupling involves an exchange of a unit of orbital

and spin angular momentum between coupled electronic states. This coupling is

generally weaker than nuclear couplings, however, can still accommodate predisso-

ciation. We can measure the predissociation rate of a molecular state |φn(r, R)〉 by

using Fermi’s Golden Rule, or

Γ =
2π

~
|Vnm|2, (5.3)

where Vnm = 〈φm(r, R)|ĤW|φn(r, R)〉 is the off-diagonal matrix element coupling

two electronic states, Ŵ is the operator responsible for the electronic coupling, and

|φm(r, R)〉 is the final dissociative electronic state.

5.1 Dispute in Dissociative Lifetimes

In the early days of configuration interaction calculations, there was a lot of interest

in drawing comparisons between high level computations and experimental spectro-
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Figure 5.1: Potential energy curves for the Rydberg series of nlσg excited states (blue
curves) converging to the c4Σ−u state of O+

2 (green curve). These states correspond
to the excitation/ionization of the inner 2sσu molecular orbital.

scopic data. Beebe et al. [75] computed over 300 molecular states for O2, O+
2 , and

O+2
2 in order to benchmark configuration interaction calculations. One state in par-

ticular in this set, the c4Σ−u state of O+
2 , drew a lot of interest for the quasi-bound

nature of it’s potential energy curve. This state arises from the removal of a 2σu

electron from neutral O2 and gives rise to a dissociation limit composed of (1D) O

atoms. The potential energy curve of this state is plotted in Fig. 5.1 (green curve).

Early spectroscopic experiments found that due to the quasi-bound nature of the

ionic state, the c4Σ−u state only supports two vibrational levels which are strongly

predissociative [76]. Tanaka et al. [77] made the first attempt to calculate the dis-

sociation lifetime of the c4Σ−u state based on configuration interaction calculations.

They calculated a lifetime based on a tunneling dissociation mechanism in which the

population could tunnel through the low potential barrier and into the dissociation

continuum. They calculated the lifetime of the first vibrational level, ν = 0, to be

10 ns.

Since this initial calculation by Tanaka et al. [77], there has been a lot of ex-

perimental [78, 79, 80, 81] and theoretical [79, 80, 82] effort to measure the lifetime
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of the quasi-bound vibrational levels of c4Σ−u state. There has since been a general

consensus in both the theoretical and experimental reports on the dissociation life-

time of the ν = 1 vibrational level of τ1 = 69 fs [78, 79, 80, 82]. However, the reports

of the ν = 0 lifetime differ by as much as two orders of magnitude. A high-precision

synchrotron measurement by Evans et al. [78] measured a line width for the ν = 0

vibrational level corresponding to a lifetime of τo = 270 fs. However, most experi-

mental and theoretical reports to come out since that measurement have said that

270 fs is too fast and that the non-zero fluorescence yield from ν = 0 implies a much

longer dissociation lifetime. The theoretical effort led by Demekhin [80, 82] claim

that based on computational measurements, the lifetime should be on the order

of 12 ps. On the other hand, the recent experimental reports place limits on the

lifetime of τo ≥ 600 fs [79, 81]. We decided to demonstrate the potential of ultrafast

XUV spectroscopy by putting and end to this disputed quantity by measuring the

lifetime unambiguously in the time-domain.

5.2 Superexcited Rydberg States

Rather than measure the dissociation lifetime in the ionic state, we decided to

measure the relaxation dynamics of the series of Rydberg states converging to (c4Σ−u

)O+
2 . These Rydberg states correspond to the excitation of a 2sσu electron to a

high-lying n(l = s, d)σg state and are referred to as superexcited molecular states

(blue curves, Fig. 5.1). Since their energies lie more than 10 eV above the ionization

potential of O2, the states exist in both a dissociative and ionization continuum. As a

result, there are two prominent relaxation mechanisms for these superexcited states:

predissociation and autoionization. These mechanisms are qualitatively explained in

Fig. 5.2. The predissociation mechanisms have already been discussed above for the

ionic c4Σ−u state. The effect of the loosely bound Rydberg electron on the nuclear

dynamics can be effectively ignored since the electron does not interact strongly

with the ionic core [79]. Therefore, these superexcited states should have the same

dissociation lifetime as (c4Σ−u )O+
2 .
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Figure 5.2: Superexcited states can relax via two different de-excitation pathways.
Fast predissociation into neutral fragments can occur through non-adiabatic cou-
plings. Since these superexcited states also exist in an ionization continuum, au-
toionization can also occur where the highly excited state spontaneously ejects an
electron, allowing the ionic core to relax to a lower energy configuration.

However, autoionization is an additional relaxation mechanism for these superex-

cited states. Autoionization occurs when a molecule is excited to a neutral state

that lies above the ionization potential of the molecule. The electronic core of this

state will exhibit strong electron correlation effects and can couple to lower-lying

ionic state by spontaneously emitting the loosely bound Rydberg electron, allowing

the ionic core to relax to a lower energy configuration. The coupling that gives rise

to this phenomenon can be expressed as [83, 80]

Vmn = 〈~k, ψm|Ĥee|ψ∗∗n 〉 (5.4)

where |ψ∗∗n 〉 is the neutral superexcited state, |~k, ψm〉 is an ionic state with lower

energy than |ψ∗∗n 〉, ~k is the momentum of the photoelectron ejected in the autoion-

ization process, and Ĥee is the electron-electron Coulomb operator which includes

the effects of the electron correlation coupling. We can calculate the autoionization

lifetime of the superexcited state in a similar manner as above by invoking Fermi’s

Golden Rule to calculate the transition rate.
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Finally, fluorescence can also be a relaxation mechanism for these superexcited

states, however, the corresponding lifetime is expected to take place on much longer

timescales. We can therefore effectively ignore the fluorescence lifetime. Since this

series of Rydberg superexcited states exhibits similar dissociation dynamics as c4Σ−u

state, there have been a lot of studies on these neutral superexcited states as a means

to measure the predissociation lifetime of the ionic c4Σ−u state [84, 79, 80, 85]. How-

ever, due to the large concentration of complex, Rydberg line shapes and the com-

peting relaxation mechanisms, frequency domain techniques employing synchrotron

light sources have been unsuccessful in characterizing the dissociation timescale of

this unique state.

5.3 Experimental Pump-Probe Set-Up

Before we can measure the relaxation dynamics for the n(s, d)σg Rydberg manifold

converging to c4Σ−u state, we need to determine an appropriate probing pathway.

The best probe would be to ionize the Rydberg state population to the ionic c4Σ−u

state. Since c4Σ−u state fragments into O+, this ionization event would generate both

an e− and an O+ ion, both of which we could measure with our VMI spectrometer.

To characterize the O+ spectrum created from c4Σ−u state ionization, we tune the

15th harmonic of our APT to the ν = 1 vibrational level of c4Σ−u state (24.754 eV

[78]). The resulting O+ kinetic energy spectrum is shown in Fig. 5.3 (b), calculated

from the VMI image for O+ ions (inset). The spectrum contains three distinct peaks

corresponding to three independent fragmentation events.

The origin of these O+ peaks have been extensively studied and explained else-

where [76, 86]. Briefly, the first and most prominent peak at 0.87 eV arises from the

dissociation of the B2Σ−g state of O+
2 to the first dissociation limit, O+(4S) + O(3P )

(L1 limit). The second and third peak, at 1.93 eV and 2.86 eV respectively, orig-

inate from the fragmentation of the c4Σ−u state. The peak at 1.93 eV arises from

c4Σ−u state dissociation of both vibrational levels to the second dissociation limit,

O+(4S) + O(1D) (L2 limit). Where as, the peak at 2.86 eV arises exclusively from
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Figure 5.3: (a) Relevant potential energy curves responsible for the dissociation
of O+

2 into O+ ions. (b) VMI kinetic energy spectrum for O+ ions when the 15th

harmonic is tuned on resonance with the c4Σ−u state. The corresponding VMI image
is shown in the inset. The three O+ peaks are color-coded to match the potential
energy curves in (a) that give rise to their fragmentation.

the dissociation of the ν = 0 vibrational level of c4Σ−u state to the L1 limit. The

potential energy curves of B2Σ−g and c4Σ−u state are shown in Fig. 5.3 (a) and are

color-coded to the VMI peaks in Fig. 5.3 (b) to give a better sense of where the

fragmentation to O+ originates from. Since we are interested in measuring the dis-

sociation dynamics of the ν = 0 level, we choose the c→ L1 O+ peak at 2.86 eV as

our probing channel.

To measure the relaxation dynamics of the superexcited states, we tune the

spectrum of our 15th harmonic to be resonant with low-n Rydberg states in the

series. The experimental spectrum of our 15th harmonic is overlapped with the

Rydberg state assignments by Hikosaka et al. [79] in Fig. 5.4 (b). We can see from

this plot that we are predominately exciting the (4d, 5d, 5s, 6s)σg Rydberg states

with our APT. As these states evolve, we can come in with a time-delayed NIR

pulse to ionize the loosely bound Rydberg population to the c4Σ−u state. Fig. 5.5

(a) and (b) show the O+ ion yield with and without the NIR probing field. In the

absence of the NIR probing field, the Rydberg population cannot access the c4Σ−u

state and fragment into the characteristic O+ channels. As a result, we measure
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Figure 5.4: (a) Pump-probe configuration to measure the relaxation dynamics of
the Rydberg series converging to c4Σ−u state. (b) The 15th harmonic is tuned to the
low-n Rydberg states. As these states evolve, we bring in a time-delayed NIR pulse
to ionize the loosely bound Rydberg population.

very weak counts in both the c → L1,L2 O+ peaks which arise from the direct

ionization to c4Σ−u state by the weak 17th harmonic. These counts are constant and

can be subtracted out as a DC background. However, as soon as we introduce the

NIR-probing field, the counts in both peaks increase to a non-zero amplitude.

Finally, since these Rydberg states share the same vibrational basis as the ionic

c4Σ−u state, we expect only ∆ν = 0 transitions in the NIR-ionization process. There-

fore, by measuring the O+ ion yield from the c → L1 channel as a function of

XUV-pump, NIR-probe time delay, we have a good measure of the ν = 0 relaxation

dynamics in the superexcited states. The results of this pump-probe experiment are

shown in Fig. 5.5 (c).

5.4 Modeling the Relaxation Dynamics

The data in Fig. 5.5 (c) demonstrates a clear exponential decay, however, we cannot

simply fit it to an exponential curve to extract out the dissociation lifetime. As

mentioned above, there are not only two competing relaxation mechanisms, but

also four prominent Rydberg states contributing to the dynamics. We need to find
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Figure 5.5: (a) O+ kinetic energy spectrum with (red) and without (blue) the prob-
ing NIR field (b) along with the corresponding VMI image. Clearly the two peaks
arising from the fragmentation of the c4Σ−u state are greatly enhanced by the in-
troduction of the NIR-probing field. (c) To measure the superexcited relaxation
dynamics, we measure the O+ ion yield from the c→ L1 fragmentation pathway as
a function of XUV-pump, NIR-probe time delay.

a way to disentangle the contributions from the different relaxation mechanisms

and accommodate for the differences in relaxation times for Rydberg states with

different principal and orbital angular momentum quantum numbers, n and l. To

do this, we establish a kinetic model based on the quantum defect theory.

Since these superexcited states arise due to the excitation of an electron from

the core of the molecule to a high lying Rydberg state, we seek hydrogenic solutions

to the Schrödinger equation. This seems feasible since the core has one less electron

so it can be effectively designated with a charge of +e. However, due to electron

screening effects within the core and penetrating interactions between the Rydberg

electron and the core, we cannot use the simple hydrogen model for this superexcited

system. Instead we must incorporate a quantum defect parameter which includes

the multi-electron correlation effects in this Rydberg system. The quantum defect is

dependent on the orbital angular momentum of the Rydberg electron and is denoted

by µl. To incorporate the quantum defect into the superexcited state, we define the

effective quantum number, n∗l = n− µl, such that the energy of the Rydberg state
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becomes [87]

Enl = Eo −
RZ2

(n∗l )
2

(5.5)

where Eo is the ionization threshold for the Rydberg series, R is the Rydberg con-

stant, and Z is the charge of the ionic core. We can use the Rydberg energy as-

signments from Hikosaka et al. [79] to calculate the effective quantum number for

the (4d, 5d, 5s, 6s)σg superexcited states to be 3.82, 4.83, 4.04, and 5.04 respectively.

Therefore, based on the similarity in their effective quantum numbers we can group

(4d, 5s)σg and (5d, 6s)σg into Rydberg state groupings.

We can also use the quantum defect theory to determine how various spectro-

scopic quantities scale with n∗l . One of the most important consequences of quantum

defect formalism is that the Rydberg wavefunction contains a pre-factor of (n∗l )
−3/2.

As a result, quantum mechanical observables that arise from the inner product be-

tween a Rydberg state and another state (i.e. ground state or ionic states) will

depend on the square of the inner product, or (n∗l )
−3 [88]. From this result, we

find that the oscillator strength for excitation from the ground state to a Rydberg

state and the autoionization rate scale as (n∗l )
−3. On the other hand, if we invoke

the ion-core approximation, the predissociation lifetime is constant with respect to

n∗l . The contrasting lifetimes of the two relaxation processes as a function of n∗l are

exhibited in Fig. 5.6.

Now that we have a good handle of the n∗l -dependence for autoioinization and

predissociation, we can derive a kinetic model for the relaxation of a single superex-

cited state. Beginning with the relevant rate equations, this derivation yields a

time-dependent O+ ion yield from the c→ L1 fragmentation pathway of

YL1(Po, τa, τd; t) = αPo

[
τd

τa + τd
e−t(1/τa+1/τd) +

τa
τa + τd

]
, (5.6)

where Po is the initial ν = 0 population in the superexcited states, α is the branching

ratio of ν = 0 population into the L1 limit, τa is the autoionization lifetime, and τd

is the dissociation lifetime. The complete derivation of this kinetic model is given

in Appendix B. We can see that the total lifetime is made up of a contribution from
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Figure 5.6: Different lifetime regimes of the kinetic model developed in Eq. 5.6.
While the predissociation lifetime remains constant for the different Rydberg states,
the autoionization lifetime scales as (n∗l )

3. For low-n∗l Rydberg states, τa � τd
resulting in a fast-decay in the ion-yield to a near-zero baseline. For high-n∗l Rydberg
states, τa � τd such that dissociation dominates the relaxation process and the ion
yield is conserved over time.

both autoionization and dissociation and is therefore not a good measure of either

process. However, the ratio between the exponential amplitude and the baseline in

Eq. 5.6 gives us the relative value between the two lifetimes. Therefore, if the data

has a well defined amplitude and DC baseline, we can decouple the two relaxation

lifetimes.

Fig. 5.6 portrays three different regimes for Eq. 5.6. For low n∗l Rydberg

states, τa � τd and autoionization dominates the relaxation process. The Rydberg

population will then ionize to lower ionic states, resulting in an exponential decay

of the ion yield to a near-zero baseline (left panel). For high n∗l Rydberg states,

τa � τd and dissociation will be the prominent decay mechanism. When dissociation

dominates, the Rydberg state will fragment into neutral atoms whose population can

still be probed at much longer time delays. Therefore, the ion yield will be conserved

as a function of time delay (right panel). When both mechanisms are comparable,

the exponential decay in ion yield terminates into a finite baseline (middle panel).

If we compare the shape of the O+ data in Fig. 5.5 (c) to our model, the data most



79

Delay&(fs)&

Io
n&
Yi
el
d&
(a
rb
.&u
ni
ts
)&

(a)& (b)&

Delay&(fs)&

Io
n&
Yi
el
d&
(a
rb
.&u
ni
ts
)&

τa
5s,4d&=&92&±&6&fs&

τa
6s,5d&=&180&±&10&fs&
τd&=&1100&±&100&fs&

Figure 5.7: (a) Results of fitting the kinetic model to the delay-dependent O+ yield.
We obtain an autoionization lifetime of τa = 92± 6 fs and a dissociation lifetime of
τd = 1100± 100 fs. (b) We can test our kinetic model by tuning the 15th harmonic
to be resonant with the high-n∗ Rydberg states where dissociation dominates the
relaxation process. The resulting ion yield exhibits a flat DC response on par with
what is predicted for this high-n∗ regime in Fig. 5.6 (right panel).

closely resembles the low n∗l regime where autoionization dominates.

Before we fit our data to Eq. 5.6, we must first include the effects of excit-

ing two prominent Rydberg state groups. Since the oscillator strength and au-

toionization rate scale as (n∗l )
−3, we can define an experimental scaling factor

r = (n∗5s,4d)
3/(n∗6s,5d)

3 and incorporate the addition of a second Rydberg state group-

ing by

Y total
L1 (t) = Y 5s,4d

L1 (Po, τa, τd; t) + Y 6s,5d
L1 (rPo, τa/r, τd; t). (5.7)

Using the effective quantum numbers listed above, we fix r = 0.515. Finally, due

to the n∗l -dependent oscillator strength, we expect the excitation to higher lying

Rydberg states to contribute much less to the observed signal (≤ 10%) and therefore

should not effect our final analysis.
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5.5 Final Lifetime Measurements

The delay-dependent O+ ion yield from the c→ L1 channel is shown in Fig. 5.7 (a)

along with the fit obtained from the kinetic model in Eq. 5.7. To avoid the strong

cross-correlation peak, we confine our data analysis to a delay range greater than

70 fs. Even though the data set consists of two exponential decay functions and a

DC offset, the fitting procedure contains only three free parameters, αPo, τa, and

τd, and is therefore a tightly constrained fit converging to unique values for τa and

τd.

The fit in Fig. 5.7 (a) yields an autoionization lifetime of τ 5s,4d
a = 92± 6 fs and

a predissociation lifetime of τd = 1100± 100 fs. Using the scaling factor r = 0.515,

we can calculate the autoionization lifetime for the second Rydberg state group to

be τ 6s,5d
a = 180 ± 10 fs. These results confirm that autoionization is indeed the

dominant relaxation mechanism for these low n∗l Rydberg states. We can further

verify this model by tuning the 15th harmonic of our APT to be resonant with

the higher Rydberg states near the ionization threshold. Since the autoionization

lifetime scales with (n∗l )
3, we expect predissociation to dominate for these high n∗l

states resulting in a flat ion yield response as a function of pump-probe time delay

(right panel, Fig. 5.6). This is seen experimentally in Fig. 5.7 (b), thus confirming

the validity of our model.

Finally, we can compare our results to previous measurements for these two

relaxation processes. While there has been no experimental measurement of the

autoionization lifetime for these superexcited Rydberg states, Demekhin et al. [85]

numerical calculated the autoionization lifetimes to be τ 5s
a = 90.0 fs (τ 4d

a = 92.7 fs)

and τ 6s
a = 178 fs (τ 5d

a = 183 fs). These numerical calculations are in excellent agree-

ment with our experimental findings and also justify our Rydberg state groupings we

introduced into our model. The measured value of the predissociation lifetime also

agrees well with the lower bounds placed by Hikosaka et al. [79] and Padmanabhan

et al. [81] of τd > 600 fs and τd & 1 ps respectively.

The values we report here can be used to further benchmark the intricate theo-
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retical calculations required for dissociation lifetimes when many competing disso-

ciation mechanisms are present. Part of the disagreement in the reported lifetimes

of c4Σ−u state was the fact that the theoretical calculations were preformed assum-

ing a purely non-adiabatic, tunneling mechanism. With this measured lifetime, we

can begin to estimate the contribution from tunneling and additional mechanisms,

such as spin-orbit coupling, and begin to unravel some of the mystery behind these

highly non-equilibrium states. Therefore, we have demonstrated ultrafast XUV

spectroscopy as a sound spectroscopic tool for measuring and disentangling compet-

ing relaxation processes that occur in superexcited, Rydberg states.
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CHAPTER 6

Observing Coherent Electron Hole Dynamics

Near a Conical Intersection

The following chapter contains content published in Timmers et al., “Co-

herent Electron Hole Dynamics Near a Conical Intersection,” Phys. Rev.

Lett. 113, 113003 (2014).

The unique dissociation dynamics in O+
2 were a result of avoided crossings and

spin-orbit couplings. However, the non-adiabatic couplings that give rise to avoided

crossings in diatomic molecules, result in conical intersections in higher-dimensional

systems. These intersections are ubiquitous in polyatomic molecules and play a

critical role in mediating the interaction of light with biochemical matter [71]. For

example, the excitation of the rhodopsin molecule by visible light will lead to the

relaxation of the excited state population through a conical intersection and into

a different geometrical configuration of the molecule. This conformational change

will drive the neurological response that gives rise to the perception of vision in

the human eye [13]. Conical intersections also play a role in protecting DNA from

UV damage. The solar spectrum of the sun consists of UV light that is capable

of creating harmful DNA photoproducts which can lead to malign mutations in

the DNA super structure. However, the excited state population of an individual

DNA base can quickly relax through a series of conical intersections and back to the
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Figure 6.1: The vibrational modes of linear CO2. From top to bottom we have the
symmetric stretch mode, the bending mode, and the asymmetric stretch mode.

ground state of the molecule, avoiding these unwanted mutations [89, 90].

Conical intersection can also play an important role in mediating charge trans-

fer in chemical and biochemical reactions. For example, conical intersections can

provide an efficient means for the transport of charge across large peptide chains

[91], help in the oxidative protection of DNA bases [92], and even facilitate in the

harvesting of light at a molecule-bulk interface [15]. In this chapter I’ll present

our work in using ultrafast XUV spectroscopy to both observe and control coherent

charge transfer dynamics near a conical intersection.

6.1 Structure of CO+
2

By virtue of the high photon energy, ultrafast XUV pulses created through the pro-

cess of HHG allow us to probe electron hole dynamics in photoionized molecules,

an unexplored class of charge transfer phenomena. In contrast to most neutral

molecules, a photoionized molecule is an open system where additional interactions

can influence the charge dynamics. Owing to its small size and known structure, the

CO2 molecule forms an excellent test bed for studying these complex charge dynam-

ics. Unlike diatomic O2 studied in the previous chapter, CO2 has three vibrational

modes which can all interact with the electronic degrees of freedom in the molecular

system. These modes are pictorially represented in Fig. 6.1. The first mode is a
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symmetric stretch vibration along the C-O bond represented with the coordinate

Qg. The second mode is a bending vibration of the linear molecule represented with

the coordinate Qρ. The final mode is an asymmetric stretch vibration of the C-O

bond represented with the coordinate Qu. The vibrational state of the molecule

is denoted by the vibrational quantum numbers ng, nρ, and nu corresponding to

excitations in the symmetric stretch, bending, and asymmetric stretch vibrational

modes respectively.

Ionization of the first four molecular orbitals of CO2 give rise to the first four

ionic states in CO+
2 : X2Πg (1πg)

−1 (13.78 eV), A2Πu (1πu)
−1 (17.31 eV), B2Σ+

u

(3σu)
−1 (18.08 eV), and C2Σ+

g (4σg)
−1 (19.39 eV) [93]. The potential energy curves

for these four states are shown in Fig. 6.2 (a) with respect to the symmetric stretch

vibration. From these curves, we can see that at a certain value of Qg the A2Πu

and B2Σ+
u ionic states intersect. If we expand our view to look at the potential

energy surfaces in the Qg − Qu space (Fig. 6.2 (b)), we see that A2Πu state and

B2Σ+
u state form a conical intersection. The origin of this conical intersection has

been described in detail elsewhere [94] and is due to bilinear vibronic coupling. The

coupling is ‘bilinear’ because it is driven by the bending and asymmetric stretch

vibrations of the linear molecule. Since these states exhibit different electron hole

symmetries, the conical intersection can actually mediate the transfer of electron

hole population between the σu symmetry of B2Σ+
u state and the πu symmetry of

A2Πu state. The electron hole densities for both states are shown in Fig. 6.2 (b).

6.2 Pump-Probe Configuration

To resolve the coherent electron hole dynamics near this conical intersection, we

use the pump-probe scheme summarized in Fig. 6.3 (a). A few-femtosecond XUV

pulse obtained from HHG in Xe is used to ionize the neutral CO2 molecule to the

B2Σ+
u ionic state, launching an electron hole wavepacket with density along the

bonding axis (σu hole). As the wavepacket evolves, vibronic interactions induced

by the conical intersection will periodically transfer a portion of the wavepacket
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Figure 6.2: (a) One-dimensional potential energy curves for CO+
2 with respect to

the symmetric stretch vibration, Qg. We are interested in the A2Πu and B2Σ+
u ionic

states which intersect at a certain value of Qg. (b) We can expand our view for these
two states of interest by looking at their potential energy surfaces in the Qg − Qu

plane. From this view we see they form a conical intersection which arises due to
bilinear vibronic coupling.

population to the A2Πu state exhibiting electron hole density around the bonding

axis (πu hole). To resolve these dynamics, we use a time-delayed NIR pulse to

excite the B2Σ+
u state population to the C2Σ+

g state. C2Σ+
g state is quasi-bound

and predissociates into CO+ fragments. Therefore, by measuring the CO+ ion yield

as a function of XUV-pump, NIR-probe time delay, we have a good measure of the

σu electron hole dynamics.

Since the dissociation limit to CO+ is 19.47 eV [95], only states above 17.89 eV

can be probed by a one photon transition (~ωNIR = 1.58 eV) to C2Σ+
g state. While

a few vibrational levels of A2Πu state lie in this energy regime, their ionization

cross-section is more than an order of magnitude weaker than the ionization cross-

section to the ground vibrational state of B2Σ+
u state [93, 95]. In addition, the dipole

excitation of B2Σ+
u state to C2Σ+

g state is favored over A2Πu state by a few orders

of magnitude. Therefore, the transient CO+ counts formed by the dual presence of

the XUV and NIR field are mostly composed of B2Σ+
u state population. There is a
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Figure 6.3: (a) Pump-probe configuration to observe the coherent electron hole
dynamics near the conical intersection in CO+

2 . (b) We see that the CO+ counts
increase by an order of magnitude in the dual presence of the XUV and NIR fields.
To get a clean signal of the B2Σ+

u state population, we integrate over the CO+ ion
counts below 0.2 eV.

small signal from the direct XUV ionization to C2Σ+
g state, however, these counts

form a constant DC baseline which is subtracted out from the time-dependent data.

Finally, since the vibrational levels of C2Σ+
g state responsible for predissociation lie

less than 0.1 eV above the CO+ dissociation limit, they give rise to a near 0 eV

kinetic energy CO+ signal. Fig. 6.3 (b) shows the kinetic energy spectrum of CO+

ions with the XUV probe alone (blue-filled curve) and the simultaneous presence of

the XUV and NIR probing field (red-filled curve). While there are counts that exist

above 0.2 eV, they arise due to dissociation to higher vibrational levels of CO+ or

due to fragmentation of dissociative states of CO+
2 above C2Σ+

g state. Therefore, to

get a clean signal of B2Σ+
u state population, we integrate over the near-zero kinetic

energy CO+ counts less than 0.2 eV.
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6.3 Experimental Results & Quantum-Classical Model

The pump-probe data for the delay-dependent CO+ ion yield is shown in Fig. 6.4

(a). We recorded the ion yield for NIR polarizations both parallel and perpendicular

to the XUV polarization. The most striking feature in this data is the prominent

oscillatory signal with a period of 115 fs riding on top of the ion yield curves. To

bring out this signal, we define the CO+ contrast yield as

Cexp(τ) =
Isig(τ)− Idc(τ)

Idc(τ)
, (6.1)

where Isig(τ) is the raw CO+ ion yield and Idc(τ) is the non-oscillatory envelope of

the ion yield. In defining the contrast yield, we normalize the data with respect to

any DC fluctuations that can occur over the coarse of the experiment. The CO+

contrast yield is given in Fig. 6.4 (b).

To unveil the nature of the 115 fs oscillation, we consider the bilinear vibronic

coupling Hamiltonian introduced by Zimmerman et al. [94]. In this model, we use

the basis composed of the vibronic states |ng, nρ, nu;A2Πu〉 and |n′g, n
′
ρ, n

′
u;B

2Σ+
u 〉.

The off-diagonal matrix element responsible for the bilinear vibronic coupling can

be expressed as

Vab ∝ 〈ng, nρ, nu;A2Πu|QρQu|n
′
g, n

′
ρ, n

′
u;B

2Σ+
u 〉. (6.2)

As mentioned above, the ground vibrational state of B2Σ+
u state, |0, 0, 0;B2Σ+

u 〉 =

|χB〉, is most strongly populated by the ionizing XUV pump. Therefore, this is the

initial state in our bilinear vibronic model. Further, using symmetry considerations

and a multiconfigurational time-dependent Hartree (MCTDH) numerical approach

[96], we find that |χB〉 couples most strongly to the |3, 1, 1;A2Πu〉 = |χA〉 state.

Therefore, our complex Hamiltonian reduces down to a simpler two-state system.

In this system, |χA〉 and |χB〉 are non-stationary states and no longer appropriate

eigenstates of the vibronic Hamiltonian. To transform into the stationary eigenstate
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Figure 6.4: (a) CO+ counts as a function of XUV-pump, NIR-probe time delay.
We recorded this data for NIR polarizations both parallel and perpendicular to the
XUV field. (b) To better analyze the oscillations present in the data, we define the
ion yield contrast in Eq. 6.1 to remove any DC fluctuations in the experimental ion
yield. (c) These oscillations are due to coherently exciting eigenstates |φ±〉 near the
conical intersection that become hybridized due to the perturbation of the conical
intersection.

basis |φ±〉, we use the transformation


 |φ+〉
|φ−〉


 =


 cos θ sin θ

− sin θ cos θ




 |χB〉
|χA〉


 , (6.3)

where θ is a mixing angle that quantifies the strength of coupling between the

two vibronic states. The mixing angle is related to the off-diagonal coupling by

tan(2θ) = 2Vab/(EB−EA). Due to this coupling, the stationary eigenstates hybridize

into a mixture of σ − π (or A-B) character, as seen in Fig. 6.4 (c).

The initial |χB〉 ionization can therefore be decomposed into a superposition of

hybridized |φ+〉 and |φ−〉 eigenstates using Eq. 6.3. After solving for the relative

amplitudes a± and the energies E± of this simple two-state system, we can write

the time-dependent wavefunction as

|Ψ(t)〉 = a+e
−iE+t|φ+〉+ a−e

−iE−t|φ−〉 (6.4)
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Figure 6.5: (a) The eigenstate difference spectrum (black) for the MCTDH numer-
ical simulation. The frequency peak from the simulation agrees very well with the
Fourier transform of the experimental contrast yield. (b) When we incorporate the
rotational degrees of freedom into the MCTDH simulation, the corresponding ion
yield matches the experimental ion yield very well.

Therefore, after the initial σ ionization, the wavefunction develops a mixed σ − π
character as it evolves. The quantity E+ − E− characterizes the timescale for the

quantum beating between |φ+〉 and |φ−〉 eigenstates and therefore the timescale

for the transfer of the electron hole between σ and π character. The MCTDH

numerical simulation predicts the eigenstate difference spectrum shown in Fig. 6.5

(a) (black curve) with a peak centered at 37.6 meV, corresponding to a oscillation

period of 110 fs. This timescale agrees quite well with the 115 fs oscillation seen

in our experimental results. Further, if we Fourier transform the oscillation in the

CO+ contrast, we obtain a peak centered at 36.1 meV (Fig. 6.5 (a), blue curve),

overlapping nicely with the numerical result.

Now that we have a good handle on the origin of the 115 fs oscillation, we can

model the observed features in the CO+ delay-dependent data by accounting for

the NIR probing step and incorporating the rotational degrees of freedom in the

molecule. Since the ionization by the APT will result in the production of fairly

low energy photoelectrons (< 10 eV), we can assume the photoelectron will be ion-

ized with a dominant s-wave character. This assumption is justified by a recent



90

synchrotron experiment by Furch et al. [97] which looked at angular distributions

of photoelectrons ionized from different states in CO+
2 . For s-wave photoioniza-

tion, dipole selection rules dictate that ionization of the 3σu molecular orbital will

preferentially occur for molecules aligned parallel to the XUV field. Therefore, our

XUV-pump pulse will prepare an aligned distribution of B2Σ+
u state ions. Further,

due to dipole selection rules and bandwidth constraints, a parallel NIR field will

exclusively map the B2Σ+
u state population to the predissociative C2Σ+

g state, re-

sulting in the formation of CO+ ions. This transition is forbidden for a perpendicular

NIR field. This explains the large discrepancy in ion yield between the parallel and

perpendicular NIR polarization data sets at t = 0 fs in Fig. 6.4 (a).

However, since we use an effusive gas jet to introduce CO2 into the pump-probe

interaction chamber, the molecules will be populated by tens of rotational levels. We

estimate the rotational temperature of our effusive molecular jet to be approximately

200 K. Therefore, after the initial alignment by the ionizing field, the molecules will

incoherently rotate out of alignment, leading to a loss of anisotropy. To incorporate

this ionization induced alignment and the thermal rotational effects into our sim-

ulation, we preform a quantum-classical trajectory calculation. In this calculation,

we compute the ensemble-averaged NIR transition dipole DB(t) from the B2Σ+
u

state to the final C2Σ+
g state. If we apply this dipole transition to the electron hole

wavefunction in Eq. 6.4 and transform back into the χA,B basis, we can obtain an

analytical expression for the time-dependent CO+ ion yield, or

I(CO+, t) ∝
(
cos4 θ + sin4 θ

)
D2
B(t) +

1

2
sin2(2θ)D2

B(t) cos[(E+ − E−)t]. (6.5)

The complete derivation of this equation can be found in Appendix D. From this

analytical expression, we see that the 110 fs quantum beat can be reproduced from

the time-dependent CO+ ion yield. Additionally, the rotational degrees of freedom

manifest as a time-dependent transition dipole. The results of the quantum-classical

simulation are shown in Fig. 6.5 (b) for a rotational temperature of Trot = 200 K.

The computed signal intensity for a parallel NIR polarization undergoes a decay in
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Figure 6.6: (a) Change in electron hole density ∆ρhole with respect to time zero.
The dynamics shown correspond to the 110 fs quantum beat. During this period,
the electron hole density is driven from σu character along the molecular axis (blue,
negative) to πu character (orange, positive) around the molecular axis. (b) Change
in the reduced density of the vibronic wavepacket along the coupling coordinates
Qu and Qρ associated with electronic states B2Σ+

u (upper panel) and A2Πu (lower
panel). The nuclear dynamics corresponding to the bending and asymmetric stretch-
ing motion occur in sync with the electron hole motion..

nearly 400 fs, matching our experimental observation in 6.4 (a). This decay can be

explained as follows: as the ensemble rotates out of alignment, a smaller fraction

of the molecules can be probed by the parallel NIR field. On the other hand, this

opens up a larger number of molecules which can be probed by the perpendicular

NIR field, resulting in the increase in ion yield for perpendicular polarization.

With strong agreement between experiment and theory, we finally arrive at a

complete picture of coupled electron-hole-nuclear dynamics near a conical intersec-

tion (Fig. 6.6). The XUV pulse first prepares the molecule in a coherent super-

position of cationic eigenstates with an initial σu electron hole character. As the

bending and asymmetric stretch vibrations become active, the molecule starts to

distort, driving electron hole density from the initial σu symmetry, across the con-

ical intersection to πu symmetry. When the electron hole population is in the πu
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state ( |χA〉 ), it can no longer be accessed by the NIR probing field, resulting in a

decrease in CO+ ion yield. Therefore, the beating in CO+ ion yield perfectly reflects

the beating of the electron hole across the conical intersection. The electron hole

density relative to t = 0 fs is shown in Fig. 6.6 (a), corresponding to the evolution

of the wavepacket within the first 110 fs period of the quantum beat. The rela-

tive density of the nuclear wavepacket on the A2Πu and B2Σ+
u states in terms of

the asymmetric stretching (Qu) and bending (Qρ) coordinates is shown in Fig. 6.6

(b) and demonstrates periodic modulation in synchronization with the electron hole

dynamics.

6.4 Following the Coherence of an Electron Hole

A few studies in the past decade have suggested that some biological systems may

have evolved to function more efficiently by employing the use of quantum coher-

ence [98]. For instance, it has been demonstrated that the green sulphur bacteria

can quantum coherently transfer photo-harvested energy from its photosynthetic

antenna to its reaction center [14]. This quantum coherence persists even at room

temperature [99] and could explain the near 100% efficiency in light conversion for

the green sulphur bacteria. Therefore, there has been a lot of interest in observing

quantum coherence in molecular reactions and measuring the persistence of that co-

herence. Here, we show that we can employ ultrafast XUV spectroscopy to measure

the decay in coherence for an electron hole wavepacket in CO2.

While wavepackets are by definition coherent, many environmental factors can

lead to the loss of coherence. The contrast oscillation we defined in Eq. 6.1 is a

good measure of coherence for the electron hole wavepacket. When the wavepacket

is completely coherent, the superposition of eigenstates in Eq. 6.4 is the appropriate

representation of the wavepacket resulting in the time-dependent ion yield in Eq.

6.5. The theoretical contrast for this equation is given by

Ctheo(t) =
1
2

sin2(2θ)

cos4 θ + sin4 θ
cos(E+ − E−)t. (6.6)
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We can see from this equation that the amplitude of the theoretical contrast is

stationary with time, depending only on the mixing angle or

Ctheo
o =

1
2

sin2(2θ)

cos4 θ + sin4 θ
. (6.7)

On the other hand, the amplitude of the experimental contrast in Fig. 6.7 (a) decays

as a function of time delay. This decay in amplitude is indicative of the loss of

coherence. In Fig. 6.7 (b), we plot the delay-dependent contrast amplitude for

the four prominent oscillation periods observed in the experiment and find that the

contrast amplitude decreases linearly with time. By extrapolation, we can extract

the contrast amplitude at t = 0 fs, before the onset of decoherence. Using the

theoretical contrast amplitude in Eq. 6.7, we obtain an experimental measurement

of the mixing angle, or θ = 0.18(1). This can readily be compared with the mixing

angle directly obtained from the numerical results of the MCTDH calculations which

yield θ = 0.195.

From the linear fit in Fig. 6.7 (b), we experimentally infer the rate of decoherence

to be (0.06 ± 0.01) ps−1. The mechanism behind this can be understood in terms

of a thermal dephasing mechanism, explained in Fig. 6.7 (c). At a finite rotational

temperature, the molecule is thermally populated by tens of rotational levels which

are mutually incoherent. The XUV excitation of an individual rotational level to

the |χB〉 vibronic state results in a coherent superposition of |φ+〉 and |φ−〉 (or

|χA〉 and |χB〉 ). However, the manifold of superpositions for different rotational

states is incoherent. Since the rotational constants of coupled |χA〉 and |χB〉 states

are appreciably different, the energy gap between them varies with the rotational

quantum number, J . As a result, the J-dependent phases of electron hole oscillations

diverge with time, manifesting as an loss of coherence in our data. The dashed

curve in Fig. 6.7 (a) represents the results of a semi-classical, linear rotor model

incorporating the effects of rotational dephasing for a thermal distribution with

Trot = 200 K. The numerical contrast decays on a very similar timescale to what

is seen in the experiment. This is further exemplified in Fig. 6.7 (b), where the
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Figure 6.7: (a) Experimental CO+ contrast yield (blue) along with the theoretical
contrast yield (black dashed) incorporating the effects of rotational dephasing in
the wavepacket dynamics. The oscillations in CO+ yield reflect the beating of the
electron hole across the conical intersection. (b) Experimental (blue) and theoretical
(black dashed) evolution of the contrast amplitude. The amplitude decreases due to
a loss of coherence from rotational dephasing. (c) Qualitative picture for rotational
dephasing. A superposition of |φ±〉 (or |χA〉 and |χB〉 ) for an individual rotational
state is coherent, but the manifold of rotational superpositions are incoherent due
to the finite rotational temperature of the molecular ensemble.
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theoretical contrast amplitude (dashed) follows the experimental amplitude (solid).

Finally, we see that while the thermal ensemble is fairly warm, the coherence in the

weakly coupled cationic states persists for more than 500 fs. This suggests that non-

adiabatic, nuclear couplings can provide an efficient means for mediating coherent

charge transfer in polyatomic systems.

6.5 Coherent Control over Wavepacket Dynamics

Now that we have demonstrated the potential of ultrafast XUV spectroscopy in

revealing coherent charge transfer dynamics driven by non-adiabatic couplings near

a conical intersection, we now turn to attempting to exert some degree of control over

the wavepacket evolution. This is motivated by the recent progress of the attosecond

community in being able to observe structural changes in atomic He induced by a

strong NIR field [40, 100, 101]. These structural changes include the creation of

light-induced states, the AC Stark shift of atomic levels, and the Autler-Townes

splitting of atomic line shapes. Can we observe similar effects and even modify the

non-adiabatic couplings when we irradiate CO2 with a strong NIR field?

To preform this experiment, we introduced a third beamline into our experimen-

tal set-up: the dressing beam (Fig. 6.8 (a)). The role of the dressing beam was to

induce strong-field modification in the structure of CO+
2 . The pulse overlapped in

time with the XUV-pump pulse such that we ionized the electron hole wavepacket to

a ‘laser-dressed’ state. We then probed the evolution of this laser-dressed, electron

hole wavepacket in a similar manner as before by bringing in a time-delayed NIR

pulse to project the population onto the CO+ channel.

The preliminary results of this experiment are shown in Fig. 6.8 (b)-(d). It

should be noted that we have plotted the raw CO+ oscillation amplitude and not

the contrast amplitude in these plots. In the case of no dressing field (Fig. 6.8

(b)), we obtain similar results as before in which the 115 fs oscillation amplitude

dies out within a timescale of 600 fs. However, as soon as we introduce the dressing

field, many interesting features start to appear. In addition to the 115 fs quantum
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beat, we start to see a new oscillation period develop. Coincidentally, this oscillation

period is half the frequency of the original quantum beat and has a period of 230

fs. Further, while the 115 fs frequency washes out within 600 fs, the new 230

fs frequency persists for up to 5 ps. It is some how insensitive to the rotational

dephasing mechanism. We can also see that the first oscillation period of the 115 fs

quantum beat nearly doubles in amplitude when we increase the dressing intensity

from 0 TW/cm2 to 4 TW/cm2. This suggests that we could be either modifying the

bilinear vibronic coupling or redistributing the electron hole population around the

conical intersection.

To conclude, we have demonstrated an XUV-pump and NIR-probe technique

to resolve and control the ultrafast motion of an electron hole between σ and π

orbitals in the CO2 molecule. We were able to quantify the weak coupling between

electronic states due to the perturbation caused by the conical intersection and

measure the evolution of quantum coherence during the charge oscillation. This

approach is quite general and can be easily extended to resolve charge dynamics on

even faster timescales. The real-time visualization of electron hole dynamics in such

non-adiabatic scenarios and the understanding of the limitations of the quantum

system due to coupling with environmental degrees of freedom is fundamental in

probing the inner workings of charge transfer processes occurring in nature. The ex-

perimental and theoretical results we obtained here for the linear triatomic molecule

represent first steps in elucidating these dynamics and pave the way for the appli-

cation of attosecond and femtosecond XUV spectroscopy in the measurement and

control of charge dynamics in complex biochemical processes.
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CHAPTER 7

Single Attosecond Pulse Generation as a Tool to

Observe Charge Migration

In the previous chapter, we investigated charge transfer dynamics that occurred on

the nuclear timescale of the molecule. These emerged due to the coupling of the

electronic and nuclear degrees of freedom near a conical intersection and ultimately

occurred on the hundreds of femtoseconds timescale. Now the question arises wether

or not we can observe charge transfer that is driven solely by the electronic degrees

of freedom within the molecule? This idea was first proposed by Weinkauf et al.

[102, 103] to explain the curious ionization, charge localization, and prompt disso-

ciation effects observed in chains of peptide molecules. The theoretical effort led by

Cederbaum et al. [104, 105, 106] developed a formalism to explain how this electron-

driven charge transfer, or charge migration, could arise in a large biomolecule. They

found that electron correlation effects after a local ionization could drive the electron

hole across the molecule on the attosecond to few-femtosecond timescale.

To explain this phenomenon, we can start by expressing the electron hole density

of a molecule after local ionization by [105]

Q(~r, t) = 〈Ψo|ρ̂(~r, t)|Ψo〉 − 〈Ψi|ρ̂(~r, t)|Ψi〉, (7.1)

where ρo(~r) = 〈Ψo|ρ̂(~r, t)|Ψo〉 is the electron density of the neutral molecule in the
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|Ψo〉 electronic ground state and ρi(~r, t) = 〈Ψi|ρ̂(~r, t)|Ψi〉 is the electron density of

the cation after local ionization from a Hartree-Fock orbital. The cationic wavefunc-

tion in the Hartree-Fock formalism can be written using an annihilation operator

on the ith electron âi as

|Ψi〉 = âi|Ψo〉. (7.2)

However, due to electron correlation effects and orbital relaxation upon photoion-

ization, the Hartree-Fock basis is no longer an appropriate basis for the cation. We

need to therefore expand the cationic electron density in the eigenstate basis |I〉, or

ρi(~r, t) =
∑

I,J

〈Ψi|I〉〈I|eiHtρ̂(~r, 0)e−iHt|J〉〈J |Ψi〉. (7.3)

In the above equation, we have also moved into the Heisenberg picture, where

ρ̂(~r, t) = eiHtρ̂(~r, 0)e−iHt, in order to handle the time-dependence of the electron

hole density. Eq. 7.3 can be written as

ρi(~r, t) =
∑

I,J

a∗IρIJ(~r)aJe
−i(EJ−EI)t, (7.4)

where aI = 〈I|Ψi〉 is the projection amplitude of |Ψi〉 into the cationic eigenstate

basis and ρIJ(~r) = 〈I|ρ̂(~r, 0)|J〉 is the charge density matrix element between |I〉
and |J〉. If |Ψi〉 was an appropriate basis for the cation, ρIJ(~r) = δIJ , EI −EJ = 0,

and the electron hole would be stationary. However, because of electron correlation

effects, we must expand |I〉 into a combination of one-hole configurations and two-

hole, one-particle configurations, or

|I〉 =
∑

i

ciâi|Ψo〉+
∑

j,k<l

cjklâ
†
j âkâl|Ψo〉+ ... (7.5)

Including these electron correlation effects will result in off-diagonal ρIJ(~r) elements

and will lead to a non-stationary electron density in the cation. This is the effect

that gives rise to fast and efficient charge migration across a large molecule.
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While the theoretical framework for this phenomenon was laid down in 1999

[104], there has yet to be a direct experimental observation of charge migration.

A recent study by Calegari et al. [107] reported the observation of a 4.3 fs elec-

tron wavepacket in phenylalanine, however, disentangling charge migration from

the coherent electron wavepacket proved to be a difficult feat. One problem in ob-

serving charge migration is that most of the theoretical reports have studied large

biomolecules. Therefore, the experimentalists have mostly tried to observe this

phenomenon in large biomolecules which are solid at room temperature. To pre-

form gas phase studies, the samples must be sublimated into vacuum or desorbed

from a metal surface by a CW laser, both resulting in low gas densities. In addi-

tion, it is very difficult to observe sub-5 fs oscillations using even a state-of-the-art

single-attosecond pump, few-cycle femtosecond probe set up. To circumvent these

problems, I have proposed an experiment to study charge migration in iodobenzene

(C6H5I).

Iodobenzene is liquid at room temperature with a boiling point at Tb = 188 ◦C.

We can easily place the liquid in a sample holder under vacuum and vaporize the

molecule into our effusive gas jet with minimal heating of the sample holder. We

have found this produces a decently high gas density of the molecule in our target

chamber. Iodobenzene has also been studied quite extensively spectroscopically

[108, 109]. Ionization of the HOMO-1 and HOMO-2 molecular orbitals result in the

Ã2A2 and B̃2B2 states respectively. The electron hole densities of both states are

shown in Fig. 7.1. The Ã2A2 state exhibits electron hole density on the phenyl

group in the molecule while the B̃2B2 state exhibits electron hole density on the

iodine group. Further, the B̃2B2 state is shown to have a greater ionization cross-

section than the Ã2A2 state. Therefore, in the proposed experiment, we could use

our attosecond-pump pulse to create a local ionization on the iodine group. Through

electron correlation effects, this hole can migrate to the phenyl group on a timescale

corresponding to EB − EA = 0.266 eV, or 15.6 fs. This timescale is a much easier

timescale to observe in a standard attosecond pump-probe experiment. To observe

the motion of the electron hole, we can use a time-delayed, few-cycle NIR pulse to
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Figure 7.1: In the proposed experiment to observe charge migration in iodobenzene
(C6H5I), an XUV attosecond pulse ionizes the molecule locally on the iodine atom
(B̃2B2 state). Due to electron correlation effects after ionization, the electron hole
can couple to Ã2A2 state and migrate to the phenyl group. This migration occurs
on the timescale 15.6 fs. To observe these dynamics, we can project the electron
hole population onto the I+ fragmentation pathway and measure the modulation in
I+ ion yield which would be indicative of the location of the electron hole on the
molecule.

project the B̃2B2 state population onto the dissociative I+ limit. The modulation of

the I+ ion yield would be characteristic of the beating of the electron hole between

the two states.

Another method to observe this charge migration in iodobenzene is to reverse

the role of the attosecond-pump pulse and the few-cycle probe pulse. The few-cycle

probe could be used to tunnel ionize iodobenzene, creating a local ionization on the

phenyl group. As the charge migrates, we can probe this migration by looking at

the absorption edge of iodine using a broadband, single attosecond pulse. Since the

absorption edge of elements depends on the oxidation state, iodine XUV absorption

would depend on the location of the hole in the molecule and would therefore be a

sensitive measurement of charge migration.
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7.1 Few-cycle Pulse Generation

To observe even the 15 fs charge migration in iodobenzene, the 40 fs pulse duration

in our NIR probe beam is insufficient. We must compress the NIR pulse to below

10 fs in order to observe any charge migration dynamics. This is accomplished

by using the phenomenon of self-phase modulation discussed briefly in Chapter 2.

Self-phase modulation takes advantage of the intensity-dependent refractive index,

or n(t) = no + n2I(t). When the NIR laser pulse propagates through a medium of

length L characterized by n(t), it experiences a phase of

φ(t) = −n(t)ωo
c

L = −noωo
c

L− n2I(t)ωo
c

L. (7.6)

While the first term in this expression for the phase is the normal material dispersion,

the second term is the non-linear phase acquired by the laser pulse. This non-linear

phase shift gives rise to a time-dependent frequency shift, or [24]

∆ω(t) =
d

dt
φNL(t) = −n2ωo

c
L
d

dt
I(t). (7.7)

For a Gaussian pulse, the frequency shift is expressed by

∆ω(t) = −
(n2ωo

c
LIo

)(
−8 ln(2)

τ 2
t

)
e−4 ln(2)t2/τ2 = +

2B

a
te−4 ln(2)t2/τ2 , (7.8)

where B = (n2ωoIoL)/c and a = τ 2/4 ln(2). Therefore, at the center and most

intense portion of the Gaussian laser pulse, the frequency shift is positive and linear.

This corresponds to accumulating a positive chirp in the laser pulse. While the self-

phase modulated chirp has the ultimate effect of broadening the pulse duration of

the beam, it also broadens the frequency bandwidth of the laser pulse by a factor

of ∆ωout = 2B∆ωin [16]. With a broader spectrum, as long as we compensate for

this positive chirp, we can compress the pulse to shorter temporal durations.

To achieve self-phase modulation experimentally, we employ the use of optical

fibers with long propagation distances to increase the non-linear phase term. How-
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Figure 7.2: Experimental set up for hollow core fiber (HCF) pulse compression
system. A focusing mirror (FM) couples the NIR pulse into the HCF filled with
Ar or Ne. The pulse undergoes self-phase modulation where it broadens from a
bandwidth of 27 nm to 120 nm (inset). A collimating mirror (CM), recollimates the
pulse and sends it to a pair of chirped mirrors (ChM). The chirped mirrors provide
negative dispersion and compensate for the positive chirp induced by the HCF fiber.
Finally, a pair of fused silica wedges (FSW) finely tune the dispersion to generate
7-8 fs pulses.
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ever, due to the high peak powers in our femtosecond laser pulses, we must avoid

the use of material fibers which are susceptible to optical damage. Instead we use

a hollow core, fused-silica fiber filled with a noble gas [110]. The experimental

set up for our hollow core fiber (HCF) compression system is shown in Fig. 7.2.

The HCF is a 1m long, 1/4” fiber with an inner diameter of 500 µm. The fiber

is placed in a long V-groove and placed under vacuum with a Brewster windows

at the entrance and exit ports of the vacuum to remove any back reflections from

the beam. The fiber is filled with anywhere between 0.3 − 3 bar of either Ar or

Ne. With this technique, we can broaden the spectral bandwidth of the NIR pulse

from 27 nm to greater than 120 nm (inset, Fig. 7.2). A focusing mirror (FM) is

used to couple the 40 fs laser pulse into the fiber while a collimating mirror (CM)

is used to recollimate the self-phase modulated pulse. After propagation through

the fiber, the pulse exhibits a positive chirp. To remove this chirp and compress the

pulse, we use a pair of chirped mirrors (ChM) which have been manufactured to

provide constant negative dispersion to compensate for the positive chirp [111]. The

chirped mirrors are typically used to overcompensate the positive chirp and provide

a coarse compensation. A pair of fused-silica wedges (FSW) are then used to fine

tune the amount of positive dispersion. We can typically get 500 µJ, 7-8 fs pulses

with this compression system. Fig. 7.3 (a) shows a typical FROG spectrogram for

the few-cycle pulses generated with this technique while Fig. 7.3 (b) displays the

reconstructed electric field corresponding to a 8.2 fs pulse.

With these few-cycle pulses, we can vastly improve the time-resolution of our

experiments. However, one final consideration we had to take into account before

utilizing these pulses experimentally was pulse dispersion. Since the refractive index

of a material is frequency dependent, a pulse with a sufficiently large bandwidth

passing through that material can have frequency components traveling with non-

negligible velocity differences. This will result in an unavoidable pulse broadening
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Figure 7.3: (a) A typical FROG spectrogram for the sub-10 fs, few-cycle pulses. (b)
The reconstructed electric field for the pulse yields a pulse duration of 8.2 fs.

characterized by [16]

τout = τin

√
1 +

(
4 ln(2)

GDD

τ 2
in

)2

, (7.9)

where τin is the input pulse duration before the material, τout is the output pulse

duration after the material, GDD= GVD × L is the measure of dispersion within

the material in units of fs2, L is the thickness of the material, and GVD is the group

velocity dispersion of the material measured in units of fs2/mm. GVD values for

typical optical materials present in our lab are shown in Table 7.1. We can see from

Eq. 7.9 that a 40 fs pulse traveling through a 1 mm piece of fused silica will broaden

to 40.1 fs while a 7 fs pulse traveling through the same amount of fused silica will

broaden to 16.5 fs. Therefore, dispersion must be accounted for when working with

few-cycle pulses. To remove dispersion from our experimental set-up, we match the

GDD in the pump beamline, the probe beamline, and the FROG set-up. That way,

there is no additional dispersion between the FROG and pump-probe set-ups, so

the pulse we measure is the pulse we use in our pump-probe experiments.
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Table 7.1: GVD values obtained from Ref. [112] for common optical materials
found in our pump-probe set-up. The (o) designates the ordinary axis of the listed
birefringent crystal.

Material GVD (fs2/mm)
Fused Silica 37.8

BK7 46.1
Quartz (o) 43.4

Sapphire (o) 59.9
BBO (o) 74.1

Air 0.0232

7.2 Double Optical Gating

Now that we have few-cycle femtosecond pulses, we can also improve the time reso-

lution of our pump-probe set-up by moving from an APT to single attosecond pulses

(SAP). Since the attosecond pulse is now isolated, the spectrum of the SAP is no

longer discrete, but a broadband supercontinuum. However, it’s a highly non-trivial

task to isolate a SAP from a pulse train. Even if we were capable of producing

a laser pulse that was less than a single optical cycle, the leading half-cycle could

still generate satellite attosecond bursts. Therefore, we must use more sophisticated

schemes for isolating a SAP.

One of the more versatile approaches is a technique called Double Optical Gating

(DOG) [46, 113]. Double optical gating is a form of polarization gating where we

take advantage of the polarization dependence of HHG to isolate a single pulse.

L’Huillier et al. [48] demonstrated that the yield of HHG decreases by an order of

magnitude moving from a linear polarized driving pulse to a pulse with a polarization

characterized by an ellipticity of ε = 0.2. In polarization gating, we generate a

driving field with two counter-rotating, circularly polarized (ε = 1) pulses which

are time-delayed with respect to one another. Depending on the time-delay, we can

tune the overlap of the pulses such that the circular polarizations cancel out and

the pulse is linear for a short window of time. This field is demonstrated in Fig.

7.4 (a). The leading edge of the pulse is right-circularly polarized while the trailing

edge is left-circularly polarized. The overlap in the center gives rise to a temporal
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Figure 7.4: (a) The time-dependent polarization field required for generating a SAP
with the DOG technique. (b) The ellipticity of the field dips below a threshold value
of ε = 0.2 for HHG, lasting for a single optical cycle.

window that is linearly polarized.

The time-dependent polarization of the polarization gated pulse is shown in

Fig. 7.4 (b). The polarization of the driving field drops below the threshold value

of ε = 0.2 for a 2.6 fs window of time. Since there are two half cycles in this

window, this field can still generate two attosecond bursts of light. However, if we

superimpose a weaker field with twice the frequency, the combined electric field will

be asymmetric. This asymmetry breaks the dipole inversion symmetry of the atom

and leads to the production of attosecond pulses every full laser cycle. Therefore,

the combination of a polarization gated field with a weaker second harmonic pulse

allows us to use a polarization gated window of twice the duration, hence Double

Optical Gating. The addition of this second harmonic has the combined effect of

both increasing the photon flux of the SAP and allowing for the use of longer pulse

durations. Pulse durations up to 12 fs can be used in the DOG technique [113].

To generate the time-dependent polarization field required for DOG, we use the

optical set-up in Fig. 7.5 (a). The first optical element in the DOG set up is

a birefringent quartz window with an optical axis along the face of the window.

The optical axis is rotated to +45◦ with respect to the polarization of the input

pulse. When the pulse passes through this first quartz window, it is broken up into
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Figure 7.5: (a) Optical set-up required to generate time-dependent polarization field
in the DOG technique. (b) The first optical element is a quartz window which breaks
the pulse up into two orthogonal pulses at +45◦ and −45◦ and sets a gate width
between these two pulses. The pulses are shown in the driving field (red) and gating
field (black) basis at 0◦ and 90◦ respectively. (c) The second element is another
quartz window which sets a phase delay between the two pulses to be ∆φ = π/2
and introduces a positive group delay. (c) The last element is a BBO plate which
compensates for the positive group delay and generates a blue second harmonic field
which overlaps with the driving NIR pulse.
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two pulses traveling along the ordinary and extraordinary axes at +45◦ and −45◦

respectively. Due to the birefringence of quartz, the pulses traveling along both axes

will acquire both a group and phase delay with respect to one another. The group

delay is calculated to be

Td =
L1

c
[nge(ω)− ngo(ω)] , (7.10)

where L1 is the thickness of the first quartz window, nge(ω) is the extraordinary

group index of quartz, and ngo(ω) is the ordinary group index of quartz. The group

delay required for the DOG scheme is given by [114]

Td =
1

ln(2)

τ 2

δt
εth, (7.11)

where τ is the duration of the input pulse, δt = 2.6 fs is the polarization window,

and εth = 0.2 is the threshold ellipticity required for HHG. We therefore, choose a

quartz thickness that will give us the correct polarization window at a given pulse

duration. Additionally, we don’t want the quartz window to distort the polarization

of the pulse. We therefore have to tune the thickness of the window such that the

accumulated phase difference between the two pulses is ∆φ = 2πm where m is an

integer corresponding to the closest value of Td required by Eq. 7.11. For an input

pulse duration of τ = 8 fs, the quartz window has to have a thickness of L1 = 260

µm to produce the necessary polarization window. Fig. 7.5 (b) shows both the

driving pulse parallel to the input polarization (red curve) and the gating pulse

perpendicular to the input polarization (black curve) after passing through the first

quartz window.

The second optical element in the DOG set up is a second quartz window. The

optical axis of this window is placed parallel to the input polarization and the

thickness is chosen to act as a quarter wave plate for both the +45◦ and −45◦ pulses.

This corresponds to a phase delay of ∆φ = (2m+ 1)π/2. When the two orthogonal

pulses pass through this plate, they will accumulate opposite phase shifts resulting

in one pulse becoming right-circularly polarized and the other pulse become left-

circularly polarized. However, the pulses will also accumulate a group delay after
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passing through the second quartz window, so they no longer overlap in time. The

thickness of the second quartz window is L2 = 525 µm and Fig. 7.5 (c) shows the

profile of the driving and gate pulse after traveling through this window.

The final optical element is a β−BaB2O4 (BBO) plate. The plane containing the

optical axis of the crystal and the normal to the plate face is placed perpendicular

to the input polarization while the optical axis is set at a phase-matching angle of

θpm = 30◦ for second harmonic generation. The function of the BBO is three-fold:

BBO is negatively birefringent so it is used to compensate for the positive group

delay between the +45◦ and −45◦ pulses. In addition, since the BBO crystal will

introduce some phase delay, the combined effect of the second quartz window and

the BBO must act as a quarter wave plate. Finally, BBO is also a non-linear crystal

used to generate the second harmonic of the gating field. The resulting polarization

of this second harmonic field will then be parallel to the driving field and will break

the dipole inversion symmetry of the atom within the polarization gate. The BBO

crystal must be placed in vacuum before the HHG source to prevent any substantial

group delay between the fundamental and second harmonic fields. The thickness

of the BBO is set to LBBO = 150 µm and the final driving and gating fields after

propagation through the BBO are shown in Fig. 7.5 (d). From this plot, we can

see that this final DOG pulse corresponds to counter-rotating, circularly polarized

pulses since the gating field lags the driving field by π/2 on the rising edge of the

pulse and the driving field lags the gating field by π/2 on the trailing edge of the

pulse. We can also see that the gating field dips to zero near the center of the pulse,

giving rise to a linear gate that lasts for one optical cycle.

7.3 Bright XUV Supercontinua

To avoid complicated phase-matching configurations, the DOG scheme has previ-

ously been employed in narrow gas cell configurations [46, 113]. However, given our

lab’s success with the hollow core waveguide configuration, we decided to try out

the DOG set-up in our HHG waveguide. The two quartz windows for the DOG
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set-up were added to the HHG beamline outside of the vacuum while the BBO was

introduced in a small vacuum chamber before the waveguide. The biggest difficulty

in generating the SAP from the waveguide DOG set-up was matching the GDD val-

ues between the FROG and HHG line. Once we were able to get a good handle on

the GDD mismatch, we obtained some very interesting results for SAP generation.

The polarization state of the DOG pulse is controlled largely by the first quartz

window. When it is placed at +45◦, we obtain the time-dependent polarization with

a linear window at time t = 0 fs. However, if we rotate the quartz window to 0◦, the

polarization state of the pulse reverts to fully linear. In our initial alignments of the

set-up, we set this quartz window to 0◦. To our surprise, we found that we could

obtain an XUV supercontinuum in Xe with just a linearly polarized driving field.

As mentioned above, an XUV supercontinuum is strongly suggestive of a SAP. The

spectrum of this pulse is shown in Fig. 7.6 (a). It turns out that this phenomenon

is a previously observed method of generating SAPs referred to as ionization gating

[42, 43, 44]. The idea behind ionization gating is as follows: the leading edge of

the pulse generates a time-dependent plasma population. The plasma population

gives rise to negative dispersion and is an integral part of HHG phase-matching.

Therefore, the intensity of the driving pulse can be tuned such that phase-matching

only occurs for a single half-cycle in the rising edge of the pulse, thus generating a

SAP. However, the SAP we produced had a fairly low pulse energy of 0.6 nJ and

had a spectral bandwidth that only supported a 360 as pulse. We therefore decided

to proceed to the DOG technique.

The DOG set-up was quite successful. We could generate XUV supercontinua

with both Xe and Ar gases, shown in Fig. 7.6 (b) and (c) respectively. The pulse

energy of the Xe DOG spectrum was an impressive 4 nJ and the spectrum had

the bandwidth to support 240 as pulses. Given our input NIR energy of 135 µJ,

the corresponding conversion efficiency for this SAP was 3 × 10−5. This is rather

exciting since the only other publications to report higher conversion efficiencies in

SAP generation used 10 Hz laser systems with pulse energies greater than 100 mJ

[115, 116]. Due to the slow repetition rate and the large shot-to-shot fluctuations,
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Figure 7.6: (a) XUV supercontinuum generated by the ionization gating technique
in Xe gas corresponding to a pulse energy of 0.6 nJ. The XUV pulse had a bandwidth
of 5.1 eV, capable of supporting 360 as pulses. (b) XUV supercontinuum generated
by the DOG technique in Xe gas with a much better pulse energy of 4 nJ. This pulse
was also broader with a bandwidth of 7.6 eV and supporting 240 as pulses. (c) We
were also able to generate a supercontinuum in Ar, however, the corresponding pulse
energy was much weaker. The overlaid red-dashed spectra in each figure correspond
to typical HHG spectra produced with 40 fs NIR pulses to emphasize the continuum
generation in both ionization gating and DOG.

these systems are not yet at the stage where they can be used in an attosecond

pump-probe experiments. Comparing this efficiency to results reported with typical

kHz laser systems, our efficiency appears to be the greatest. The only two reports

to come close to our value reported efficiencies of 6 × 10−6 (6.5 nJ pulse energy)

[117] and 2.6 × 10−5 (9 nJ pulse energy) [44]. While the measured pulse energy of

our SAPs are less than the energies reported in these two other reports, we also use

a weaker input pulse energy. We are actually limited in the power we can input into

the waveguide by the optical losses from the routing mirrors and DOG optics. Once

we are able to scale up our input few-cycle pulse energy, we anticipate generating

much more intense SAPs.

Before we can preform experiments with the SAP, we need to measure the tem-

poral duration of these pulses to confirm the XUV supercontinua correspond to

isolated attosecond pulses. We are in the process of setting up the pump-probe

apparatus to try out an attosecond streaking measurement and will use the FROG-

CRAB reconstruction algorithm discussed in Chapter 3 to characterize the SAP.
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With the advancement to SAP production in our lab, we can transition to probing

complex electron correlation and many-body dynamics in a wide variety of sys-

tems ranging from charge migration in photoionized biomolecules to light controlled

phase transitions in condensed matter reactions. We can also pursue what many

call the holy grail of attosecond science: preforming a true attosecond XUV-pump,

attosecond XUV-probe experiment. The main hurdle in this experiment is achieving

enough photon flux to get statistical two-photon signals. If we are able to scale the

pulse energy of our SAP in this waveguide DOG geometry, we could generate a high

enough pulse energy to achieve this dream.
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CHAPTER 8

Conclusion

In this work, I introduced ultrafast XUV spectroscopy as a diverse tool for studying

molecular reaction dynamics driven by electronic couplings. I presented three exper-

iments where we could study these dynamics in molecules of increasing complexity.

In Chapter 5, I investigated the relaxation dynamics of highly non-equilibrium Ryd-

berg states in O2. I measured the competing timescales for autoionization, a process

driven purely by electron correlation couplings, and dissociation, a process driven

by dual electron-nuclear couplings. Our XUV, time-domain results were able to

disentangle the two timescales and put an end to the 30 year dispute over the disso-

ciation dynamics of this diatomic system. We anticipate that ultrafast XUV science

based on HHG will be used in the future as a table-top, spectroscopic tool to com-

plement and even replace large-scale user-facilities traditionally used in XUV and

x-ray science.

In Chapter 6, I presented our observations on the coherent beating of an elec-

tron hole between different orbital configurations in CO2. These charge transfer

dynamics were driven by the electron-nuclear couplings present near a conical inter-

section. We found that we could not only observe the decay of quantum coherence

in this electron hole system, but also control the evolution of the wavepacket with

a strong NIR field present during the moment of excitation. These results suggest

that quantum coherence can persist in non-adiabatic, charge transfer reactions at

warm temperatures close to room temperature. Further, the possibility of exerting
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control over both the coherence and coupling environment could provide a means

of improving charge and energy transfer in a broad range of photocatalytic and

biochemical systems.

Finally, in Chapter 7, I proposed an experiment to observe the migration of an

electron hole across iodobenzene. The migration is driven solely by electron corre-

lation effects present after local ionization of the molecule and result in the rapid

propagation of the electron hole across the molecule. I further discussed the modifi-

cations made to our experimental set-up to transition to a single attosecond-pump,

few-cycle probe configuration. We found that we could produce bright and efficient

single attosecond pulses using the DOG technique in our hollow core waveguide ge-

ometry. These results could eventually be used to perform a true attosecond resolved

XUV-pump, XUV-probe experiment.

The field of attosecond science is at a very exciting cross-roads right now. Many

groups have ventured past the study of fundamental atomic and molecular sys-

tems and have moved forward in demonstrating the use of HHG, XUV pulses in

applications ranging from coherent diffractive imaging [118], x-ray circular dichro-

ism [119], x-ray absorption-edge spectroscopy [120], ultrafast demagnitization [121],

and demonstrating an insulator-conductor light switch [122]. Some groups are now

trying to generate continuous HHG spectra which span the water window between

284-540 eV as a tool to probe biological matter [123]. These studies in conjunction

with the work presented in this thesis help to advance attosecond science from an

exploratory physics field, to an established interdisciplinary technique with a broad

applicability in chemistry, biology, and material science.
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APPENDIX A

Reprint: “Ultrafast Dynamics of Neutral

Superexcited Oxygen: A Direct Measurement of

the Competition between Autoionization and

Predissociation”

The following manuscript was published as a peer-reviewed article in Physical

Review Letters. The results of this article are summarized in Chapter 5. The

manuscript is reprinted with permission from the American Physical Society. Origi-

nal reference: Henry Timmers, Niranjan Shivaram, and Arvinder Sandhu, “Ultrafast

Dynamics of Neutral Superexcited Oxygen: A Direct Measurement of the Compe-

tition between Autoionization and Predissociation,” Phys.Rev. Lett. 109, 173001

(2012). Copyright (2012) by the American Physical Society.



Ultrafast Dynamics of Neutral Superexcited Oxygen: A Direct Measurement
of the Competition between Autoionization and Predissociation
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Using ultrafast extreme ultraviolet pulses, we performed a direct measurement of the relaxation

dynamics of neutral superexcited states corresponding to the nl�gðc4��
u Þ Rydberg series of O2. An

extreme ultraviolet attosecond pulse train was used to create a temporally localized Rydberg wave packet

and the ensuing electronic and nuclear dynamics were probed using a time delayed femtosecond near-

infrared pulse. We investigated the competing predissociation and autoionization mechanisms in super-

excited oxygen molecules and found that autoionization is dominant for the low n Rydberg states. We

measured an autoionization lifetime of 92� 6 fs and 180� 10 fs for the ð5s; 4dÞ�g and ð6s; 5dÞ�g

Rydberg state groups, respectively. We also determine that the disputed neutral dissociation lifetime for

the � ¼ 0 vibrational level of the Rydberg series is 1100� 100 fs.

DOI: 10.1103/PhysRevLett.109.173001 PACS numbers: 33.80.Eh, 33.80.Rv, 42.65.Re, 82.53.Hn

A pervasive theme in ultrafast science is the character-
ization and control of energy distributions in elementary
molecular processes. Ultrashort light pulses are used to
excite and probe electronic and nuclear wave packets,
whose evolution is fundamental to understanding many
physical and chemical phenomena [1]. However, until
recently, time-resolved studies of wave packet dynamics
using light pulses in the infrared (IR), visible, and ultra-
violet (UV) regime had predominantly been limited to low-
lying excited states and femtosecond time scales [2].

Advances in photon technologies, specifically in the
field of laser high-harmonic generation (HHG) [3,4],
have opened new avenues in the time-resolved studies of
molecular dynamics. The efficient energy regime for HHG
lies within the extreme ultraviolet (XUV) range from
10–100 eV, allowing for the excitation of inner-shell elec-
trons to form highly excited atomic and molecular states.
Importantly, the attosecond to few femtosecond nature of
the HHG radiation forms a temporally localized excited
state wave packet whose dynamics can be followed in real-
time using a time delayed probe [5–9]. Recently experi-
ments have employed these attosecond XUV sources to
study ultrafast fragmentation [10] and autoionization
[11,12] in highly excited molecular ions.

Apart from excited molecular ions, neutral molecules
existing far above the ionization potential form an even
more important class of molecular systems where the
application of ultrafast XUV sources can provide new in-
sights. Such neutral superexcited molecular states are often
found as intermediates in chemical reactions initiated by
high-energy photons (e.g., solar radiation) and play an
important role in the chemistry of planetary atmospheres
[13]. The superexcited molecules quickly relax from their
nonequilibrium state through multiple competing decay
mechanisms including autoionization, fluorescence, and
dissociation into neutral fragments [14–17]. Synchrotron

light sources have traditionally been employed for inves-
tigating these processes. While these sources offer excel-
lent spectral resolution, they lack the time resolution
required for the real-time study of ultrafast processes in
superexcited molecules. In contrast, an attosecond pump-
probe experiment can resolve dynamics on the few femto-
second time scale.
In this work, we focus on the dynamics of the super-

excited oxygen molecule, specifically the nl�g family of

neutral Rydberg states converging to the c4��
u state of

Oþ
2 . These superexcited states are formed through the

direct excitation of an inner-shell 2s�u electron to states
that lie greater than 10 eV above the ionization potential
of O2. The generic nl�g Rydberg state curve resulting

from the interaction between two electronic configura-
tions of O2 is shown in Fig. 1. The quasibound vibrational
population in this state can predissociate very rapidly
through tunneling and/or nonadiabatic mechanisms, such
as spin-orbit interaction and rotational coupling [18]. The
neutral excited oxygen atoms formed in this dissociation
play an important role in the dynamics of ozone forma-
tion and decay in Earth’s upper atmosphere [13]. Further,
the superexcited states are also embedded in the ioniza-
tion continuum where autoionization forms another im-
portant relaxation channel. In this process, an electron is
spontaneously ejected from the superexcited neutral
molecule resulting in a molecular ion (Fig. 1). The super-
excited O2 system thus presents a unique opportunity to
study the competition between neutral dissociation and
autoionization and explore the nonadiabatic effects which
dominate the dynamics of superexcited molecules.
However, despite the significant interest and the funda-
mental importance of these dynamics, crucial questions
remain unanswered.
Prior synchrotron measurements and theoretical studies

[18–25] have explored the fragmentation of the c4��
u ionic
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core and associated high n Rydberg states. These studies
indicate that the dynamical evolution of high n Rydberg
levels mimics the c4��

u ion-core dissociation and neutral
dissociation is the dominant relaxation mechanism. Of the
two vibrational levels (� ¼ 0; 1) supported by these quasi-
bound states, consensus has been reached that the predis-
sociation lifetime for the � ¼ 1 vibrational level is �70 fs
[21–25]. However, the dissociation lifetimes of the � ¼ 0
vibrational level still differ by orders of magnitude be-
tween different studies [21,22,25]. Furthermore, in contrast
to the high n Rydberg states, the electron correlation
effects in the low n Rydberg states (e.g., n ¼ 4; 5; 6) lead
to a scenario in which autoionization can become a com-
peting and even prominent decay mechanism. To date, the
autoionization rates for low n Rydberg states have not been
measured. The bottlenecks in accurate frequency-domain
determination of the predissociation and autoionization
lifetimes stem from the complications associated with the
fitting of overlapping resonances and asymmetric line
shapes. Here, we report a time-domain pump-probe study
that allows a direct determination of the autoionization
lifetimes for low n Rydberg states and simultaneously
provides a measurement of the disputed neutral predisso-
ciation lifetime for the � ¼ 0 level.

In our experiment, a 1.5 mJ near-infrared pulse with a
temporal width of 45 fs was divided into a pump and probe
path. The pump pulse was focused into a hollow-core
waveguide filled with xenon gas to create an XUV atto-
second pulse train (APT) consisting primarily of the 13th

and 15th harmonics. The temporal duration of the APT
envelope was approximately 3 fs. The XUV pulse was then
focused into an effusive gas jet of molecular oxygen to
create a temporally localized wave packet corresponding to
Rydberg nl�g states. A probe IR pulse with a peak inten-

sity of 4 TW=cm2 was used to ionize the neutral excited
wave packet resulting in the formation of the continuum
molecular ion, ðc4��

u ÞOþ
2 . This state served as our final

product channel as it leads to the formation of easily
observable Oþ ions. We used a velocity map imaging
detector to measure the kinetic energy and yield of Oþ
ions in two dissociation limits as a function of pump-probe
time delay. The time zero of the pump-probe scan was
calibrated to an accuracy of�2 fs using a cross-correlation
measurement in the form of two-photon (XUVþ IR) he-
lium photoionization.
For the measurement of the relaxation lifetime for

superexcited Rydberg states, we tune the spectrum of our
XUV pulse such that the peak of the 15th harmonic is
resonant with the nðs; dÞ�g Rydberg states [Fig. 2(a)]. The

nl�gðc4��
u Þ Rydberg state assignments for the � ¼ 0 vi-

brational level obtained from prior synchrotron work [22]
are shown in Fig. 2(b) along with our excitation spectrum.
The excitation of the � ¼ 1 vibrational manifold is ex-
pected to be factor of 3 times weaker than � ¼ 0 [21].

FIG. 2 (color online). (a) A schematic representation of the
relaxation lifetime measurement. The 5s�g Rydberg state is

populated by the XUV APT and decays rapidly due to auto-
ionization and predissociation. We interrupt this decay process
by removing the Rydberg electron with a time delayed IR pulse
to populate the ðc4��

u ÞOþ
2 state and produce measurable ions

with well-defined kinetic energies corresponding to c4��
u ! L1

and c4��
u ! L2 channels. (b) The XUVexcitation spectrum for

the 15th harmonic used in the lifetime measurements overlaid
with the nðs; dÞ�g Rydberg assignments. (c) The ion kinetic

energy spectrum with the XUV pulse alone (lower curve, blue)
as well as in the simultaneous presence of the XUVþ IR
probing pulse (upper curve, red). Inset shows the full velocity
map of ions with (right half) and without (left half) the IR pulse.

FIG. 1 (color online). An ultrashort XUV pulse excites a 2s�u

electron to form the nl�gðc4��
u Þ Rydberg state of O2. Fast

predissociation of these highly excited molecules into neutral
fragments can occur through nonadiabatic interactions. Since
these neutral states are embedded in an ionization continuum,
autoionization can also occur through spontaneous ejection of an
electron. The neutral dissociation and autoionization thus form
competing decay mechanisms.
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The temporally localized population in the Rydberg
excited state decays very rapidly due to the strong electron
correlation effects and the quasi-bound nature of the po-
tential energy curve. We interrupt this decay with the IR
probe pulse to ionize the molecule, leading to the forma-
tion of ðc4��

u ÞOþ
2 , which fragments along the known path-

ways [26] c4��
u ! L1 and c4��

u ! L2. These two paths
lead toOþ ions with kinetic energies around 2.9 and 1.9 eV,
respectively. In Fig. 2(c) we plot the kinetic energy spec-
trum of Oþ. The lower curve represents the background in
photoion counts due to XUValone. The upper curve shows
the photoion counts in the simultaneous presence of both
the XUV and IR fields. Clearly, the ion counts in both the
L1 and L2 channels are enhanced greatly by the action of
the IR probe pulse.

The c4��
u ! L1 channel near 2.9 eV is of particular

interest in the current study since it arises purely from the
predissociation of the � ¼ 0 vibrational level [18,20].
Since the excitation from Rydberg states to the ionic core
is dominated by�� ¼ 0 transitions, the ion yield measured
in the L1 limit originates exclusively from the � ¼ 0
population of the Rydberg states. Thus, the measurement
of c4��

u ! L1 ion yield as a function of pump-probe time
delay provides us an avenue to measure both the contro-
versial � ¼ 0 predissociation rate and the unknown auto-
ionization rate.

We obtain a kinetic model of the relaxation of � ¼ 0
level by considering the decay of a single Rydberg state
due to the competition between autoionization and neutral
dissociation. A straightforward derivation beginning with
the relevant rate equations [27] gives the delay dependence
of the ion yield in the c4��

u ! L1 channel as

YL1ðP0;�a;�d; tÞ ¼�P0

�
�d

�aþ�d
e�tð1=�aþ1=�dÞ þ �a

�aþ�d

�
;

(1)

where P0 is the initial population in the � ¼ 0 Rydberg
vibrational level, �a is the autoionization lifetime, �d is the
predissociation lifetime, and � is the branching ratio for
� ¼ 0 population into the L1 channel.

This equation can be understood in the context of the
multichannel quantum defect theory for Rydberg states in
molecules [28] where the effective quantum number (n�)
incorporates the effect of core interactions. Using this
formalism, it has been established that both the oscillator
strength for excitation to a nl�g Rydberg state, fnl, and the

autoionization rate from that Rydberg state scale as ðn�Þ�3.
However, in the core-ion approximation [22], the predis-
sociation rate is independent of the effective quantum
number of the Rydberg state. The contrasting n� depen-
dence of autoionization and neutral dissociation lifetimes
is shown in Fig. 3(a). Using Eq. (1), the variation of ion
yield with time delay can be simulated in three regimes.
For low n� states [region I, Fig. 3(b)], autoionization of the
� ¼ 0 population from the potential well is the dominant

mechanism, manifesting itself as an exponential decay
to a near zero baseline in the c4��

u ! L1 channel ion
yield (solid green curve). For high n� states [region III,
Fig. 3(b)], neutral dissociation is the dominant mechanism.
However, as the neutral fragments can be photoionized in
the dissociation limit there is no net loss of experimental
ion counts. The delay-dependent ion signal therefore ex-
hibits a near flat, dc response. When both mechanisms have
comparable rates [region II, Fig. 3(b)], the exponential
decay terminates into an appreciable dc baseline. In gen-
eral, the amplitude of the exponential term relative to the
dc baseline in Eq. (1) elucidates the competition between
autoionization and neutral dissociation. This allows us to
decouple the two decay mechanisms and measure the
contribution from each process.
Before we quantitatively deduce the autoionization and

predissociation lifetimes, we note that Eq. (1) refers to the
ion yield obtained from a single Rydberg level. From
Fig. 2(b), we observe that the Rydberg states 5s�g,

4d�g, 6s�g, and 5d�g are predominantly populated by

the 15th harmonic. Based on the similarity between the
energies and effective quantum numbers, it is convenient
to classify these Rydberg states [29] into two groups,
i.e., ð5s; 4dÞ�g and ð6s; 5dÞ�g. Since the harmonic field

strength is nearly identical for both groups, the oscillator
strength for each group determines its excitation probabil-
ity. Defining r ¼ ðn�5s;4dÞ3=ðn�6s;5dÞ3 as the scaling factor for
the oscillator strengths and autoionization lifetimes be-
tween consecutive Rydberg states, we replace P0 with
rP0 and �a with �a=r in Eq. (1) to obtain the yield of the

FIG. 3 (color online). (a) A sketch showing �a and �d scaling
with effective quantum number n�. (b) The subplots illustrate the
simulated delay dependence of the ion yield in three regimes
(solid green curves) which differ in the relative contribution of
predissociation and autoionization mechanisms for a fixed total
decay lifetime of 100 fs. Dashed red curves depict the Gaussian
pump-probe cross-correlation profile representing additional
direct XUVþ IR excitation processes.
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second Rydberg group. The time dependence of total yield

can thus be written as Ytotal
L1 ðtÞ ¼ Y5s;4d

L1 ðP0; �a; �d; tÞ þ
Y6s;5d
L1 ðrP0; �a=r; �d; tÞ. We invoke Rydberg assignments

reported by Hikosaka et al. [22] to fix the constant r ¼
0:515. Lastly, we note that while we do not include the
effects of the higher lying Rydberg states, the population of
these states is substantially smaller (� 10%) and should
not affect our analysis.

The delay dependent ion yield obtained in the c4��
u !

L1 channel is plotted in Fig. 4(a). The dashed red curve
depicts the extent of the Gaussian cross correlation be-
tween pump and probe pulses and represents the occur-
rence of additional processes due to the simultaneous
presence of XUVand IR photons. We confine our analysis
to time delays greater than 70 fs where temporal overlap
effects can be ignored. We fit the data beyond 70 fs to the
fitting function Ytotal

L1 ðtÞ which has three free parameters:
P0, �a, and �d, where P0 is an overall multiplier. While the
fitting expression consists of two exponential terms and a
dc term, the amplitudes, decay rates and the dc baseline are
all interrelated through the �a and �d parameters. Thus, we
have a tightly constrained system and the Ytotal

L1 ðtÞ fit con-
verges to unique values for �a and �d. The fit shown by the
solid green curve in Fig. 4(a) yields an autoionization

lifetime of �5s;4da ¼ 92� 6 fs and a neutral dissociation
lifetime of �d ¼ 1100� 100 fs. Using the scaling factor
r ¼ 0:515, the autoionization lifetime of the second

Rydberg group is given by �6s;5da ¼ 180� 10 fs. These
results show that autoionization is the dominant relaxation
process for low to mid n Rydberg states. The same under-
standing can be obtained through a simple comparison of
the shape of our experimental curve [Fig. 4(a)] to the
simulated plots shown in Fig. 3(b).

We can look at the other extreme by tuning our harmonic
spectrum to be on resonance with the high n Rydberg states
near the ionic continuum. Since �a grows as ðn�Þ3, we
expect predissociation to dominate, resulting in an ion
yield that exhibits no dependence on IR pump-probe delay
[region III, Fig. 3(b)]. This is demonstrated experimentally
in Fig. 4(b), thus confirming the validity of our analysis.
To the best of our knowledge, there are no prior experi-

mental measurements of autoionization lifetimes for these
superexcited Rydberg states. In a recent theoretical effort
[23,29], lifetimes of �5sa ¼ 90:0 fs (�4da ¼ 92:7 fs) and
�6sa ¼ 178 fs (�5da ¼ 183 fs) have been reported, which
are in a good agreement with our experimental observa-
tions. We note this agreement also justifies the Rydberg
state groupings that we had introduced in our model. The
measured value for the predissociation lifetime �d is also in
agreement with the experimental lower bounds measured
by Hikosaka et al. [22] and Padmanabhan et al. [24] who
argued �d > 600 fs and �d � 1 ps, respectively.
In summary, we were able to disentangle and measure

the competing autoionizaton and neutral dissociation life-
times of the ð5s; 4dÞ�g and ð6s; 5dÞ�g Rydberg states of

O��
2 , formed through the XUV excitation of a 2s�u elec-

tron. This represents the first direct measurement of the
ultrafast autoionization and predissociation dynamics in a
neutral superexcited molecule. This topic has been of
significant interest to the synchrotron community over
the last three decades. The knowledge of neutral dissocia-
tion and autoionization lifetimes can be used as a stepping
stone to explore the relative importance of various spin-
orbit interaction terms and tunneling processes in predis-
sociation dynamics. Thus, the tabletop HHG based XUV
time-domain technique used here represents a significant
step forward in the understanding of nonadiabatic relaxa-
tion mechanisms. In general, the coupling between elec-
tronic and nuclear degrees of freedom forms an interesting
problem where direct time-domain techniques could be
very illuminating [30,31]. An important facet of the time-
domain experimentation is the possibility of implementing
real-time control, wherein a light pulse can be used to
modify or change the course of the photochemical reaction
in the transient phase.
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Supplementary Information

To model the relaxation dynamics of superexcited Rydberg states and obtain the time-dependence
of the ion-yield, we set up the rate equations characterizing the competition between autoionization
and neutral dissociation. We invoke the core-ion model in which the Rydberg electron acts as a
spectator to the dissociation dynamics of the system.

The time-dependent population of the ν = 0 vibrational level in the nsσg(c
4Σ−

u ) potential well
of O∗∗

2 can be written as
PRyo (t) = Poe

−t/τae−t/τd (1)

where Po is the initial population and the total rate of relaxation from the Rydberg well is a sum
of the rates due to both autoionization, 1/τa, and neutral dissociation, 1/τd. The ν = 0 population
will predissociate into two prominent neutral dissociation limits, nL1 and nL2 (converging to the L1
and L2 ionic limits respectively) with rates 1/τd1 and 1/τd2. The predissociation rate can therefore
be decomposed into

1

τd
=

1

τd1
+

1

τd2
, (2)

For convenience, lets consider only the L1 channel - a clean channel which only measures counts
from ν = 0. We can express the rate equation for dissociation into the nL1 limit as

dPnL1o (t)

dt
=

1

τd1
PRyo (t). (3)

Using Eq. 1, the solution to this differential equation is given by

PnL1o (t) = Po

(
τd
τd1

)
τa

τd + τa
(1 − e−t/τae−t/τd), (4)

Note that τd/τd1 represents the branching ratio into the nL1 limit.
In our experiment, the population in the Rydberg state will either decay due to the various

relaxation mechanisms or a time-delayed IR pulse will excite the population into the ionic state.
The population transferred to the ionic state is a reflection of the population remaining in the
Rydberg potential well at any given time, or

P Iono (t) = PRyo (t) = Poe
−t/τae−t/τd . (5)

However, because the population in the c4Σ−
u state is quasi-bound, it will also dissociate through

various channels, giving rise to signals in both the L1 and L2 dissociation limits. To find the
population in the L1 limit, we can multiply the time-dependent population by the branching ratio
for the L1 channel to obtain

PL1o (t) = Po

(
τd
τd1

)
e−t/τae−t/τd . (6)

In addition to the counts from the dissociation of c4Σ−
u , we will also have counts due to the IR

ionization of any population in the nL1 limit. Assuming that the IR ionization cross-section does
not vary significantly with the internuclear distance, the total ion yield in the L1 limit is given by

YL1(t) = PnL1o (t) + PL1o (t) = Po

(
τd
τd1

)
τd

τa + τd
e−t/τae−t/τd + Po

(
τd
τd1

)
τa

τa + τd
. (7)

1



Setting the branching ratio τd/τd1 = α, we get the equation 1 in the manuscript. The relative
magnitudes for the coefficient of the exponential term and the dc baseline in Eq. 7 illustrate the
competition between autoionization and neutral dissociation.

We can look at two different scenarios to see how the competition between different decay
mechanisms manifests itself. In the first case, we consider τa << τd, or

YL1(t) = Po

(
τd
τd1

)
e−t/τa . (8)

When autoionization is the prominent decay mechanism, the ion yield will be lost to lower ionic
states and data will exhibit a purely exponential decay and a zero dc baseline.

In the second limit, we consider τa >> τd, or

YL1(t) = Po

(
τd
τd1

)
. (9)

When predissociation dominates, all of the ion counts are conserved since the population can either
be ionized from the Rydberg potential well or the neutral dissociation limit and the data will exhibit
no time delay dependence.

In an intermediate regime, the coefficient of the exponential decay term signifies the contribution
of autoionization and the level of the dc baseline signifies the contribution of predissociation. It
should be noted that the decay constant for the time dependence of the ion yield is always the sum
of the autoionization and predissociation rates.

Under our experimental conditions, we excite two Rydberg state groups, both of which have
identical neutral dissociation lifetimes but different autoionization lifetimes. As described in the
manuscript, we define the quantity r = (n∗5s,4d)

3/(n∗6s,5d)
3 to be the scaling factor that gives the

ratio of excitation probabilities and autoionization lifetimes between consecutive Rydberg states.
We rewrite equation 7 as

Y total
L1 (t) = αPo

[
τd

τa+τd
e−t/τde−t/τa + τa

τa+τd

]
+ αrPo

[
τd

(τa/r)+τd
e−t/τde−t/(τa/r) + (τa/r)

(τa/r)+τd

]
.

(10)
This equation is used in the data fitting procedure and the extraction of lifetimes.
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The coherent evolution of an electron hole in a photoionized molecule represents an unexplored facet of
charge transfer phenomena occurring in complex systems. Using ultrafast extreme ultraviolet spectroscopy,
we investigate the real-time dynamics of an electron hole wave packet created near a conical intersection in
CO2. We resolve the oscillation of the electron hole density between σ and π character, driven by the coupled
bending and asymmetric stretch vibrations of the molecule. We also quantify the mixing between electron
hole configurations and find that the wave packet coherence diminishes with time due to thermal dephasing.

DOI: 10.1103/PhysRevLett.113.113003 PACS numbers: 33.20.Xx, 42.65.Re, 82.53.Kp

The rapid motion of charge within a molecule and the
resulting redistribution of energy is essential for the
function of chemical and biochemical reactions [1,2].
Fundamentally, molecular charge dynamics are driven by
either electron correlation effects or through the coupling of
electronic and nuclear degrees of freedom. Therefore, the
natural time scale for charge motion lies in the attosecond to
femtosecond regime. Recent developments in attosecond,
extreme ultraviolet (XUV) science provide new opportuni-
ties for the real-time investigation of electron dynamics in
atomic [3–6] and molecular systems [7–13]. Specifically, by
virtue of the high photon energy, ultrafast XUV pulses allow
access to electron hole dynamics in photoionized molecules,
an unexplored class of charge transfer phenomena [14–16].
Compared to the electron dynamics in neutral molecules, a
photoionized molecule is an open system where additional
interactions, including photoelectron entanglement [17], can
influence the charge dynamics.
Ultrafast electron hole dynamics in a photoionized

molecule originate from the coherent evolution of a super-
position of quantum states composing a nonstationary wave
packet. Conventional, synchrotron-based XUV sources can
be used to infer electron hole dynamics [18,19], but this
energy resolved approach cannot observe wave packet
motion in real time. On the other hand, time-domain studies
can elucidate the dynamic nature of correlations driving
ultrafast charge dynamics in molecules and can open the door
for the direct control of reaction pathways. Attosecond and
femtosecond XUV pulses based on nonlinear high-harmonic
generation (HHG) offer sufficiently broad bandwidths,
forming an ideal tool for probing electronic superpositions
in a wide variety of systems [5,6,11,12]. However, these
techniques have not been applied in the pump-probe studies
of coherent charge dynamics in polyatomic systems that
exhibit complex behavior near conical intersections.
A conical intersection arises when distinct electronic

states become degenerate at a certain set of interatomic

coordinates [20], leading to the breakdown of the conven-
tional Born-Oppenheimer approximation that serves as the
basis for the interpretation of many molecular phenomena.
Near this point of degeneracy, the electronic and vibrational
degrees of freedom become strongly coupled, producing
nonadiabatic, vibronic effects which serve to mediate
charge transfer processes.
Owing to its small size and known structure [21–23], the

CO2 molecule forms an excellent choice for studying such
complex charge dynamics. Using a femtosecond XUV
pump and near-infrared (NIR) probe scheme, we inves-
tigate the electron hole dynamics near a conical intersection

FIG. 1 (color online). The femtosecond XUV pulse photoionizes
CO2 to the B2Σþ

u ionic state with σu electron hole density
distributed along the bonding axis. Vibronic interactions near
the conical intersection couple this state to the A2Πu ionic state
which is associated with the πu electron hole. The potential energy
surfaces of both these states are shown as a function of the
symmetric C-O stretch, Qg, and asymmetric C-O stretch, Qu,
coordinates. We resolve the electron hole dynamics with a
time-delayed NIR pulse that excites the B2Σþ

u population to the
predissociative C2Σþ

g state resulting in the formation of observable
COþ ions.
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in the COþ
2 ion. We find that the electron hole density

exhibits a coherent oscillation between the σ and π
characters. By analyzing the amplitude of this quantum
beat signal, we are able to quantify the strength of the
vibronic coupling between two electronic states forming a
conical intersection. Importantly, these dynamics evolve
in bound (nondissociative) states of the molecule, which
allows us to monitor the coherence of the electron hole over
a long time scale. We observe that the coherence in the
electron hole oscillation decreases with time and we
attribute this decay to a thermal dephasing mechanism.
In essence, we obtain a comprehensive view of the complex
evolution of an electron hole wave packet generated in a
polyatomic molecule. Our results demonstrate that time-
resolved XUV spectroscopy forms a versatile tool for the
exploration of correlated dynamics of inner-valence elec-
tron holes. This represents an interesting and complex
regime distinct from the prior studies of valence electron
dynamics in neutral molecules [24–27]. Furthermore, our
ability to quantify the nonadiabatic couplings and quantum
coherence opens new avenues for the ultrafast studies of
charge and energy transfer mechanisms.
The ionization from the outer four molecular orbitals of

CO2 results in the formation of the ionic states X2Πgð1πgÞ−1
(13.8 eV), A2Πuð1πuÞ−1 (17.3 eV), B2Σþ

u ð3σuÞ−1 (18.1 eV),
and C2Σþ

g ð4σgÞ−1 (19.4 eV) [21]. Importantly, the
A2Πuð1πuÞ−1 and B2Σþ

u ð3σuÞ−1 states form a conical
intersection for nuclear coordinates close to the neutral
ground-state, equilibrium geometry. These states couple
through the joint effect of the bending and the asymmetric
stretching motions of the C-O bonds, which is the well-
known case of bilinear vibronic coupling [22]. The potential
energy surfaces of theB2Σþ

u ð3σuÞ−1 and A2Πuð1πuÞ−1 states
are shown in Fig. 1 in the vicinity of the conical intersection.
To study the nonadiabatic electron hole dynamics associated
with these coupled states, we use the pump-probe scheme
illustrated in Fig. 1. A few-femtosecond XUV pulse obtained
through HHG in Xe gas is used to ionize the CO2 molecules
to the B2Σþ

u ionic state, launching an electron hole wave
packet with density along the bonding axis (σu hole).
Vibronic interactions induced by the conical intersection
will result in the periodic transfer of the electron hole
population to the A2Πu state, with electron hole density
around the bonding axis (πu hole). To resolve these dynam-
ics, we use a time-delayed 45 fs NIR pulse with a central
wavelength of 785 nm to excite the B2Σþ

u state population to
the quasibound C2Σþ

g state, the dissociation of which creates
observable COþ fragments. Using a time gated velocity map
imaging detector, we measure the yield of low energy COþ
ions as a function of XUV-pump, NIR-probe time delay.
Figure 2(a) shows the experimental measurements of

the COþ ion yield obtained as a function of pump-probe
time delay. We recorded the ion yield for NIR polarizations
both parallel and perpendicular to the XUV polarization.
The most striking feature of this data is the strong

oscillatory signal with a period of 115 fs riding on top
of the ion yield curves. To unveil the nature of the 115 fs
oscillation, we consider the bilinear vibronic coupling
Hamiltonian proposed in Ref. [22], with vibronic states jng;
nρ; nu;A2Πui ¼ jχAi and jn0g; n0ρ; n0u;B2Σþ

u i ¼ jχBi form-
ing our basis set. The quantum numbers ng, nρ, and nu
correspond to the vibrational excitations in C-O symmetric
stretch, O-C-O bending, and C-O asymmetric stretch
modes. The motion along these three normal modes is
represented using coordinatesQg,Qρ, andQu, respectively.
In this formalism, the coupling induced by the conical
intersection manifests as off-diagonal matrix elements in
the Hamiltonian, VAB ∝ hχAjQρQujχBi, resulting in the
mixing of vibronic states. Using symmetry considerations
and a multiconfigurational time-dependent Hartree
(MCTDH) numerical approach [28], we find that the
jχBi ¼ j0; 0; 0;B2Σþ

u i and jχAi ¼ j3; 1; 1;A2Πui vibronic
states exhibit the strongest coupling and dominate the
wave packet dynamics [29]. These two states are nonsta-
tionary states of the vibronic Hamiltonian. However, one
can define the stationary eigenstates jϕ�i by a representa-
tion transformation

FIG. 2 (color online). (a) Experimental traces of the COþ ion
yield as a function of XUV pump, NIR probe time delay for
both parallel (blue) and perpendicular (green) NIR polarizations
relative to the XUV field. (b) The ϕþ and ϕ− eigenstates are
mostly a superposition of vibronic states j0; 0; 0;B2Σþ

u i and
j3; 1; 1;A2Πui, respectively [29]. The calculated eigenstate spec-
trum of the ion accessible by the XUVexcitation is shown on the
right. The small peak close to ϕ− is assigned to j2; 3; 1;A2Πui
and does not contribute to the observed signal. (c) Theoretical
COþ ion traces for both parallel and perpendicular probing fields
corresponding to Eq. (3). Calculations are based on a quantum
treatment of the vibronic dynamics and a classical description of
the rotational degrees of freedom.
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� jϕþi
jϕ−i

�
¼

�
cos θ sin θ
− sin θ cos θ

�� jχBi
jχAi

�
; ð1Þ

where the θ is the mixing angle which quantifies the
strength of coupling between the two vibronic states. The
hybridization diagram corresponding to this situation is
shown in Fig. 2(b).
The XUV spectrum used in our experiment predomi-

nately populates the B2Σþ
u electronic state [23,29], forming

a σu hole. This initial state is a coherent superposition of
hybridized cationic eigenstates, jϕ�i, whose relative pop-
ulations are shown in the eigenstate spectrum of Fig. 2(b).
Using the known amplitudes a� and energies E� for jϕ�i
[29], we can write a time-dependent wave function for this
system as

jΨðtÞi ¼ aþe−iEþtjϕþi þ a−e−iE−tjϕ−i: ð2Þ

Since these eigenstates states are composed of a linear
combination of σu and πu electron hole states, the system
develops a mixed σ − π electronic character as the wave
function evolves. We can see from the above equation that
the energy separation Eþ − E− characterizes the time scale
of quantum beating between the jϕþi and jϕ−i eigenstates.
The numerical results in Fig. 2(b) show an eigenstate energy
difference of 37.6 meV, which corresponds to a time scale of
110 fs. This time scale matches very well with the ion yield
oscillation observed in the experimental results of Fig. 2(a).
We can now model the observed features in the COþ ion

yield by accounting for the NIR probing step and the
rotational degrees of freedom in the molecular system.
Assuming a dominant s-wave nature for photoionization,
dipole selection rules dictate that the ionization will
preferentially occur from 3σu orbitals for molecules aligned
parallel to the XUV field [29]. Therefore, the XUV pulse
prepares an aligned distribution of COþ

2 ions in a B2Σþ
u

electronic configuration. Further, due to the dipole selec-
tion rules and bandwidth constraints, the parallel NIR
probing field exclusively maps the B2Σþ

u state population
to the predissociating C2Σþ

g state [38], resulting in the
formation of COþ ions. This transition is forbidden for a
perpendicular probing field, explaining the large discrep-
ancy in ion yield between the parallel and perpendicular
polarizations at t ¼ 0 fs seen in Fig. 2(a).
To incorporate ionization induced alignment and thermal

rotations into our simulation, we perform a quantum-
classical trajectory calculation [29]. We compute the
ensemble-averaged NIR transition dipole DBðtÞ from the
B2Σþ

u state to the final C2Σþ
g state. Using the time-

dependent wave function in Eq. (2) and calculating
DBðtÞ, we obtain the time-dependent COþ ion yield as [29]

IðCOþ; tÞ ∝ ðcos4θ þ sin4θÞDBðtÞ2

þ 1

2
sin22θDBðtÞ2 cosðEþ − E−Þt: ð3Þ

The 110 fs quantum beat is, therefore, reproduced in the
experimental COþ ion yield. Additionally, the finite rota-
tional temperature Trot of the molecular ensemble leads to
the loss of the cation’s alignment, resulting in a time
dependent DBðtÞ. Figure 2(c) shows the result of Eq. (3)
for a rotational temperature relevant to our experimental
conditions (Trot ¼ 200 K). The computed signal intensity
for parallel NIR polarization undergoes a decay in nearly
400 fs, which matches the experimental observation in
Fig. 2(a). This decay can be explained as follows: as the
ensemble rotates out of alignment, a smaller fraction of
the molecules can be probed by the parallel NIR field. On
the other hand, this opens up a larger number of molecules
which can be probed by the perpendicular NIR field,
resulting in the increase in ion yield for perpendicular
polarization.
With strong agreement between experiment and theory,

we finally arrive at a complete picture of coupled nuclear-
hole dynamics near a conical intersection (Fig. 3). The
XUV pulse first prepares the molecule in a coherent
superposition of cationic eigenstates with an initial σu
electron hole character. The bending and asymmetric
stretch motions of the molecule coherently drive the
electron hole density from the region along the molecular
axis with σu symmetry, to the region around the molecular
axis with πu symmetry. The relative electron hole density
corresponding to the evolution of the wave packet within
the first 110 fs period of quantum beating is shown in
Fig. 3(a). The reduced density of the nuclear wave packet

FIG. 3 (color online). (a) Change in electron hole densityΔρhole
with respect to time zero. The dynamics shown correspond to the
110 fs quantum beat. During this period, the electron hole density
is driven from σu character along the molecular axis to πu
character around the molecular axis. The blue (darker shading)
represents a negative change and the orange (lighter shading)
represents a positive change. (b) Change in the reduced density
of the vibronic wave packet along the coupling coordinates Qu
and Qρ associated with electronic states B2Σþ

u (upper panel) and
A2Πu (lower panel). The nuclear dynamics corresponding to the
bending and asymmetric stretching motion occur in sync with the
electron hole motion.
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on the A2Πu and B2Σþ
u states in terms of the asymmetric

stretching (Qu) and bending (Qρ) coordinates is shown
in Fig. 3(b) and demonstrates periodic modulation in
synchronization with the electron hole dynamics.
We can also monitor the evolution of quantum coherence

in the cationic superposition by using the results in Fig. 2(a)
and defining the time-dependent ion yield contrast as

CexptðτÞ ¼
IsigðτÞ − IdcðτÞ

IdcðτÞ
; ð4Þ

where IsigðτÞ is the raw COþ ion yield and IdcðτÞ is the
nonoscillatory component. In Fig. 4(a), we plot the delay-
dependent contrast observed in the experiment. We can
compare this to the theoretical ion-yield contrast from
Eq. (3), or

CtheoðtÞ ¼
1
2
sin2ð2θÞ

cos4θ þ sin4θ
cosðEþ − E−Þt: ð5Þ

The amplitude of the theoretical contrast depends only on
the mixing angle and is stationary with time, whereas the

amplitude of the experimental contrast in Fig. 4(a) decays
as a function of time delay. This decay in amplitude is
indicative of the loss of coherence. In Fig. 4(b), we plot the
delay-dependent contrast amplitude for the four prominent
oscillation periods observed in the experiment and find that
the contrast amplitude decreases linearly with time. Using
linear extrapolation, we obtain the initial contrast amplitude
before the onset of decoherence, Co, corresponding to the
oscillation peak at t ¼ 0 fs. Equating Co to the analytical
expression for the contrast amplitude [Eq. (5)], we obtain
an experimental measurement of the mixing angle,
θ ¼ 0.18ð1Þ. This can readily be compared with the mixing
angle directly obtained from the numerical results of the
MCTDH calculations which yield θ ¼ 0.195 [29]. Our
paper, thus, represents a sensitive measurement of the
coupling induced by the nonadiabatic perturbations near
a conical intersection.
From the linear fit in Fig. 4(b), we experimentally infer

the rate of decoherence to be ð0.06� 0.01Þ ps−1. The
mechanism behind this can be understood in terms of
thermal dephasing. At a finite rotational temperature, XUV
excitation from the ground state creates an incoherent
distribution of rotational levels in the jχBi vibronic state.
Since the rotational constants of coupled jχBi and jχAi
states are appreciably different, the energy gap between
them varies with the rotational quantum number, J [29]. As
a result, the J-dependent phases of electron hole oscilla-
tions diverge with time, manifesting as a loss of coherence
in our data. The dashed curve in Fig. 4(a) represents the
results of a semiclassical, linear rotor model incorporating
the effects of rotational dephasing of a thermal distribution
with Trot ¼ 200 K. The numerical contrast decays on a
very similar time scale to what is seen in the experiment.
This is further exemplified in Fig. 4(b), where the theo-
retical contrast amplitude (dashed line) follows the exper-
imental amplitude (solid line). It is interesting to note that
while the thermal ensemble is fairly warm, the coherence
in the weakly coupled cationic states persists for more than
500 fs. The concept of quantum coherence is playing an
increasingly important role in our understanding of chemi-
cal and biological phenomena [39,40], and our results
suggest that the nonadiabatic coupling to nuclear motion
provides an efficient means for mediating coherent charge
transfer in polyatomic systems.
In conclusion, we used an XUV pump and NIR probe to

resolve the ultrafast motion of an electron hole between σ
and π orbitals in the CO2 molecule. We quantified the
coupling between electronic states due to the perturbation
caused by the conical intersection and measured the
evolution of quantum coherence during the charge oscil-
lation. This approach is quite general and can be easily
extended to resolve the elusive electronic correlation driven
charge migration dynamics [41]. The real-time visualiza-
tion of electron hole dynamics in such nonadiabatic
scenarios and the understanding of the limitations of the

FIG. 4 (color online). (a) The experimental results for the
contrast of COþ ion yield oscillation for parallel polarization.
The contrast peaks and minima reflect the electronic character of
the hole as it evolves in time. The dashed curve is the theoretically
calculated contrast incorporating the effects of dephasing due to
slightly different rotational constants of the A2Πu and B2Σþ

u states
and the rotational temperature of the ensemble. (b) The contrast
amplitude is plotted for the four prominent oscillation periods
shown in (a) and it decays linearly over time due to the loss of
coherence. A linear fit to this data allows us to experimentally
measure the mixing angle to be θ ¼ 0.18ð1Þ before the onset of
decoherence. The dashed line is the theoretical calculated decay
of contrast amplitude.
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quantum system due to coupling with environmental
degrees of freedom is fundamental in probing the inner
workings of charge transfer processes occurring in nature.
The experimental and theoretical results we obtained here
for the linear triatomic molecule represent first steps in
elucidating these dynamics and pave the way for the
application of attosecond and femtosecond XUV spectros-
copy in the measurement and control of charge dynamics in
complex biochemical processes.
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I. EXPERIMENTAL DETAIL

A. Experimental Set-up

In the experiment, we use a 2.4 mJ near-infrared (NIR) pulse with a temporal width of 45

fs. As shown in Fig. 1, a portion of the pulse is focused into a hollow-core waveguide filled with

Xenon gas to generate extreme-ultraviolet (XUV) femtosecond pulses consisting of the 11th to

17th harmonic. We tune the high harmonic spectrum such that the 11th harmonic is slightly

above the B2Σ+
u ionic state threshold (18.076 eV [1]). The XUV pulse is focused using a toroidal

mirror into an effusive gas jet of CO2 molecules, where it coherently excites electronic states

and launches a non-stationary wavepacket. All harmonics in the XUV spectrum contribute to

the excitation of B2Σ+
u state in a proportion determined by the cross-section shown in Fig. 1

(b).

The remaining NIR pulse is sent along a time-delayed probing pathway with both polarization

and intensity control. We use a probe intensity of ∼ 3 TW/cm2. The NIR probe pulse maps

the B2Σ+
u state population to the the predissociative C2Σ+

g state, thus generating an observable

CO+ signal. The dissociation limit for CO+ ions is 19.4687 eV [2]. Therefore, only states above

17.89 eV can be probed in a one photon transition (~ωNIR = 1.58 eV) to C2Σ+
g state. A few

higher vibrational levels of A2Πu state also lie in this energy range, however their excitation

probability is very low compared to the B2Σ+
u state [1, 3]. As we discuss later, the dipole

excitation also favors the B2Σ+
u state transition by a few orders of magnitude. The counts from

the direct XUV excitation and dissociation of C2Σ+
g state form a constant dc baseline, which is

subtracted from our time-dependent data.

We use a time-gated velocity map imaging (VMI) detector to measure the near zero kinetic

energy CO+ ions as a function of pump-probe time delay. We employ a time gate of 400 ns to

select out the charged particles of our choosing. The species C+, O+, CO+, and CO+
2 are all

well separated by the time they arrive at our MCP detector so that we only measure one ionic

species during the course of the experiment.

Lastly, the time-zero of the pump-probe scan is calibrated to an accuracy of ±2 fs using a

XUV+IR cross-correlation measurement of Helium photoionization.

B. Data Analysis

To obtain the ion yield contrast observed in Fig. 4 (a) of the manuscript, we first extract the

non-oscillatory (dc) part of the ion yield by using a low-pass Fourier filter. Since the beating

frequency of the electron hole is around 36 meV, our low pass filter rejects everything above 24

meV. Using the non-oscillatory part computed from this method, we then calculate the CO+

contrast using Eq. 4 in the manuscript. Next, we measure the amplitude for each oscillation
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FIG. 1: The experimental schematic for XUV-pump, NIR-probe set up. The high harmonic spectrum

superposed with the B2Σ+
u state excitation cross-section calculated using the method in Ref.[4].

period in the contrast to determine the time-dependence of the contrast amplitude. We find

that this contrast amplitude decays in a linear fashion, as noted in the manuscript. We use a

linear fit to extrapolate the contrast amplitude values to time zero, which corresponds to the

first peak in the ion yield oscillation. Using the y-intercept of our linear fit (Fig. 4 (b) in the

mansucript) as the initial contrast amplitude and equating it to the analytical expression for the

contrast amplitude (Eq. 5 in the mansucript), we obtain the experimental mixing angle and its

corresponding uncertainty. Due to the shallow slope of our contrast amplitude decay, a small

systematic offset in time axis does not affect our conclusions. Our analysis shows that the time

delay uncertainty has to be ≥40 fs for the mixing angle uncertainty to differ from the value that

we have quoted. Hence, we have a robust measurement of the initial contrast amplitude and

the experimental mixing angle arising from this conical intersection.

We note that there is a degree of subjectiveness in our choice of the low pass filter edge to

extract out the non-oscillatory part of the CO+ ion yield. We therefore perform this analysis

using different filter edges ranging between 24 meV and 8 meV. We find that this gave us

additonal uncertainity in the calculated contrast amplitude. After propagating this uncertainty

with the statistical uncertainty from the linear fit, we find that the initial contrast amplitude is

0.068± 0.007. Using Eq. 5 in the manuscript, this corresponds to a mixing angle of 0.18± 0.01.
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II. COHERENT OSCILLATION AND DECAY IN THE CO+ ION YIELD

A. Vibronically Coupled A2Πu and B2Σ+
u States

The most interesting and striking feature in the CO+ delay-dependent data is the coherent

oscillation which exhibits a period of 115 fs. To understand the mechanism behind this oscilla-

tion, we solve the time-dependent Schrödinger equation for the vibronically coupled A2Πu and

B2Σ+
u states in CO+

2 using the multi-configurational time-dependent Hartree (MCTDH) ap-

proach [5]. We use the bilinear vibronic coupling Hamiltonian suggested by Cederbaum et al. [6],

composed of the basis set |ng, nρ, nu;B2Σ+
u 〉 = |χB〉 and |ng, nρ, nu;A2Πu〉 = |χA〉. In this for-

malism, (ng, nρ, nu) correspond to the quantum numbers for the excitation of the symmetric

stretch, bending, and asymmetric stretch vibrational modes. These modes are characterized by

the coordinates Qg, Qρ, and Qu respectively. The off-diagonal matrix element which results in

the mixing of the two electronic states in this Hamiltonian is VAB ∝ 〈χA|QρQu|χB〉.
During photoionization, the most prominent vibrational state populated by our XUV pulse

is the (0, 0, 0)B2Σ+
u state with a significantly weaker overtone at (0, 2, 0)B2Σ+

u [1]. Based on

the symmetry of VAB, the vibrational progression (ng, 1, 1)A2Πu is the most likely candidate for

coherent coupling to the (0, 0, 0)B2Σ+
u vibronic state. To determine which pair of vibronic states

exhibit the strongest coupling, we numerically calculate the B2Σ+
u state population dynamics

using our MCTDH approach. The calculation results are shown in Fig. 2 (a). By taking a Fourier

transform of the temporally varying B2Σ+
u state population, we can obtain the quantum beating

spectrum shown in Fig. 2 (b). The peaks here correspond to the energy separation between

a vibronically coupled state pairs. The most prominent peak occurs at a beating frequency

of 37.6 meV, which we assign to the |0, 0, 0;B2Σ+
u 〉 and |3, 1, 1;A2Πu〉 state pair. We show a

magnified view of this energy range in Fig. 2 (c). The shoulder peak at 40.1 meV is assigned

to the vibronic state pair |0, 2, 0;B2Σ+
u 〉 and |3, 3, 1;A2Πu〉. We also observe weak cross beating

between these two pairs leading to additional peaks at 130.7 meV and 166.3 meV. However, the

strongest coupling occurs between the |χB〉 = |0, 0, 0;B2Σ+
u 〉 and |χA〉 = |3, 1, 1;A2Πu〉 state pair

which dominate the B2Σ+
u state population dynamics. We will focus the rest of our theoretical

analysis on these two states.

B. Quantum Beating in the Ion Yield

Since the Hamiltonian is composed of an off-diagonal perturbation, |χA,B〉 is not a convenient

basis to model the time dynamics of this system. Considering this two-state system, we can

define a mixing angle representing the strength of coupling between the vibronic states as

tan(2θ) =
2VAB

EB − EA
, (1)
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FIG. 2: (a) Temporal evolution of the B2Σ+
u state population found by using MCTDH numerical calcu-

lations. (b) We obtain the quantum beat spectrum by taking a Fourier transform of (a) to determine the

vibronic state pairs at play in the time dynamics. The most prominent peak at 37.6 meV corresponds to

the coupled |0, 0, 0;B2Σ+
u 〉 and |3, 1, 1;A2Πu〉 states. However, weaker peaks are observed at 40.1 meV,

130.7 meV, and 166.3 meV. (c) A magnified plot of the energy range encompassing the 37.6 meV beating

peak.

where EA,B are the energies corresponding to the |χA,B〉 vibronic states. With this definition,

we can preform a transformation into the stationary eigenstate basis |φ±〉,
(
|φ+〉
|φ−〉

)
=

(
cos θ sin θ

− sin θ cos θ

)(
|χA〉
|χB〉

)
, (2)

Thus, in the experiment, our XUV pulse prepares a coherent superposition of the two eigenstates

of the vibronic Hamiltonian resulting in the time-dependent wavefunction

|Ψ(t)〉 = a+e
−iE+t |φ+〉+ a−e−iE−t |φ−〉 , (3)
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where a± are the initial excitation amplitudes into the two eigenstates with eigenenergies E±.

We can expand this wavefunction in the |χA,B〉 basis as

|Ψ(t)〉 = (sin θ cos θe−iE+t − sin θ cos θe−iE−t) |χA〉
+ (sin2 θe−iE+t + cos2 θe−iE−t) |χB〉 , (4)

where the amplitude coefficients a± were derived using the initial conditions cA(0) ≡
〈χA | Ψ(0)〉 = 0 and cB(0) ≡ 〈χB | Ψ(0)〉 = 1. By determining the projection of |φ±〉 onto

the basis |φA,B〉, we can numerically estimate the mixing angle to be θ = 0.195.

Given that all CO+
2 cations excited to C2Σ+

g state will eventually dissociate to give a CO+ ion

signal, we can assume that the population in the predissociative C2Σ+
g state is proportional to

the intensity of the CO+ ion yield. Therefore, we can write the intensity of the CO+ ion yield

as

I(CO+; t) ∝
∣∣∣
(
E (t)~εIR ·RLM

〈
C2Σ+

g

∣∣∣ ~̂dM
∣∣∣Ψ(t)

〉)∣∣∣
2

, (5)

where |Ψ(t)〉 is the time-dependent wavefunction of the ionized system in the molecular frame

(Eq. 4), ~̂dM is the dipole operator in the molecular frame, the NIR probing field is characterized

by its polarization vector in the laboratory frame ~εIR and a temporal profile E (t), and RLM is the

molecular to laboratory frame rotation matrix. The z–axis of the lab system is set parallel to the

polarization direction of the linearly polarized XUV pulse. In order to make the notation more

compact we define Dκ′
A ≡

〈
C2Σ+

g

∣∣∣d̂κ′M
∣∣∣A2Πu

〉
and Dκ′

B ≡
〈
C2Σ+

g

∣∣∣d̂κ′M
∣∣∣B2Σ+

u

〉
, where κ′ is one

of the body-fixed axes {x′, y′, z′}. We can now write the corresponding lab frame components

of the dipole matrix elements



Dx
X

Dy
X

Dz
X


 = RLM




Dx′
X

Dy′
X

Dz′
X




=




cosα cosβ sinα cosα sinβ

− sinα cosβ cosα − sinα sinβ

− sinβ 0 cosβ







Dx′
X

Dy′
X

Dz′
X


 (6)

where X = {A,B}, β is the polar angle of the CO+
2 system with respect to the z–axis in the

laboratory frame and α is the azimuthal angle of CO+
2 in the x, y plane. We calculated the dipole

matrix elements Dx′,y′
A and Dz′

B corresponding to processes A2Πu
xy→ C2Σ+

g and B2Σ+
u

z→ C2Σ+
g

ab initio and found that Dx′
A /D

z′
B ' 0.02 at the Franck-Condon geometry. All other matrix

elements involving these pairs of states are zero by symmetry. Hence, from now on we consider

that only B2Σ+
u

z→ C2Σ+
g is relevant for the probing step. For the case that the probe pulse is

aligned along the z–axis, ~εIR = (0, 0, 1), Eq. 5 results in

I(CO+, t) ∝ Dz′
B

2
cos2 β

[
cos4 θ + sin4 θ +

1

2
sin2 2θ cos(E+ − E−)t

]
(7)

6



where the term in square brackets corresponds to |cB(t)|2. A similar expression is found for

probing in the x direction of the lab frame

I(CO+, t) ∝ Dz′
B

2
sin2 β cos2 α

[
cos4 θ + sin4 θ +

1

2
sin2 2θ cos(E+ − E−)t

]
. (8)

Eqs. 7 and 8 explain the origin of the oscillatory ion-yield observed in the experimental data

and also indicate that the contribution to the signal intensity from one of the molecules in the

probed ensemble depends on its spatial orientation.

C. Anisotropy decay due to rotational dynamics

From Eq. 7, we expect the ion yield to oscillate about some constant baseline. However,

in the experimental CO+ signal, the ion yield quickly decays within 400 fs. The decay of this

signal originates from the decrease in the degree of cation alignment (decay of anisotropy) due

to a finite rotational temperature of the ensemble [7, 8].

The CO+
2 ions are initially prepared in an aligned state through photoionization by the

XUV pulse. Assuming a dominant s-wave (l = 0) photoionization[9] and using total angular

momentum conservation, the ionization probability W (β) can be written as

W (β) = C(ω)

(∣∣∣Dz′(B2Σ+
u )
∣∣∣
2

cos2 β +
∣∣∣D{x′,y′}(A2Πu)

∣∣∣
2

sin2 β

)

∝ 1 + aP2(cosβ), a ∈ [−1, 2], (9)

where β is the angle between the z–axis in the lab system and the molecular axis, C(ω) is

the XUV energy-dependent spectrum, and Dκ′(χ) =
〈
χ; l = 0

∣∣∣d̂κ′M
∣∣∣X1Σ+

g

〉
are, as previously

mentioned, dipole matrix elements in the molecular frame. While the XUV pulse preferen-

tially prepares molecules in B2Σ+
u state aligned parallel to the XUV polarization, it also excites

molecules to A2Πu state aligned perpendicular to the XUV polarization. It is well established

from synchrotron measurements [1] that the B2Σ+
u electronic state has a much higher ioniza-

tion probability than the A2Πu state at photon energies in our XUV pump pulse. Hence, we

expect the contribution from A2Πu state excitation to the total CO+ ion yield to be negligible.

Given that
∣∣∣D{x′,y′}(A2Πu)

∣∣∣
2
�
∣∣∣Dz′(B2Σ+

u )
∣∣∣
2
, the initial

〈
cos2 β

〉
after XUV excitation will be

close to 0.6. Therefore, the XUV ionization creates an aligned distribution of CO+
2 ions in the

B2Σ+
u (3σu)−1 electronic configuration, which is then probed by the NIR field. As explained in

the manuscript, the rotational dynamics of this aligned CO+
2 ensemble leads to the fast decay in

the delay-dependent CO+ ion yield. In order to obtain the ion yield signal for parallel polariza-

tion between XUV pump and NIR probe, one needs to take an ensemble average over Eq. (7),

or

〈
I(CO+, t)

〉
∝ |Dz′

B |2
〈
cos2 β

〉
(t)

[
(cos4 θ + sin4 θ) +

1

2
sin2 2θ cos(E+ − E−)t

]
. (10)
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FIG. 3: The contrast of CO+ yield oscillation, assuming the difference in the rotational constants of

A2Πu and B2Σ+
u states to be the only damping mechanism.

Thus the DC component of the CO+ signal decays as
〈
cos2 β

〉
(t) decreases from its initial value

of ∼ 0.6. For numerical calculations, we employed a slightly different strategy and obtained the

transition dipole matrix elements directly in the laboratory frame for an ensemble of classical

trajectories of CO+
2 sampled from a distribution corresponding to Eq. (9) with a = 2. Initial

velocities for the rotational degrees of freedom were set according to T=200 K, close to the

estimated temperature in the experiment.

We also performed quantum-classical calculations based on the fewest-switches algorithm [10,

11] starting the trajectories on the B2Σ+
u electronic state close to the Franck-Condon geometry.

In these calculations, the electronic structure is solved by quantum chemistry and the vibrational

dynamics of the nuclei is solved classically. Although such calculations are not able to account

for the coupled vibronic dynamics, they describe the vibrational dynamics of the molecule in ab

initio potentials and can account for vibrational energy relaxation that could have been missing

in the vibronic coupling model. We found negligible intramolecular vibrational redistribution

(IVR) between vibrational modes in the time-scale of interest and also negligible energy transfer

between rotational and vibrational degrees of freedom, indicating that the separation of the

rotations and their classical treatment are good approximations in this case.

D. Rotationally induced vibronic decoherence

The origin of the decay in the oscillation contrast of the CO+ ion signal can be explained

considering the slightly different rotational constant in states A2Πu and B2Σ+
u due to different

mean equilibrium distances between atoms in each electronic potential energy surface. We

evaluate the impact of the rotational dynamics on the decoherence rate based on the model

8
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Hamiltonian

Ĥ =

(
ωA + ĤA λ

λ ωB + ĤB

)
(11)

where ĤX = BX Ĵ 2, X = A,B. In this model each of the vibronic states described previously is

incremented by a rotational Hamiltonian characterized by a different rotational constant. This

causes the gap between vibronic states |χB〉 = |0, 0, 0;B2Σ+
u 〉 and |χA〉 = |3, 1, 1;A2Πu〉 to be

dependent on the rotational state of the system. The rotational constants for the two electronic

states are B(A2Πu) = 0.28 cm−1 and B(B2Σ+
u ) = 0.38 cm−1, respectively, and T=200 K is

assumed for the thermal averaging. In Fig. 3 the damping of the quantum beating in the signal

leads to a loss of contrast of about 50% in 500 fs, which is consistent with our observation.

The coupling between A2Πu and B2Σ+
u states with the cationic ground state X2Πg can be

excluded from the damping mechanism of quantum beating, by observing the large energy gap

of ∼ 4 eV between X2Πg and A2Πu /B2Σ+
u states, where as energy gap between A2Πu and

B2Σ+
u states is 0.77 eV [12]. Since the non-adiabatic coupling matrix element (NACME) ~Dij is

inversely proportional to the energy gap, according to the Hellmann–Feynman theorem [13],

~Dij =
〈
χi

∣∣∣ ~̂∇
∣∣∣χj
〉

=

〈
χi

∣∣∣~∇Ĥe

∣∣∣χj
〉

Ej − Ei
, (12)

it is obvious that the coupling to the X2Πg state should be negligible comparing the to A2Πu –

B2Σ+
u coupling. Fig. 4 illustrates the NACMEs between A2Πu , B2Σ+

u and X2Πg states

from ab initio multi-configurational self-consistent field (MCSCF) calculation [14], the A2Πu –

B2Σ+
u coupling is two orders of magnitude stronger than the A2Πu /B2Σ+

u coupling to the

9



X2Πg state in the vicinity of conical intersection.
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[111] R. Szipöcs, K. Ferencz, C. Spielmann, and F. Krausz, Opt. Lett. 19, 201
(1994).

[112] M. Polyanskiy, “Refractive index database,” refractiveindex.info.

[113] S. Gilbertson, H. Mashiko, C. Li, S. D. Khan, M. M. Shakya, E. Moon, and
Z. Chang, Appl. Phys. Lett. 92, 071109 (2008).

[114] Z. Chang, Phys. Rev. A 70, 043802 (2004).

[115] Y. Wu, E. Cunningham, H. Zang, J. Li, M. Chini, X. Wang, Y. Wang, K. Zhao,
and Z. Chang, Appl. Phys. Lett. 102, 201104 (2013).

[116] E. J. Takahashi, P. Lan, O. D. Mücke, Y. Nabekawa, and K. Midorikawa,
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