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ABSTRACT

The advent of ultrafast nonlinear spectroscopy with weak

extreme-ultraviolet (XUV) and strong-field near-infrared (NIR) pulses has

enabled investigations of electronic processes in atomic and molecular systems

with femtosecond and attosecond resolution. Conventional XUV-NIR attosecond

transient absorption (ATA) and multi-wave mixing (MWM) spectroscopies have

successfully probed coherent electron dynamics in a wide range of quantum systems.

However, these optical setups are often limited by the commensurate nature of the

harmonic XUV pump and the driving NIR probe. In this work, we enhance the

versatility of these techniques by using optical parametric amplification to generate

tunable infrared (IR) pulses. This approach allows us to adjust the frequencies of

the XUV and IR pulses independently of each other. To demonstrate the power

of tunable ATA and MWM schemes, we apply these techniques to study and

manipulate laser-induced couplings and autoionizing resonances embedded in the

continuum of polyelectronic systems. We begin by investigating the degeneracy

between autoionizing bright and light-induced states (LIS) in argon, which leads

to the formation of entangled light-matter states known as polaritons. By tuning

the IR pulse parameters we demonstrate control over polaritonic evolution and

their decay pathways. In the next study, we use the incommensurate IR pulse to

drive resonant background-free wave-mixing processes to probe quantum beats that

arise from coherent electronic superpositions of singly- and doubly-excited states in

krypton. Finally, we discuss the extension of these techniques to molecular systems

and macroscopic propagation regimes. Our results further the understanding of

autoionization (AI) dynamics in multielectron systems and demonstrate novel

methods for the optical measurement and control of excited-state dynamics in the

continuum.
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CHAPTER 1

Introduction

The way we interact with our universe is, to a large extent, determined by a simple

yet profound concept: the resolution of a measurement. To put it simply, resolution

is the ability to unambiguously separate or distinguish different phenomena. From

observing distant galaxies to investigating quantum systems, a higher resolution

means that we can dig deeper into the microcosm and vindicate our experimental

measurements. The dynamical essence of nature makes temporal resolution one

of the most appealing and invaluable tools in science. In order to quantify and

study rapid physical processes, one requires a measuring device that has the same

natural timescale as the process of interest, i.e., an exploratory instrument that is

faster or as fast as what is under examination. Therefore, having the appropriate

time resolution means that one can essentially slow down or “freeze” time within

the frame of reference of the measurement apparatus, which can be subsequently

converted to a suitable time span for analysis.

The development of high-speed photography during the 19th century allowed for

temporal resolutions as small as a few milliseconds (1 ms = 10−3 s) and paved the

way for capturing seemingly instantaneous natural processes, which had previously

been limited to the response time of the human eye (∼0.2 s) [1]. For many decades,

as mechanical shutters in cameras became faster and faster, this branch of science

provided several breakthroughs, including the use of strobe lights in the middle of

the 20th century to capture motion on the microsecond (1 µs = 10−6 s) timescale [2].

Eventually, the advancement of high-speed electronics and electric pulses pushed the

field forward into the nanosecond (1 ns = 10−9 s) regime. It had been known for a

while that several physical, chemical, and biological processes are fundamentally
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Figure 1.1: (a) Timescales and techniques to probe different subsecond phenomena
in nature. (b) Shortest light pulse duration achieved in recent decades (adapted by
permission from Springer Nature: Corkum, P.B. (2013). Attosecond Science. In:
Plaja, L., Torres, R., Zäır, A. (eds) Attosecond Physics. Springer Series in Optical
Sciences, vol 177 [3, 4]).

determined by the underlying electronic processes, which led scientists to wonder if

even faster phenomena, such as electron dynamics in atomic or molecular systems,

could ever be directly captured. The classical Bohr model predicted natural

timescales ranging from a few femtoseconds to hundreds of attoseconds (∼130 as

for the orbit period in the hydrogen atom ground state). It quickly became evident

that neither mechanical shutters nor electronics could achieve the required temporal

resolutions for this task. Naturally, researchers decided to opt for the fastest

measuring device available: light, or, more specifically, optical pulses.

Numerous innovations and applications of coherent radiation followed the

invention of the laser by the second half of the 20th century [5]. One of the most

important was the advent of ultrashort light pulses with durations of picoseconds

(1 ps = 10−12 s), femtosecond (1 fs = 10−15 s), and in recent years, pulses as short

as 43 attoseconds (1 as = 10−18 s) have been produced [6]. Ultrafast spectroscopy,

which lies within the boundaries of diverse research areas, such as strong-field

physics, nonlinear optics, quantum mechanics, and physical chemistry, focuses on the
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development and application of these pulses. Nowadays, its main goal is to study

and map electron and coupled electron-nuclear dynamics in quantum systems by

time-resolving these on their characteristic timescales (fs− as), inherently providing

control over fast-evolving processes in atoms, molecules, and materials [7].

A summary of the timescales for different physical systems is shown in Fig. 1.1(a).

As previously discussed, some rapid macroscopic processes, e.g., high-frequency

biological movement or projectile motion, can be temporally resolved by using

fast photography (mechanical shutters), stroboscopic techniques, or high-speed

electronics (electric pulses). However, quantum processes with much shorter

natural periods such as molecular rotation (ps) and vibration (fs) or electron and

electron-nuclear interactions in atoms and molecules (fs− as) require ultrashort

pulses to be investigated in the time domain. Figure 1.1(b) shows the shortest

light pulse duration achieved throughout recent decades, with the beginning of the

21th century marking the birth of attosecond science [8, 9]. Furthermore, ultrafast

spectroscopy is giving its first steps into even shorter pulse durations, in the order

of hundreds of zeptoseconds (1 zs = 10−21 s) [10, 11]. This promising research route

is expected to unlock the door for real-time investigations of nuclear processes.

A particularly notable and versatile technique that opened the way to study

and control electron dynamics in polyelectronic systems is ultrafast pump-probe

spectroscopy [12]. As its name implies, this technique uses two types of ultrashort

optical pulses. A “pump” pulse initiates transient dynamics in the system, for

example by launching it into an excited state or inducing a dipole response in

the medium. Subsequently, a delayed “probe” pulse can be used to examine and

reconstruct the dynamical evolution of the system. In particular, two powerful

pump-probe approaches based on photoabsorption and photoemission are ATA and

MWM spectroscopies [13, 14], both which will be discussed in detail later on in

Secs. 2.3 and 2.4, respectively. These types of all-optical techniques have been

employed in the experiments discussed in this dissertation (Chs. 4–6) and have the

great advantage of accessing time indirectly, which allows for excellent spectral and
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temporal resolutions simultaneously without violating any uncertainty principle [13].

In this dissertation, we demonstrate that ATA and MWM spectroscopies with

XUV attosecond pulse trains (APT) and tunable IR pulses are ideal tools for

controlling and resolving electron dynamics and energy redistribution pathways in

atomic and molecular systems of different complexity (He, Ar, Kr, O2, and CO2).

Initially, the XUV APT coherently excite the ground state of the system to different

bright bound or metastable continuum states.1 Subsequently, time-delayed IR pulses

can induce couplings to probe the excited system through the perturbation of the

dipole response and/or the emission of XUV light through nonlinear processes. The

parameters of the dressing IR field, such as frequency, intensity, polarization, and

delay can be used to drive various processes and manipulate the evolution of the

system. For example, the IR frequency can be used to control the detuning between

bright and dark states to give rise to light-matter entangled states. Moreover,

IR-induced nonlinear wave-mixing processes can capture the dynamics of coherent

superpositions of different electronic states. Our results have the potential for

producing novel breakthroughs in quantum processes and open new avenues for

applications of optical control in atomic and molecular multielectron configurations.

This dissertation is organized as follows. Chapter 2 examines the fundamental

principles of tunable ATA and MWM spectroscopies. In Ch. 3, we discuss the

generation of ultrashort pulses and our tunable experimental setup. Chapter 4

describes the study and control of autoionizing states (AISs) and multipolariton

formation in ATA of argon. In Ch. 5, we exhibit the detection of coherent electronic

superpositions through four-wave mixing (FWM) in krypton. Chapter 6 explores

macroscopic propagation effects and ATA and MWM in molecular systems. Finally,

in Ch. 7, we summarize our work and present new research avenues.

1States that can be accessed through one-photon couplings (dipole-allowed) are referred as

“bright” states, whereas “dark” states can only be excited by higher-order photon processes.
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CHAPTER 2

Attosecond transient absorption and

multi-wave mixing spectroscopies

In this chapter, we focus on providing an introductory and simple theoretical

framework to understand the fundamental principles behind the experiments

described in Chs. 4–6. We begin by solving a semiclassical two-level system as

a powerful case study that allows us to understand a wide range of phenomena

in spectroscopy. Following, we discuss the principles behind ATA and MWM

in Secs. 2.3 and 2.4, respectively. Furthermore, we relate these concepts to the

microscopic dipole response and the macroscopic polarization of the medium.

2.1 Classical electron in an electromagnetic field

Classically, the force experienced by an electron in the presence of a time-dependent

electromagnetic field (e.g., light pulse) at position ~r and time t can be described by

the Lorentz force

~F (~r, t) = −q
[
~Elight(~r, t) + ~̇r × ~Blight(~r, t)

]
, (2.1)

where −q is the charge of the electron and ~Elight and ~Blight correspond to the electric

and magnetic fields, respectively. The pulses generated by table-top optical setups,

such as the one used for our investigations (Sec. 3.4), achieve maximum intensities

of ∼1014 W/cm2 and are not capable of producing significant drifts in the electron

trajectories with respect to the parent ion.1 For this reason, the second term on the

1The magnetic field produces significant drifts in the electron trajectories at relativistic speeds,

which occur at pulse intensities of 1016 W/cm2 and above [15, 16].
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right-hand side of Eq. 2.1 can be neglected (~̇r × ~Blight ≈ 0); hence, ~Elight becomes the

principal component in determining the dynamics of the system.

Following, we consider an electric field described by the well-known

monochromatic and sinusoidal solution to the homogeneous Maxwell equations

~Elight(~r, t) = ~E0 e
i(−ωt+φ) ei

~k·~r = ~E0 e
i(−ωt+φ)

[
1 + i~k · ~r + . . .

]
, (2.2)

where ω is the angular frequency, ~k is the wave vector, and φ is a relative phase.

Moreover, notice that we have expanded the spatial dependence of the field as a

Taylor series. Typically, the light field has wavelengths (λ) of tens to hundreds of

nanometers (1 nm = 10−9 m), whereas the size of the electronic system (e.g., atom)

is on the order of few angstroms (1 Å = 10−10 m). In this context, and given that the

higher-order terms in Eq. 2.2 scale as |~k·~r | ∼ r/λ, it becomes evident that the spatial

dependence of the electric field can be approximated to its first-order term (ei
~k·~r≈ 1),

meaning that within the electronic frame of reference the slow-varying field is

essentially uniform.2 Consequently, the dynamics of the system are governed by

the temporal component of the field. This approach is commonly known as the

electric dipole approximation.

In addition, the force experienced by the electron in the presence of the field, i.e,

the light-matter interaction (Eq. 2.1), can be restated in terms of a potential energy

field Hlm(t) as: −~F (t) = q ~Elight(t) =∇Hlm(t). It follows that

Hlm(t) = ~µ · ~n Elight(t) (2.3)

where ~µ=−q ~r is the dipole moment and ~n is the polarization of Elight (|~n|= 1).

2.2 Two-level system and dipole response

As previously discussed, the typical wavelength of the light field is much larger

than the electronic system under investigation. For this reason, light can described

classically using Maxwell equations (Sec. 2.1). However, matter must be treated

2For example, if we consider λ= 100 nm and r= 1Å, then r/λ≈ 0.
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quantum mechanically in order to allow transitions between different states, which

are essential to describe light absorption and emission. This approach is commonly

found in many areas of spectroscopy and is known as a semiclassical model of

light-matter interaction.

Few-level models with a single active electron are frequently used to describe

transitions between different electronic states. In particular, the simplest case is a

two-level system, which despite of its simplicity is a powerful tool to understand

many of the underlying interactions between ultrashort pulses and different media

presented in this dissertation. Consider a system composed uniquely by two

quantum states: the ground state of the system |g〉 and an excited bound state |b〉.

These states have energies Eg and Eb (Eg <Eb), respectively. Additionally, the two

states are orthonormal:

〈g|b〉 = δgb =

0 if g 6= b

1 if g = b
. (2.4)

If one rewrites the radiation electric field (Eq. 2.2) as a multipole expansion, it

is easy to see that at the lowest-order neutral systems (with no net charge), such as

the atoms and molecules considered in our investigations, have a strong dependence

with the time-dependent electric dipole moment ~µ(t). This vector quantity is of

utmost importance in radiative excitation/de-excitation processes. For this reason,

in this section we focus on showing the main steps to calculate the expectation value

of the light-induced dipole moment on the system

〈~µ(t)〉 = 〈Ψ(t)|~̂µ|Ψ(t)〉 , (2.5)

where |Ψ(t)〉 is the wave function of the system. Notice that in order to carry

out this calculation we need to first find the probability amplitude coefficients of

each state of the system (cj). To do so, we solve the time-dependent Schrödinger

equation (TDSE)

Ĥ |Ψ(t)〉 = i~
∂ |Ψ(t)〉
∂t

, (2.6)
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with the Hamiltonian of the light-matter system given by:

Ĥ = Ĥatom + Ĥlm(t). (2.7)

It should be noted that the time-dependent light field Hamiltonian, which

can be defined in terms of the induced dipole moment and the electric field as

Ĥlm(t) =−~̂µ · ~̂n Elight(t), acts as a perturbation which allows for transitions between

the two states. In the absence of Ĥlm(t), the atom can be treated as a static and

unperturbed system. Thus, |g〉 and |b〉 are eigenstates of the time-independent

Schrödinger equation:

Ĥatom |g〉 = Eg |g〉 , Ĥatom |b〉 = Eb |b〉 . (2.8)

If we now let Ĥlm(t) be present, the time evolution of the wave function of the

system in the unperturbed basis can then be described as

|Ψ(t)〉 = cg(t)e
−iωgt |g〉+ cb(t)e

−iωbt |b〉 , (2.9)

where we have defined ωg = Eg/~ and ωb = Eb/~. Notice that the probability

amplitudes are now time-dependent and that system must be either in state |g〉 or

|b〉, hence |cg|2 + |cb|2 = 1. Furthermore, for |Ψ(t)〉 to be an accurate mathematical

description of the system it must satisfy the TDSE. By replacing Eq. 2.9 into Eq. 2.6

and by taking into account the orthonormality of |g〉 and |b〉 (Eq. 2.4) we arrive to

the coupled first-order differential equations

ċg(t) =
i

~
Elight(t)µgb e

−iω0tcb(t), ċb(t) =
i

~
Elight(t)µbg e

iω0tcg(t), (2.10)

where we have defined the short-hand notation for the matrix elements

of the perturbation Hamiltonian as 〈j|Ĥlm(t)|k〉 =H ′jk =−Elight(t)µjk and

ω0 =ωb−ωg (ω0≥ 0). Additionally, we have considered that Ĥlm(t) only allows for

transitions between different states, thus, its diagonal elements are zero (H ′jj = 0).

Different approaches can be employed to solve Eqs. 2.10 and obtain the

probability amplitude coefficients. Some of these include certain initial conditions
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[cg(0) = 1, cb(0) = 0], minimal depletion of the ground state [cg(t)≈ 1], or sinusoidal

electric fields [Elight(t) = E0 cosωlightt]. The explicit solution is beyond the focus of

this chapter and can be found elsewhere [17]. The key point here is that once cg and

cb are found, the wave function of the system can be determined and consequently

µ(t), in accordance with Eq. 2.5. Subsequently, time-dependent observables can be

transformed into the frequency domain by means of the Fourier transform as

µ̃(ω) =
1√
2π

∫ ∞
−∞

µ(t) eiωtdt, Ẽlight(ω) =
1√
2π

∫ ∞
−∞
Elight(t) e

iωtdt. (2.11)

Lastly, the frequency-dependent dipole response and electric field can be linked to

measurable macroscopic magnitudes via the response function

S(ω) = 2 Im
[
µ̃(ω) Ẽ∗light(ω)

]
, (2.12)

and therefore the spectral absorption cross-section can be calculated as

σ(ω) = 4παgω Im

[
µ̃(ω)

Ẽlight(ω)

]
, (2.13)

where α is the fine-structure constant and g is the number of active electrons [13].

2.3 Attosecond transient absorption spectroscopy

ATA spectroscopy is an all-optical pump-probe technique in the XUV regime that

focuses on the study of ultrafast laser-induced absorption and/or transparency

processes in media. In recent decades, this approach has been a fruitful

tool to monitor and control electron dynamics in quantum systems [13, 18–21].

In particular, this technique has been used to investigate bound [22–25] and

autoionizing [26–29] Rydberg states in atomic systems as well as conical intersection

(CI) dynamics [30, 31], charge migration [32, 33], and superexcited states [34] in

molecules. Moreover, ATA is of great interest because it is inherent to many other

optical techniques, such as MWM spectroscopy, which we will discuss in more detail

in Sec. 2.4.
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ATA experiments employ weak XUV attosecond pulses in combination with

intense IR femtosecond pulses. As we shall see in Sec. 3.3, when we discuss

high harmonic generation (HHG), this method is capable of achieving attosecond

time resolution due to the constant phase relation between the pump and the

probe, which results from the XUV bursts being generated every half IR cycle.

Notice that XUV-IR ATA has the advantage of having pulses that do not overlap

spectrally, which allows for unambiguous assignment of many spectral features. In

these experiments, the spectral resolution is determined by a combination of the

instrumental resolution, the broadening effects, and the intrinsic spectral width

(lifetime) of the states under investigation. On the other hand, the temporal

resolution comes from the ability to control the optical path difference between

the XUV pump and the IR probe pulses. It should be noted that because the delay

is controlled externally, this technique allows for simultaneous high-resolution time

and frequency measurements without violating any uncertainty principle [13].

In particular, the strong-field ATA experiments discussed in this dissertation

(Chs. 4–6) employ XUV APT to launch transient dynamics in the target system

which are imprinted on the coherent time-dependent dipole response, µ(t), as shown

in Fig. 2.1(a). Subsequently, the IR probe pulse can modify this XUV-induced

polarization in the medium either by altering the phase or amplitude of the dipole

moment as shown in Figs. 2.1(b) and 2.1(c), respectively. Hence, the perturbed

system can be described either in terms of a laser-induced phase (LIP), ∆φ, as

µ(t; τ) = µ(t) ei∆φ(t; τ), (2.14)

or by a laser-induced attenuation (LIA), given by

µ(t; τ) =

µ(t) if t< τ

0 if t≥ τ
. (2.15)

In Eqs. 2.14 and 2.15, τ is the relative time delay between the XUV and IR

pulses (τ = tXUV− tIR). Both the LIA and LIP models are widely used to describe
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Figure 2.1: Schematic representations of different time-dependent dipole
response models and their respective spectral profiles (adapted from [20, 35]).
(a) XUV-induced dipole response in the medium. (b) Dipole moment LIP, ∆φ.
(c) Dipole moment LIA.

ATA spectral profiles and have been previously compared and discussed in [34].

Notice that any change in the temporal evolution of the dipole moment results in

a modification of its Fourier transform in the frequency domain; consequently, the

cross-section of the spectral line shape is also altered according to Eq. 2.13. Thus, by

collecting and combining time-integrated spectra at different delays one can obtain

detailed spectrograms that capture the evolution of the system as well as crucial

information about different light-induced effects.

Figure 2.2 shows a concrete example of XUV-IR ATA spectroscopy in helium.

Initially, the 15th harmonic of the XUV APT excites the 1s2 ground state to the
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Figure 2.2: ATA spectroscopy in the vicinity of the 1s4p state in helium. By
comparing the (a) XUV-only absorption and the (b) IR-dressed XUV spectrum,
one can obtain information about the underlying dynamics of the system. (c) The
data can be characterized in terms of the IR-induced change in OD (∆OD).

long-lived (∼150 ns) 1s4p bound state (23.74 eV). This state has a corresponding

spectral width of 4 neV and is much narrower than the energy resolution of our

spectrometer (∼15 meV). As a result it cannot be directly observed in the XUV-only

spectrum [Fig. 2.2(a)]. However, once the IR pulse is present near delay zero, the

lifetime of 1s4p state is shortened to ∼60 fs, corresponding to a width of ∼11 meV,

as observed in the dressed XUV spectrum in Fig. 2.2(b). Finally, the ATA spectral

profiles can be characterized in terms of the optical density (OD) [Fig. 2.2(c)], as

we will discuss in Sec. 2.5.

2.4 Attosecond multi-wave mixing spectroscopy

The interaction of strong laser fields with media can lead to several radiative

processes that arise as a result of the nonlinear dependence between the induced



25

polarization (P ) and the electric field (E), scalarly described as

P (ω) = ε0
∑
j

χ(j)E j(ω) = ε0
[
χ(1)E(ω) + χ(2)E2(ω) + χ(3)E3(ω) + . . .

]
, (2.16)

where ε0 is the electric constant and χ(j) are the j-th order electric

susceptibilities [36]. MWM spectroscopy exploits these nonlinearities to probe

and control electronic redistribution pathways in quantum systems. Similar to

ATA spectroscopy (Sec. 2.3), attosecond MWM spectroscopy is a fully-optical

technique that uses weak XUV APT in combination with strong-field femtosecond

IR pulses [14]. Centrosymmetric media, such as atomic and molecular gases, only

allow odd-order susceptibilities [χ(even) = 0]. In these types of systems, the XUV-IR

interaction leads to a polarization given by

P (ω; τ) = ε0
[
χ(1)EXUV(ω) + χ(3)EXUV(ω)E2

IR(ω; τ) + . . .
]
, (2.17)

where τ is the time delay between the XUV and IR pulses. Notice that the

higher-order terms are primarily governed by the intense IR field and that only

processes involving odd numbers of photons can relax back to the ground state.

The lowest order nonlinear response in Eq. 2.17, corresponding to the χ(3) term,

is responsible for the emergence of FWM emissions [36]. These processes arise

as a result of the interaction of the medium with three input frequencies, which

leads to the generation of a fourth frequency. In the presence of sufficiently strong

intermediate resonances, ultrashort pulses can drive transient FWM emissions that

capture information about the underlying electron dynamics and the light-induced

transition pathways between different states. In past decades, pump-probe FWM

spectroscopy has been used to produce coherent XUV radiation and to gain

insight into the evolution of ultrafast electronic wave packets (EWPs) [25, 37–43].

These techniques will be further discussed in Chs. 5 and 6, in which we employ

background-free tunable FWM schemes to study and control electron motion in

atomic and molecular systems.

Some characteristic features of coherent MWM emissions are their wave vector

and frequency selectivities [38], which are dictated by the conservation of momentum
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Figure 2.3: FWM processes require the energy and the momentum to be conserved.
(a) The vector sum of the mixing wave vectors provides selectivity in the direction
of the generated NFWM emission. (b) Different intermediate resonances can be
coupled in order to produce specific FWM energies.

and energy, respectively. For simplicity, FWM processes are used to illustrate these

fundamental principles in Fig. 2.3. The first condition can be described by the wave

vector sum of the interacting XUV and IR fields, given by

~kNFWM = ~kXUV + ~kIR1 + ~kIR2 . (2.18)

It should be noted that we have denoted the third-order process as noncollinear

FWM (NFWM) to emphasize the fact that the direction of the resulting emission

is not necessarily parallel to the one of the mixing wave vectors. Moreover, we

have considered the spatiotemporally overlapped interaction of an XUV pulse with

two different IR pulses. In order to have an efficient nonlinear process one needs

to minimize the spatial phase mismatch among the interacting fields (∆~kj ≈ 0).

This is commonly known as phase-matching condition [Fig. 2.3(a)]. On the other

hand, a direct consequence of the conservation of energy is that the frequency of

the resulting emission is determined by the energy difference between the XUV-IR

coupled resonances [Fig. 2.3(b)], which can be written as

ENFWM = EXUV ± EIR1 ± EIR2 . (2.19)
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Figure 2.4: Different types of FWM processes. (a) Degenerate FWM processes
exhibit two or more identical frequencies. (b) Incommensurate mixing pulses allow
for background-free FWM emissions that do not overlap with the harmonics of the
driving XUV spectrum.

Notice that couplings between different states depend on their relative cross-sections.

Furthermore, FWM processes are commonly classified in terms of the properties

of the mixing fields, as illustrated in Fig. 2.4. To simplify the description we

consider all wave vectors to be collinear. Figure 2.4(a) shows a comparison

between degenerate and nondegenerate radiative nonlinear responses. If two

or more of the frequencies in the progression are the same, then the FWM

signal is said to be degenerate. Conversely, processes that do not posses any

spectral overlap among their mixing frequencies are nondegenerate. Furthermore,

Fig. 2.4(b) differentiates between commensurate and incommensurate degenerate

FWM emissions. On one hand, commensurate FWM processes exhibit a harmonic

dependence between the XUV and IR pulses, ωXUV =nωIR (n= 7, 9, 11, . . . ), which

makes them difficult to isolate from the driving XUV spectrum. On the other,

processes with incommensurate probe pulses allow for background-free FWM signals

that do not coincide with the XUV harmonics. The latter case will be explored in

Chs. 5 and 6.
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2.5 Characterization of absorption and emission spectra

In this section, we briefly discuss and summarize different quantitative methods to

characterize ATA and MWM spectroscopies. As described in the previous sections

of this chapter (Secs. 2.3 and 2.4), these types of experiments focus on controlling

and measuring different light-matter interactions. Here, one of the main objectives

is to isolate and quantify modifications to the XUV spectrum induced either by

the IR field, the medium, or both. As we will discuss in the following paragraphs,

one can compare the spectra before and after different interactions have occurred in

order to achieve this purpose.

A straightforward method to characterize modifications to the reference

spectrum is by calculating the normalized differential radiant flux (∆Φ), given by

∆Φ = Φ̂i − Φ̂t, (2.20)

where Φ̂i and Φ̂t are the incident and transmitted radiant fluxes normalized to

max(|Φi−Φt|), respectively. This method has the advantage of providing a simple

way to measure optical changes over large spectral regions, including those with

no initial incident radiation (Φi = 0). For this reason, it is well-suited for studying

background-free MWM emissions. On the other hand, due to the inherent photon

flux variation along the XUV spectrum, this characterization method has the

disadvantage of yielding a wide range of values for ∆Φ.

In the case of ATA studies, where Φi> 0, a more convenient way to reveal

and characterize weak spectral features can be obtained by considering the

Beer–Lambert–Bouguer law, which characterizes the absorption of electromagnetic

radiation travelling through media. Expressed in terms of the absorbance (A), this

law can be written as

Φt = 10−A Φi. (2.21)

In the context of ultrafast spectroscopy the absorbance is commonly referred to as
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Table 2.1: Different types of XUV OD and ∆Φ characterization methods for
ATA and MWM studies. Here, ΦXUV and ΦXUV+IR represent the reference and
laser-dressed XUV radiant fluxes, respectively. The superindices indicate the
propagation in vacuum (v) or through the medium (m). The inducer indicates
the interacting agent responsible for the modification of the XUV spectrum.

Inducer Type ATA MWM

Medium Static ODstat =− log10

(
Φ

(m)
XUV

Φ
(v)
XUV

)
∆Φstat = Φ

(v)
XUV−Φ

(m)
XUV

IR Differential ∆OD =− log10

(
Φ

(m)
XUV+IR

Φ
(m)
XUV

)
∆Φ = Φ

(m)
XUV−Φ

(m)
XUV+IR

Medium + IR Absolute OD =− log10

(
Φ

(m)
XUV+IR

Φ
(v)
XUV

)
∆Φabs = Φ

(v)
XUV−Φ

(m)
XUV+IR

OD. By rewriting Eq. 2.21, the OD can be expressed as

OD = − log10

(
Φt

Φi

)
. (2.22)

It should be emphasized that in this case Φi = 0 results in a singularity. In addition,

the logarithmic scale of Eq. 2.22 provides an easy way to grasp and visualize a wide

range of OD values. A summary of different characterization methods using both

the ∆Φ and the OD is shown in Table 2.1 and exemplified in Fig. 2.2(c).
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CHAPTER 3

Ultrashort pulses and experimental setup

In this chapter, we begin by defining Gaussian light pulses (Sec. 3.1), followed by an

introduction to some of the underlying principles of coherent femtosecond (Sec. 3.2)

and attosecond (Sec. 3.3) pulse generation. In addition, Sec. 3.2.3 describes our

approach to produce tunable IR pulses. Finally, we present different experimental

methods, procedures, and the setup for time-resolved tunable ATA and MWM

spectroscopies (Sec. 3.4).

3.1 Ultrashort Gaussian light pulses

Typically, ultrashort pulses produced by mode-locking (ML) techniques, as we will

discuss in Sec. 3.2.1, possess both spatial and temporal Gaussian distributions

corresponding to normal probability distributions of the underlying photons in

both the pulse and the beam profiles as shown in Figs. 3.1(a) and 3.1(b),

respectively [44, 45]. These beams exhibit minimal divergence and have the

advantage of producing tighter focal spots. Their temporal dynamics can be

described in terms of the product of a normally distributed electric field and a

sinusoidal modulation, given by

E(t) = E0e
−(2 ln 2)(t/τp)2ei[ωpt+φ(t)], (3.1)

where E0 is the electric field (peak) amplitude, ωp is the pulse angular frequency,

φ(t) is a time-dependent phase factor, and τp is the pulse duration defined by the

full width at half maximum (FWHM). Notice that in comparison to the traditional

description in terms of the standard deviation (σs), this width has been instead

defined using the relation σFWHM = 2
√

2 ln 2σs. Furthermore, the spatial intensity
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Figure 3.1: Gaussian light pulse (a) sagittal temporal outline of with respect to the
direction of propagation and (b) transverse spatial mode. Here, τp and w indicate
the pulse duration at FWHM and the beam size at 1/e2, respectively.

profile corresponds to the lowest-order transverse mode of electromagnetic radiation

(TEM00) and can be radially described as

I(r) = I0 e
−2r2/w2

, (3.2)

where I0 is the peak intensity of the pulse and w is its beam size (radius) at 1/e2. In

the presence of focusing optics, the latter can be determined in terms of the beam

quality (M2), the central wavelength of the pulse (λ), the focal length (f), and the

beam diameter at the interface plane (D) as

w = M2 2λf

πD
. (3.3)

The characterization of the Gaussian pulse intensity is a crucial step in modeling

and understanding how different systems respond to ultrashort laser radiation.

However, directly measuring the intensity of our light pulses is challenging and

not readily accessible. Alternatively, it is much more feasible to indirectly calculate

the intensity by measuring other pulse parameters, such as the pulse energy (Ep),

the beam size (w), and the pulse duration (τp). Considering the different approaches
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Figure 3.2: Pulse duration and spectral width for a (a) monochromatic continuous
wave and (b) an ultrashort pulse.

in [45], the intensity of a Gaussian light pulse can be expressed as

I(r, t) ≈ 0.6
Ep
w2τp

e−4 ln 2(t/τp)2e−2(r/w)2 , (3.4)

where the term 0.6Ep/(w
2τp) corresponds to the peak intensity. The role of the

IR dressing-field intensity will be discussed later in Ch. 4. Furthermore, the

bandwidth-limited pulse duration (∆τp) is inversely proportional to the frequency

bandwidth (∆ω), meaning that broad spectral widths are required in order to achieve

ultrashort pulses, as shown in Fig. 3.2. The relationship between these two values is

given by an uncertainty relation known as the time-bandwidth product, which for

Gaussian light pulses measured at FWHM can be written as

∆ω∆τp = 4 ln 2. (3.5)

3.2 Femtosecond near-infrared pulses

Any attempt to manipulate electron dynamics in atoms and molecules on their

natural timescales requires light pulses with a duration in the order of a few
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femtoseconds or shorter. Due to their capability to produce coherent broad

spectral bandwidths,1 titanium-doped sapphire (Ti:Al2O3), commonly known as

titanium-sapphire (Ti:Sa), has been widely used as a crystalline gain medium for

the generation of IR femtosecond pulses [46, 47]. Ti:Sa lasers, such as the one used in

our ATA and MWM experiments, are typically composed of an oscillator-amplifier

system. In the following subsections (Secs. 3.2.1 and 3.2.2), we describe the basic

operational principles of these two subsystems. Additionally, Sec. 3.2.3 describes

how we can use optical parametric amplification to produce tunable femtosecond

pulses, which can subsequently be used as a novel technique to investigate and

manipulate light-induced couplings in polyelectronic systems.

3.2.1 Titanium-sapphire oscillator

The first stage in the production of femtosecond light pulses is an optical Ti:Sa

oscillator. This type of system is based on a standing-wave cavity which uses

resonant oscillation and interference in order to produce the aforementioned pulses.

By using a broadband gain medium (Ti:Sa), several coexistent longitudinal modes

can be produced within the resonator.2 Under the right conditions, the relative

phase among different modes can be kept fixed to constructively interfere these

into a periodic structure as illustrated in Fig. 3.3(a). This process is known as

mode locking and can be used to generate copious femtosecond bursts in the form

of a pulse train with a repetition rate determined by the cavity round-trip time.

The optical arrangement of our Ti:Sa oscillator (Griffin-I, KMLabs
TM

) is depicted

in Fig. 3.3(b). Initially, a 2-mm-long Ti:Sa crystal is pumped by a 532-nm

monochromatic continuous-wave (CW) Nd:YAG laser with a spot size of 2.3 mm

and an output power of 4.5 W. Consequently, the ground state of the system is

excited to a series of vibronic levels that can subsequently fluoresce, resulting in

a coherent broadband (∼73 meV) NIR spectrum. The generated light is reflected

1Recall the time–bandwidth condition for ultrashort pulse generation in Eq. 3.5.
2Due to the boundary conditions imposed by the resonant cavity length these longitudinal

modes must have a positive integer number of half wavelengths.
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Figure 3.3: (a) ML is based on the constructive interference of fixed-phase
longitudinal modes within a resonant cavity, which gives rise to periodic pulse trains.
This principle is illustrated by the coherent addition of three different standing
waves. (b) Schematic optical layout of the femtosecond Ti:Sa oscillator.

within the resonant cavity, leading to the amplification of the fluorescent beam.

Due to nonlinearities in the index of refraction, the most intense regions of the

Gaussian beam profile (Eq. 3.2) lead to self-focusing.3 Kerr-lens ML exploits this

nonlinear effect to preferentially select high peak intensity pulses in order to achieve

periodic ultrashort pulse generation. A more extensive discussion on the details of

this technique can be found in [36, 45, 48–51]. In addition, a pair of prisms are used

inside the resonator to compensate for the Kerr-effect-induced dispersion as well as

to provide tunability of the output central wavelength in the 785± 15-nm range.

The resulting 25-fs, 5-nJ NIR pulses are produced at a repetition rate of ∼80 MHz.

It should be pointed out that approximately half million longitudinal modes are

required in order to achieve these ultrashort pulse durations [45].

In principle, femtosecond pulse generation has been achieved; however, due to

their very low pulse energy (∼5 nJ) these are not capable of driving extremely

nonlinear processes in large ensembles of atoms or molecules, which are required

for the production of XUV attosecond pulses through HHG, as we will describe

in Sec. 3.3. Thus, in order to achieve the necessary pulse energy (∼1 mJ), the

oscillator output beam, henceforth referred to as “seed pulse”, requires a subsequent

amplification process (Sec. 3.2.2). It should be emphasized that the pulse energy

3The intensity-dependent index of refraction is given by n(r, t) =n0 + n2I(r, t).
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must be increased by a factor of about one million (∼106) in order to attain milijoule

femtosecond pulses.

3.2.2 Titanium-sapphire amplifier

The NIR seed pulse parameters impose certain restrictions on the amplification

process. The most significant constraint is the inherent self-focusing of ultrashort

laser beams inside optical elements due to their high peak powers, which can

typically reach tens to hundreds of gigawatts. To overcome this obstacle we

employ a technique known as chirped pulse amplification (CPA).4 This technique

stretches the light pulse both in the frequency and the time domains before its

subsequent amplification, followed by a compression process in order to obtain

milijoule femtosecond pulses. This amplification process has four main stages, all of

which are described below.

Stretcher

The initial stage in the amplification processes consists in chirping or “stretching”

the femtosecond pulse train coming out of the oscillator. A pair of reflective

diffraction gratings can be employed in a parallel geometry to produce a positive

chirp among different frequency components of the NIR pulses, as shown in the

first panel of Fig. 3.4(a). This process modifies the pulse duration from tens of

femtoseconds to hundreds of picoseconds. Consequently, the pulse peak power is

decreased by a factor of ∼10−4, preventing potential wavefront distortion that would

lead to self-focusing effects within different optical elements.

Pulse picking

In order to amplify the chirped beam and achieve few-milijoule femtosecond bursts,

one must transfer energy from a pump laser into the various NIR pulses. However,

due to the high repetition rate of the seed pulse train (80 MHz), the energy

4This technique was awarded the Nobel Prize in Physics in 2018 [52].
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Figure 3.4: (a) Steps in the CPA process. (b) Schematic optical layout of the
femtosecond Ti:Sa amplifier.

redistribution by means of a conventional table-top pump laser (15–20 W) is not

viable. Hence, the periodicity of the light pulses must be reduced to approximately

1 kHz by means of a Pockels cell, as shown in the second panel of Fig. 3.4(a). Briefly,

this type of electro-optical device, also known as a voltage-controlled waveplate, is

based on the well-known Pockels effect [36], in which a voltage-induced (5 kV)

crystal birefringence provides selective control over the polarization of different

pulses, which can then be filtered out by a high-contrast polarizer adjacent to the

output of the cell.

Multipass amplifier

The following stage consists of the amplification process itself. In order to achieve

this, the 1-kHz seed beam and a 532-nm nanosecond pulsed pump laser (∼18 W)

are spatiotemporally overlapped into a Ti:Sa crystal. This gain medium is kept

inside of a cryogenic high vacuum chamber (∼10−8 Torr) at approximately −200 ◦C

in order to prevent damages from distortion-induced lensing. Subsequently, the

pump-excited vibronic population can decay through stimulated emission, resulting

in a coherent energy transfer to the NIR pulse train as depicted in the third panel

of Fig. 3.4(a). This submodule uses a multipass optical scheme in which the seed

beam is refocused at each iteration. After 10 to 11 passes, the emergent pulse has

an energy of ∼1.8 mJ and is redirected towards the compressor by a pick-off mirror.
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Compressor

The last step of the process is shrinking the pulse duration back to the femtosecond

domain by means of a parallel-grating compressor. This subsystem mimics the

operational principle of the stretcher with the exception of producing negative

optical chirp. Once the beam has undergone the compression process, the end

result is a nearly bandwidth-limited ∼40 fs pulse with a corresponding energy span

of ∼46 meV, as illustrated in the fourth panel of Fig. 3.4(a). It should be noted

that during the amplification process some of the seed-pulse frequencies with low

spectral power might not be efficiently amplified. For this reason, the compressed

pulses exhibit narrower spectral bandwidths and consequently marginally longer

pulse durations.

In our experiments, we use a four-stage CPA-based Ti:Sa amplifier

(Dragon, KMLabs
TM

). The optical layout of the apparatus is shown in Fig. 3.4(b).

As previously discussed, this system is capable of producing 1.8-mJ 40-fs light bursts

at a 1-kHz repetition rate. These NIR pulses do not have an actively stabilized

carrier-envelope phase. Furthermore, the Gaussian output beam has a diameter

of approximately 9 mm at 1/e2 and has sufficient pulse energy to drive different

nonlinear processes that lead to tunable IR femtosecond pulses (Sec. 3.2.3) as well

as XUV attosecond pulses (Sec. 3.3).

3.2.3 Optical parametric amplifier

Introducing tunability to the NIR pulse frequency can be particularly advantageous

since this allows us to gain selective control over different light-induced couplings

between electronic states as well as to attain background-free MWM emissions, as

previously discussed in Sec. 2.4. By utilizing an optical parametric amplifier (OPA),

we are able to modulate the wavelength of our NIR femtosecond pulses. This

instrument is based on optical parametric amplification [53], which is a second-order

or χ(2) nonlinear process in which a pump laser with photon frequency ωpump is
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Figure 3.5: (a) Optical parametric amplification. This second-order process utilizes
a pump photon to amplify a lower-frequency seed (signal) photon. A consequence
of the nonlinear interaction is the generation of a third photon known as idler.
(b) Schematic layout of the OPA. Two stages of amplification are used to produce
tunable IR femtosecond pulses.

used to coherently amplify a lower-energy seed pulse (ωseed). A by-product of this

interaction is the generation of a third idler frequency (ωidler), as shown in Fig. 3.5(a).

Bismuth borate (BIBO) crystals are commonly used to mediate these processes due

to their large effective nonlinear coefficients. Moreover, the parametric nature of the

process means that energy must be conserved; therefore, the interacting frequencies

must satisfy

ωpump = ωseed + ωidler. (3.6)

Figure 3.5(b) shows the layout of the OPA used in our laboratory

(Palitra-FS, Quatronix R©) for the production of tunable IR femtosecond pulses.

Initially, the routed portion of the 785 nm (1.58 eV) NIR beam is divided into

three different optical paths. One is intended for the production of seed pulses,

whereas the remaining two are used as pump beams to amplify the aforementioned

pulse. The first portion of the beam is focused into a white-light generation (WLG)

crystal by means of a concave mirror in order to produce a broad-bandwidth seed

beam. Subsequently, this white-light pulse is spatiotemporally overlapped with the

two remaining pump beams into two different BIBO crystals that mediate the optical
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parametric amplification processes. Two delay stages control the relative pump-seed

timings and two rotation stages control the incident crystal-lattice angle in order to

achieve efficient phase matching conditions for different IR wavelengths. The OPA is

capable of generating tunable IR pulses in the 1200–1650-nm (0.73–1.03 eV) interval.

Within this range, the OPA has an approximate conversion efficiency of 20% with

typical output pulse energies of 60–200 µJ. The electric field of these femtosecond

pulses as well as that of the NIR driver pulse can be reconstructed through

a technique known as frequency-resolved optical gating (FROG) [54, 55]. This

autocorrelation approach is capable of recovering information about the temporal

phase and pulse duration, which in the case of the tunable IR beam can range

from 40–85 fs at FWHM.

3.3 Attosecond extreme-ultraviolet pulses

Due to their characteristic oscillation period, NIR femtosecond pulses cannot be

shortened to less than ∼3 fs. For this reason, in order to access the attosecond

time realm one needs to resort to coherent radiation with shorter wavelengths. In

particular, few-hundred attosecond pulses can be generated through an extremely

nonlinear phenomenon known as HHG [8, 56, 57]. In this process, the interaction

of an intense strong-field NIR pulse (ωNIR) with atoms [58, 59], molecules [60], or

solids [61] gives rise to new frequency components (ωHHG) given by

ωHHG = nωNIR, (3.7)

where n is an integer number (n= 1, 2, 3 . . . ) in the case of noncentrosymmetric

media and an odd-integer (n= 1, 3, 5 . . . ) for centrosymmetric systems.5 Here, the

nth-order harmonic is governed by the χ(n) nonlinear susceptibility of the medium.

Some commonly used XUV photon energies in our experiments are shown in

Table 3.1. Furthermore, these processes can be typically characterized by the relative

magnitudes of the ionization energy of the medium (Ip) and the ponderomotive

5The symmetry dependence of the harmonics was previously discussed in Sec. 2.4.
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Table 3.1: XUV photon energies produced through HHG in the 17–47 eV range,
corresponding to the 11th–29th harmonics. The driving NIR pulse has a central
wavelength of 785 nm.

λNIR = 785 nm↔ ENIR = 1.58 eV

nth harmonic Energy (eV) nth harmonic Energy (eV)

11 17.38 21 33.18
13 20.54 23 36.34
15 23.70 25 39.50
17 26.86 27 42.66
19 30.02 29 45.82

energy of the free electron (Up) [45]. The latter scales with the intensity (I) and

wavelength of the field (λ) as Up∼ Iλ2. The ratio between Ip and Up is typically

characterized in terms of the dimensionless Keldysh parameter [62], given by

γ =

(
Ip

2Up

)1/2

. (3.8)

For γ >> 1 the governing process is multiphoton ionization, whereas γ << 1 indicates

a predominant tunnel ionization.

The multiphoton upconversion in HHG can be understood in terms of a

three-step single-atom model that describes the electron trajectory in the presence

of a strong laser field [63], as shown in Fig. 3.6(a). Initially, the atomic Coulomb

field experienced by a bound electron can be distorted by the electric field of

the NIR pulse, resulting in a finite potential barrier through which tunneling can

occur (γ << 1). Notice that in order for this to transpire, the electric field of

the light pulse must be similar in magnitude to the Coulomb field6 (∼109 V/cm),

corresponding to a laser peak intensity of ∼1014 W/cm2. Following, the EWP can

leak into the continuum where it is accelerated by the laser. Once the oscillating

NIR pulse field (Eq. 3.1) flips sign, the photoelectron experiences an opposite force,

hence, allowing for the probability of it colliding or recombining with its parent ion

with a high kinetic energy. Finally, the excess of energy is radiatively released every

6Electric field experienced by an electron in a classical hydrogen atom.
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Figure 3.6: (a) The three-step (tunneling, acceleration, and recombination) model
for the underlying electron dynamics of HHG [63]. (b) XUV bursts are generated
every half-cycle of the driving laser field, resulting in APT.

half-cycle in the form of coherent attosecond bursts with XUV photon energies when

n≥ 7 [Fig. 3.6(b)]. In this time regime, the average pulse duration can be measured

through a technique known as reconstruction of attosecond beating by interference

of two-photon transitions (RABBITT) [57]. Furthermore, the three-step model

predicts the cutoff energy of the harmonic spectrum, i.e., the maximum achievable

photon energy through HHG to be given by

Emax = 3.17Up + Ip. (3.9)

Thus, in order to produce higher photon energies one must typically resort to higher

intensities, longer driving wavelengths, and/or larger ionization potentials.

Performing attosecond investigations requires a sufficiently high coherent XUV

photon flux. In order to achieve this, a large ensemble of atoms or molecules is

required. If we consider an atomic gas, the estimated number of atoms per volume

or number density (ρN) can be estimated from the ideal gas law as ρN =P/kBT ,

where P is the gas pressure, T is the temperature, and kB represents the Boltzmann

constant. Considering a HHG experiment performed at room temperature (293 K)

with a backing pressure of 10 Torr, then ρN is in the order of 1017 atoms/cm3. At

such large numbers, collective interactions can have significant effects, such as the
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Figure 3.7: (a) HHG in xenon with phase-matching conditions optimized for the
15th harmonic. The 13th-17th harmonics can be seen in XUV spectrum. (b) The
15th harmonic corresponds to a multiphoton upconversion of 15 NIR photons. Due
to the low cross-sections for these processes, XUV pulses have low intensities.

modification of different cutoff energies [64]. In order to achieve efficient HHG, one

must account for these effects by considering the phase-matching condition

∆k ≈ kg + ke − ka, (3.10)

where ka and ke are the pressure-dependent dispersions of the neutral atoms and

the free electrons, respectively, and kg is the intrinsic geometric dispersion [65].

Thus, efficient phase-matching conditions (∆k∼ 0) can be achieved by changing

the gas pressure or by modifying the geometry of the gas chamber. In particular,

semi-infinite gas cells with dimensions much larger than the beam diameter can

be advantageous due to their low geometrical dispersions (kg∼ 0). An example

of a HHG spectrum in xenon with phase-matching conditions chosen to maximize

the XUV flux in the 15th harmonic is shown in Fig. 3.7(a). It should be noted that

even under ideal circumstances, the multiphoton upconversion [Fig. 3.7(b)] efficiency

of this extremely nonlinear process is ∼10−6 with respect to the driving beam

fluence. Consequently, XUV APT are weak and can only promote single-photon
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transitions between different electronic states. For this reason, table-top XUV-XUV

pump-probe experiments are not possible nowadays and must be combined with

strong-field NIR pulse, which will be discussed in Sec. 3.4.

3.4 Tunable pump-probe experimental setup

In this section, we describe the experimental setup for tunable ATA and MWM

spectroscopies.7 The pump-probe layout for both types of investigations is identical

and is shown in Fig. 3.8. This scheme employs XUV APT to resonantly excite

different dipole-allowed states, which can be subsequently probed and controlled

through couplings induced by the tunable IR pulses. Initially, 1.8-mJ, 40-fs NIR

pulses are generated by a 1-kHz Ti:Sa laser amplifier with a central wavelength

of 785 nm. The beam is then divided into two arms with a 50/50 beam splitter.

The NIR pulse in one of the arms is focused into a semi-infinite xenon-filled gas

cell (10-Torr backing pressure) with a 50-cm focal length curved mirror to produce

XUV APT through HHG (Sec. 3.3). The resulting XUV spectrum predominantly

consists of the 11th to 19th odd harmonics, with phase-matching conditions chosen

to maximize the XUV flux of a specific harmonic, typically resonant with the bright

states of interest. The driving NIR pulse is filtered out with a 200-nm aluminum

filter and the XUV APT are focused with a toroidal mirror into a second gas cell

for the transient absorption study. This gas cell is 3-mm thick and contains argon

at a backing pressure of 11 Torr.

The other half of the NIR pulse is routed to an OPA, which is capable of

generating tunable IR pulses in the 0.73–1.03-eV range, with an approximate

conversion efficiency of 20%. A half-wave plate and a polarizer are used to control

the intensity of the IR probe pulse, and a 100-cm lens is used to focus this beam

into the target gas cell. A translation stage provides control over the relative time

delay between the XUV APT and the IR pulses. Both beams are combined using

7Some of the material presented in this section was extracted and adapted from [29].
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Figure 3.8: Experimental setup for tunable ATA and MWM spectroscopies
displaying the XUV and IR arms. An OPA is used to generate tunable IR pulses
for the investigation of specific light-induced couplings.

an annular mirror such that they propagate collinearly to the gas cell where they

are spatiotemporally overlapped. After the interaction with the system of interest,

the co-propagating IR beam is filtered out with a second 200-nm-thick aluminum

filter and the XUV APT spectrum is diffracted and refocused by a reflective

variable line-space grating onto a charge-coupled device (CCD). The resolution of

our spectrometer is ∼15 meV at 24.0 eV. The experimental IR photon energies

reported in this dissertation have an uncertainty of ±0.01 eV.
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CHAPTER 4

Optical control of autoionizing polaritons

This chapter contains (adapted) content published in S. Yanez-Pagans

et al., “Multipolariton control in attosecond transient absorption of

autoionizing states.”, Phys. Rev. A, 105:063107, Jun 2022. (Ref. [29]).

In this chapter, we employ tunable ATA spectroscopy in argon to study

and manipulate AI dynamics in the continuum. We investigate near-resonant

two-photon couplings between the bright 3s−14p and dark 3s−14f AISs of argon

that lead to Autler-Townes-like interactions, forming entangled light-matter states

or polaritons. We observe that one-photon couplings with intermediate dark

states play an important role in this interaction, leading to the formation of

multiple polaritonic branches whose energies exhibit avoided crossings as a function

of the dressing-laser frequency. Our experimental measurements and theoretical

essential-state simulations show good agreement and reveal how the delay, frequency,

intensity, and polarization of the dressing pulse govern the properties of autoionizing

polariton (AIP) multiplets. These results demonstrate new pathways for quantum

control of AISs with optical fields.

4.1 Introduction

Attosecond spectroscopy is a powerful and versatile technique to investigate

time-resolved electron dynamics in atomic and molecular systems [9, 19]. In

particular, the study of AISs is essential for understanding electron-core interactions.

It is well known that AISs exhibit asymmetric line shapes in their photoabsorption

spectra due to the presence of discrete bound states that are coupled to different
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continua. Electrons excited to these states autoionize on timescales of tens to

hundreds of femtoseconds due to configuration interactions with the core. The

absorption features of AISs are described by the familiar Fano profile [66, 67].

These line shapes usually contain a region of higher transparency compared to the

continuum background which results from the destructive interference between the

transition amplitudes of the direct ionization to the continuum and the indirect

ionization to this same continuum through the AIS.

ATA investigations have been extensively used to study AISs [20, 26, 34, 68–70].

In particular, strong-field ATA spectroscopy [13], which employs XUV pulses to

coherently launch a dipole excitation in an atomic or molecular system, and time

delayed IR pulses to control and/or probe its evolution, offers exciting opportunities

for control of metastable states of matter [22, 71, 72]. In a recent study in our

laboratory [28], ATA spectroscopy was used to investigate one-photon couplings

between a bright AIS and nearby dark AISs via laser dressing. In this chapter, we

extend the aforementioned study to investigate the role of two-photon couplings in

the formation of AIPs and explore multipolariton formation at higher IR intensities.

We demonstrate that tunable-dressing-field ATA spectroscopy is an ideal tool for

resolving and controlling polaritonic interactions. Contrary to traditional ATA

spectroscopy where the XUV and IR frequencies are commensurate, our tunable

approach (Sec. 3.4) employs an independently adjustable IR probe frequency (ωIR)

to resonantly drive or detune the light-induced couplings between different excited

states [25, 28]. Specifically, the frequency tunability of the dressing IR field allows us

to manipulate the interactions between the 3s−14p bright AIS and several ALISs of

the neighboring dark states (3s−13d, 3s−15s, and 3s−14f) in argon, thus providing

control over the formation and evolution of multiple AIPs. We observe that

even under resonant conditions for the 3s−14p− 3s−14f two-photon coupling, the

intermediate one-photon couplings with other dark states play an important role,

leading to the formation of up to four polaritonic branches at higher intensities. We

systematically vary the delay, frequency, and intensity of the IR pulse to explore the
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parameter space and obtain excellent agreement with ab initio theory. By selectively

incorporating states into the simulations, we are able to identify contributions

of each polaritonic interaction and observe the avoided crossings between various

branches. Furthermore, we demonstrate selectivity in polaritonic branching through

its dependence on the polarization of the IR field.

This chapter is organized in the following way. In Sec. 4.3, we describe

the experimental setup and ATA spectroscopy techniques for the study and

manipulation of AIPs. Section 4.4 introduces a theoretical framework for modeling

AIP dynamics. In Sec. 4.5, we present our experimental photoabsorption results

and compare them with theoretical essential-state simulations. Finally, in Sec. 4.6,

we summarize our work and provide perspectives for future research.

4.2 Autoionizing polaritons

Figure 4.1 shows the formation of AIPs in the continuum. These structures

arise from the near-resonant interaction between bright (|α〉) and dark (|β〉)

AISs in the presence of a strong IR dressing field. Akin to Autler-Townes

phenomena [25, 73–79], the degeneracy between the bright AIS and the autoionizing

light-induced state (ALIS) of the nearby dark states leads to a renormalization

of the electronic structure, which can be described in terms of entangled

light-matter states, termed AIPs [28]. It should be noted that the degeneracy

between the bright AIS and the ALIS is maximum when the IR photon

frequency matches the energy separation between the bright and the dark

AISs (ωIR = |ωβ −ωα|). Moreover, notice that AIPs are eigenstates of the

light-matter Hamiltonian (Ĥ = Ĥatom + Ĥlight + Ĥinteraction). Thus, the wave function

of the emergent polaritonic states can be described as a nonseparable coherent

superposition of the bright matter state in the presence of N IR photons (|α〉 ⊗ |N〉)

and the ALIS, which is described in terms of the dark state in the presence of N − 1

IR photons (|β〉 ⊗ |N − 1〉).

In the presence of the laser field, AIPs can decay either through AI or via
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Figure 4.1: Schematic representation of AIP formation and subsequent decay
pathways. Near resonance, the degeneracy of between a bright (|α〉) AIS and an
ALIS (|β − ωIR〉) leads to AIP multiplets, which then decay through autoionization
and radiative ionization. Destructive interference between these pathways can lead
to stabilization of the atom against ionization.

radiative ionization (RI) [71]. In the case of AI, the state can decay through

configuration interaction to the same symmetry continuum. On the other hand,

RI can occur due to laser-induced couplings between different states, which results

in a decay of the AIP to the opposite symmetry continuum, as shown in Fig. 4.1.

Previously, our laboratory demonstrated that these decay pathways can add

coherently, and under specific conditions this interference can be destructive, leading

to stabilization against ionization [28, 71].

4.3 Experimental setup

We use tunable ATA spectroscopy to resolve and manipulate AIP dynamics involving

multiple AISs. Our pump-probe experimental scheme has been previously described

in detail in Ch. 3. This setup (Fig. 3.8) employs XUV APT to resonantly

excite the 3s−14p AIS in argon, which can be subsequently probed and controlled

through couplings induced by the tunable IR pulses. Initially, the prisms in the

Ti:Sa oscillator (Sec. 3.2.1) are used to center the spectrum of the NIR pulses at
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Figure 4.2: (a) Normalized XUV spectrum corresponding to the 17th harmonic,
relative the energy of the bright 3s−14p AIS. (b) Relevant AISs and ALISs in argon.
The green double arrows show the IR induced 3s−14p− 3s−14f two-photon coupling.

790 nm. Next, the amplified beam is split into two halves. The first half is dedicated

to the production of XUV APT through HHG (Sec. 3.3) in xenon, with a backing

pressure of ∼12 Torr. Here, the phase-matching parameters are set to favor the

photon flux in the 17th harmonic. The resulting XUV spectrum is resonant with

the bright 3s−14p AIS, as shown in Fig. 4.2(a). Meanwhile, the second half of the

NIR is routed to an OPA (Sec. 3.2.3) for the generation of tunable IR pulses. The

timing of the resulting probe beam is adjusted by a delay line, whereas its intensity

is controlled by a half-wave plate and a polarizer. Subsequently, both the XUV and

IR beams are collinearly focused and spatiotemporally overlapped into a 3-mm-thick

transient absorption gas cell, which contains argon at a backing pressure of 11 Torr.

Finally, both the NIR and the IR beams are filtered out and the XUV spectra

transmitted through the target gas are recorded using a grating spectrometer.

We characterize our results in terms of the absolute OD, calculated as:

OD =− log10 (IXUV+IR/Iref), where Iref is the reference XUV spectrum through

the empty gas cell [Fig. 4.2(a)], and IXUV+IR is the transmitted IR-dressed XUV

spectrum through the argon-filled gas cell.1 In this method, compared to the

background OD associated with the continuum absorption, a dip in the OD would

1This and other characterization methods are discussed in Sec. 2.5.
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indicate a Fano window resonance. In general, one can observe various Fano profiles

associated with bright AISs or AIP multiplets resulting from the interaction of a

bright AIS with different ALIS counterparts. Furthermore, positive time delays

mean the IR dressing field precedes the XUV APT.

This chapter focuses on near-resonant two-photon couplings between

laser-dressed AISs,
∑

a |a〉⊗ |NaγIR〉, where |a〉⊗ |NaγIR〉 (or a⊗NaγIR for brevity)

represents a component in which the atom is in AIS |a〉 and the radiation field has

Na IR photons as well as the properties of the polaritonic states resulting from such

interaction. As shown in Fig. 4.2(b), we tuned the IR photon energy so that the

3s−14f ⊗ (N−2)γIR ALIS is near resonant with the 3s−14p⊗NγIR AIS. In addition,

we systematically vary the IR peak intensity between 20 and 200 GW/cm2 to study

the intensity dependence of the polaritonic structures.

4.4 Theoretical methods

The theoretical methods to interpret the experimental photoabsorption spectra were

developed and described in this section by our collaborators, Coleman Cariker and

Prof. Luca Argenti from the University of Central Florida. These consist of ab initio

calculations conducted with the NewStock program [80–82]. The multi-configuration

states of the parent ions are computed with the ATSP2K atomic-structure

package [83], using the multi-configurational Hartree-Fock (MCHF) method,

optimized for the 3s−1 and 3p−1 parent ions. The resulting MCHF localized

active orbitals are used to form a basis of localized configurations for the neutral

system (localized channel). A finite set of ionic states are augmented by a

set of diffuse spherical orbitals, complementary to the MCHF active orbitals,

given by products of spherical harmonics and radial B-splines (partial-wave

channels) [84]. The set of partial-wave channels together with the localized

channel form a so-called close-coupling configuration space that is able to accurately

reproduce the asymptotic multi-channel character as well as the short-range

correlated character of bound states, Rydberg states, and the resonant electronic
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continuum, within a given quantization box, which in the present work has a

radius Rbox = 500 Bohr radii. The Hamiltonian and dipole matrix elements between

close-coupling states are computed. As in any explicit simulation of a continuum

system within a confined space, it is necessary to prevent unphysical reflections of

the photoelectron wavepacket at the quantization-box boundary. In the present

work, this is achieved by adding, to the field-free Hamiltonian H0, a smooth

monoelectronic complex absorption potential (CAP), Vcap(~r1, ~r2, . . . , ~rn) =
∑

j v(rj),

where v(r) =−i c θ(r−Rcap) (r−Rcap)2, c is a real positive number, and θ(x) is

the Heaviside step function. This potential, which starts ∼100 Bohr-radii before

the box boundary, makes any outgoing wave function vanish before it can be

reflected. Whereas this approach dissipates the outermost part of the wave function,

it preserves the internal portion, which is the only one relevant to reproduce the

ATA spectrum of the atom. Indeed, the optical response of the atom in the XUV

spectral region is due to the dipole beating between the excited component of the

wave function and the ground state, which is highly localized near the origin.

The CAP enforces outgoing boundary conditions on the eigenfunctions of the

Hamiltonian of the confined system (Siegert states [85–87]), Hcap =H0+Vcap, above

the ionization threshold, which acquire finite lifetimes, and hence, complex energies.

The AISs, in particular, emerge as isolated complex eigenvalues, and, hence, can

be selectively included or excluded in the simulation of the laser-driven dynamics

of the system, thus, revealing the role of individual resonances. In the case of

optical observables, the diagonalization of the field-free Hamiltonian allows us also

to restrict the simulation space to few hundreds of essential states, whose energy

lies below a prescribed cutoff, thus, reducing the cost of simulation by several

orders of magnitude, compared with a simulation in the complete basis, without

compromising the convergence of the observables of interest here.

To compute the evolution of the system in the presence of external

radiation fields, we numerically solve the TDSE in a succession of time steps,

|Ψ(t+ dt)〉 = U(t+ dt, t)|Ψ(t)〉, using a second-order split-exponential propagator
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U(t+ dt, t), where

U(t+ dt, t) = e−iHcap
dt
2 e−iHI(t+ dt

2 ) dt e−iHcap
dt
2 . (4.1)

In the velocity gauge and in the dipole approximation, HI(t) =α ~A(t)·~P (~r),

where ~A(t) is the field vector potential of both the pump and probe pulses,

~A(t) = ~AXUV(t− τ)+ ~AIR(t), P (~r) is the electronic canonical momentum, and α is the

fine-structure constant. The exponential of the dipole matrix is computed exactly

using its diagonal representation in the essential Siegert-states basis. Therefore, each

time step is extremely fast, since it merely requires two matrix-vector operations,

which scale quadratically with the size of the Siegert-space basis. For optically thin

samples, the absorption at a given frequency is related to the Fourier transform of

the expectation value of the dipole operator, given by σ(ω) =−4π/ω Im[P̃ (ω)/Ã(ω)].

As discussed in the following section, we have conducted essential-state

simulations where we retain only a specific set of states to quantify the relative

contribution of various light-induced couplings between specific bright and dark

AISs (Fig. 4.8).

4.5 Results and discussion

The focus of our investigations is the near-resonant interaction between the bright

3s−14p and dark 3s−14f AISs due to the two-photon coupling induced by the

IR field. Figure 4.3 shows a comparison between the experimental (top row)

and theoretical (bottom row) photoabsorption spectrograms at three different IR

intensities (columns) in the vicinity of the bright 3s−14p AIS. At longer time delays,

we solely observe the 3s−14p window resonance. In contrast, when the XUV and

IR pulses overlap near zero delay, multiple IR-field-induced polaritonic structures

emerge in the continuum. Although we tuned the IR photon energy for a resonant

two-photon 4p–4f coupling (ωIR∼ 0.84 eV), the observed multiplicity of features

points to the presence of additional interactions.
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Figure 4.3: (a), (c), and (e) Experimental and (b), (d), and (f) theoretical
XUV photoabsorption spectra in the vicinity of the bright AIS as a function of
time delay. The 3s−14p state is near resonant with the 3s−14f state through
a two-photon transition. The dressing field frequency is ωIR = 0.85 eV for the
experiment and ωIR = 0.83 eV for theory. Different columns illustrate various IR
intensities, increasing from left to right where (a) 62 GW/cm2, (b) 50 GW/cm2,
(c) 110 GW/cm2, (d) 100 GW/cm2, (e) 205 GW/cm2, and (f) 200 GW/cm2. The
color map represents the OD, where lower values indicate a decrease in background
continuum absorption due to the presence of the 3s−14p AIS or AIP resonances.

At lower IR intensities (∼50 GW/cm2), the experimental and theoretical

photoabsorption data in Figs. 4.3(a) and 4.3(b), respectively, show the 3s−14p line

shape splits into three dominant AIP features. The line outs of these plots at τ ∼ 0

are displayed in Figs. 4.4(a) and 4.4(b). In addition, Figs. 4.4(c) and 4.4(d) represent

the experiment and theory line outs at a fixed energy of ∼26.62 eV. As the intensity

is increased to ∼100 GW/cm2 and above [Figs. 4.3(c)–4.3(f)], the splitting between

different AIP branches increases substantially, and the top branches also exhibit

discontinuity, as seen around 26.8 eV at τ ≈ 25 fs. In general, the agreement between
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Figure 4.4: Line outs of the experimental (red) and theoretical (blue) data at low IR
intensities (∼50 GW/cm2), corresponding to Figs. 4.3(a) and 4.3(b), respectively.
(a) and (b) are vertical line outs at τ ∼ 0, whereas (c) and (d) are horizontal line
outs at constant energy ∼26.62 eV.

experiment and theory is very good. At high intensities, we clearly observe four AIP

branches in both experiment and theory. These observations are in contrast to the

expectation of two AIP branches stemming from the resonant interaction between

the 3s−14p and the 3s−14f states.

The light-induced redistribution of the 3s−14p line strength is a direct

consequence of the renormalization of the AIS and ALIS energies. Despite

being rather detuned from the one-photon resonance condition [Fig. 4.2(b)], the

3s−13d⊗ (N−1)γIR and 3s−15s⊗ (N−1)γIR ALISs can also contribute to the

interaction. In fact, as shown in Fig. 4.5, a basis set involving the 3s−14p⊗NγIR AIS

and the 3s−13d⊗ (N−1)γIR, 3s−15s⊗ (N−1)γIR, and 3s−14f ⊗ (N−2)γIR ALISs,

qualitatively explains the observations. The interaction among these four states

gives rise to four entangled light-matter states, which matches the number of

polaritonic branches seen in our data in Figs. 4.3(c)–4.3(f).

In a recent work [28], an extended Jaynes-Cummings (J-C) model was employed
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Figure 4.5: (a) Diagrammatic representation of the interacting bright (4p) and
nearby dark (3d, 5s, 4f) 3s−1n` AISs in argon. The resultant polaritonic multiplets
represent entangled light-matter states. The simulated photoabsorption spectrum
with XUV alone (purple) is a window resonance and the IR-dressed spectrum
(red) clearly shows four AIP branches. (b) Each of these AIPs can decay to the
continuum states through AI and RI pathways, which interference constructively or
destructively, depending on the IR laser parameters.

to account for the formation and decay of AIPs [88, 89]. This allowed us to

understand the coherent interferences between AI and RI decay pathways, paving

the path for optical control of the metastable states. The analysis considered a

situation with two laser-coupled states, that lead to the formation of two distinct

polaritonic branches. In this chapter, we highlight how there are many more

possibilities for interfering paths, and how both one and two-photon couplings are

active. Figure 4.5(a) shows the energy diagram of the ALISs near the 3s−14p state

in argon (26.62 eV). Initially, an XUV photon promotes the electron from the

ground state to the bright AIS. The calculated absorption profile of the 3s−14p

state, shown in the purple curve, represents a single Fano window resonance.

Subsequently, a time delayed tunable IR pulse couples to the nearby dark AISs,

namely, 3s−13d (27.51 eV), 3s−15s (27.55 eV), and 3s−14f (∼28.31 eV). Tuning

the IR photon energy allows us to manipulate the relative position of different

ALISs, such as 3s−13d⊗ (N−1)γIR, 3s−15s⊗ (N−1)γIR, and 3s−14f ⊗ (N−2)γIR,
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with respect to the 3s−14p state. In particular, for this study, we bring the 4p and

4f close to a two-photon resonance. However, due to their relatively close spacing,

the bright AIS and the ALISs form a strongly interacting basis, leading to the

formation of AIP multiplets with renormalized energy structures (Eα, Eβ, Eγ, Eδ) as

shown in Fig. 4.5(a). The calculated photoabsorption profile of XUV in the presence

of IR couplings (red curve), which is a line out of Fig. 4.3(d) at τ =−30 fs, clearly

shows four polaritonic features in agreement with our high intensity experimental

observations in Figs. 4.3(c) and 4.3(e).

Figure 4.5(b) illustrates the decay paths of a particular AIP state |Ψα〉, which

results from the mixing of four AISs of different electronic symmetry through

one-photon and two-photon couplings. In the extended J-C model, such a state

can be written as

|Ψα〉 = cp |4p〉⊗ |N〉+ cd |3d〉⊗ |N−1〉+ cs |5s〉⊗ |N−1〉+ cf |4f〉⊗ |N−2〉 , (4.2)

where each c` is a complex coefficient. The energy for a given polaritonic

branch will be determined by the IR coupling matrix elements and the detunings.

The components of the AIP state |Ψα〉 can decay directly through configuration

interaction to the same symmetry continua, and through radiative couplings to the

other continua. For example, if we consider the decay pathways to the N -photon 4p

continuum channel, there will be one direct AI path, and three RI paths, as shown

in Fig. 4.5(b). The crucial point is that the decay amplitudes of these terms interfere

coherently, giving rise to a partial decay rate to the N -photon channel that exhibits

destructive or constructive interference,

ΓN,α = |cpΓ1/2
AI,4p + cdΓ

1/2
RI,3d + csΓ

1/2
RI,5s + cfΓ

1/2
RI,4f |

2, (4.3)

reflected also in the net decay rate of the polariton, where ΓAI,4p is the 4p field-free AI

decay rate, whereas ΓRI,3d and ΓRI,5s are the one-photon RI rates to the continuum

and ΓRI,4f is the two-photon RI term. The one-photon (two-photon) rates depend

linearly (quadratically) on the IR intensity, and c` depends both on the field strength
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Figure 4.6: Experimental (left) and theoretically (right) simulated IR intensity scan
at fixed time delay (τ =−15 fs) in the proximity of the 3s−14p AIS, for ωIR = 0.85
and ωIR = 0.83 eV, respectively. The separation between AIP branches increases
with the IR intensity, and their relative strengths and widths are impacted due to
coupling effects.

and detuning, therefore, the IR pulse parameters are important knobs for controlling

AIP dynamics.

To explore the effects of the dressing-field strength over the AIP multiplets, we

perform an IR intensity scan keeping the time delay between the XUV and the IR

pulses fixed (τ =−15 fs) as shown in Fig. 4.6. As previously observed in Fig. 4.3,

both theory and experiment exhibit four branches as the IR intensity is increased.

The AIP splitting continually increases with the field strength in accordance with

the expectation. The width of the polaritonic branches also changes with intensity.

The complexity of the interactions and the number of interfering terms, however,

prevents us from fitting the data with an analytical resonant profile. The differences

between the two panels in Fig. 4.6 in terms of the intensity slope of the branches and

relative strength of the different branches is due to the slight differences between

the experimental and the theoretical parameters, in addition to the uncertainties in

the delay, intensity, and focal volume averaging effect inherent to the experiments.

In Figs. 4.7(a) and 4.7(b), we expand the analysis of the intensity dependence

of polaritonic multiplets to include additional IR delays and detuning values. Here,

each row corresponds to a specific time delay, and each column corresponds to a
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Figure 4.7: IR intensity-dependent XUV photoabsorption spectra in the vicinity
of the 3s−14p AIS, both for (a) experiment and (b) theoretical simulations. The
columns indicate different values of ωIR, and the rows illustrate fixed time delays.
These plots demonstrate that the frequency and intensity of the IR pulse can be
used for optical control of AIPs.

different IR photon energy. Clearly, the number and the nature of splittings are

highly dependent on these parameters. Apart from the ∼0.02-eV offset in the IR

frequencies between experiment and theory panels, the agreement between the two

is notable, and the ab initio theory captures all the details from our systematic

experimental study.

For computational time considerations, the theoretical simulations shown in

Fig. 4.7(b) have lower resolution intensity steps than the one shown in Fig. 4.6. As

a result, some of the finer details of AIP splitting are not visible. Nevertheless, the

trends with detuning, time delay, and peak intensity are evident. At positive time

delays (τ = 30 fs), both Figs. 4.7(a) and 4.7(b) exhibit fewer features and smaller

splittings, which is expected as the IR precedes the XUV APT. In the case of

negative time delays (τ =−30 fs), the full IR pulse interacts with the XUV-initiated

dipole. Higher IR peak intensities produce larger change in OD, implying an

increased redistribution of the 3s−14p window resonance into polaritonic branches.
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Figure 4.8: Theoretical dressing-field frequency scans at IR intensities of
(a) 50 GW/cm2 (τ = 0 fs) and (b) 150 GW/cm2 (τ =−15 fs). Each panel corresponds
to different essential-state bases to isolate the individual contribution of different
resonances to the photoabsorption spectrum near the 3s−14p AIS.

Furthermore, Figs. 4.7(a) and 4.7(b) show how the IR photon energy tuning can

be used to control the AIP structure. At ωIR < 0.90 eV, when the 4p–4f coupling

is near resonant, we observe several AIP branches in the XUV spectrum, however,

as we move away from resonance with the 3s−14f AIS (ωIR≥ 0.90 eV), we observe

two main AIP branches corresponding to the interaction of 3s−14p with the closely

spaced 3s−13d/3s−15s states through one-photon coupling.

Following, we explore the AIP spectrum as a function of the IR photon energy.

The goal of this exercise is to identify the contribution of different states to

the photoabsorption spectrum using essential-state calculations at different IR

intensities. However, in contrast to the previous work [28], here we investigate

the contribution of individual resonances not by removing these from the full-basis

essential-state simulations, but instead by building a few-level basis composed of

only certain states. Figure 4.8(a) shows simulated frequency scans at τ = 0 and

an IR intensity of 50 GW/cm2. Each sub panel corresponds to different essential

states. The basis used for each calculation are composed of the ground state, the

3s−1 and 3p−1 continua, and the resonances indicated in each panel. For example,
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the top-right panel (4p, 4f ) is a simulation computed with the 3s−14p and 3s−14f

AISs, along with the aforementioned ground state and continua. By selectively

evaluating the contribution of individual AISs in the essential-state simulations, we

are able to assign observed AIP features to specific couplings between bright and

dark AISs. The full basis (top-left) and the 3s−1n` (top-center) panels are identical,

confirming that the observed dynamics can be fully described by the laser induced

coupling of various 3s−1n` states.

Next, we investigate the role of intermediate resonances in two-photon AIP

formation by comparing the top-right (4p, 4f ), center-left (4p, 3d), and bottom-left

(4p, 3d, 4f ) panels of Fig. 4.8(a). This analysis clearly shows that in the absence

of a strong one-photon intermediate resonance, such as 3s−13d, the degeneracy

between the two-photon 3s−14f ⊗ (N−2)γIR ALIS and 3s−14p AIS does not lead

to polaritonic splitting. Moreover, a direct comparison with the top-right (4p, 4f ),

center (4p, 5s), and bottom-center (4p, 5s, 4f ) panels confirms the 3s−15s is a

weaker intermediate resonance than the 3s−13d as it does not lead to the the

formation of the additional avoided crossings in bottom-center panel due to the

contribution of the 3s−14f AIS.

To identify the interactions leading to four polaritonic branches, previously

discussed in Fig. 4.6, we evaluate the essential-state contributions at τ =−15 fs

and an IR intensity of 150 GW/cm2. These results, shown in Fig. 4.8(b),

exhibit up to four branches with larger AIP splittings. This analysis confirms our

understanding that four states, namely the 3s−14p AIS and the 3s−13d⊗ (N−1)γIR,

3s−15s⊗ (N−1)γIR, and 3s−14f ⊗ (N−2)γIR ALISs, are essential to match the

observation of four polaritonic branches in the experimental photoabsorption. The

two-photon 4p–4f coupling alone cannot produce an observable splitting (top-right),

and the role of intermediate one-photon coupled 3d and 5s states is essential to

obtain the four features as in the bottom-right panel.

Furthermore, we explore the role of the dressing field polarization as an additional

parameter to control AIP structure and dynamics. Figures 4.9(a) and 4.9(b) show
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Figure 4.9: AIP spectrograms corresponding to (a) parallel and (b) perpendicular
dressing-field polarizations. (c) Near zero delay (τ ∼ 0) line out comparison for
parallel (red) and perpendicular (blue) polarizations. Here ωIR is held fixed at
0.85 eV, with an intensity of ∼150 GW/cm2.

experimental spectrograms in the vicinity of the 3s−14p AIS for IR field polarizations

parallel and perpendicular to the XUV polarization, respectively. The IR frequency

is held fixed at 0.85 eV, with a beam intensity of ∼150 GW/cm2. Our results

show a remarkable difference in AIP structure, especially in terms of the number of

branches. We observe that when the IR polarization is parallel various strong AIP

branches are clearly visible in the photoabsorption spectrum. Conversely, when

the dressing field polarization is perpendicular the AIP feature around 26.85 eV

disappears. We emphasize this point by taking line outs near τ ∼ 0. in Fig. 4.9(c).

We attribute this difference in polaritonic structure to the removal of certain

couplings in the case of perpendicular polarization. Specifically, the coupling

between the 3s−14p and the 3s−15s states is not a dipole allowed transition with

perpendicular polarization, in which case the transition is only allowed for states

with ∆m` = ± 1, and this occurs only for the 3d and 4f states. Thus, panel (a)

shows a renormalized basis consisting of the 4p, 3d, 5s, and 4f states, and panel (b)

pertains to only the 4p, 3d, and 4f states. This demonstrates another form of optical

control over the couplings resulting in different number of polaritonic pathways.
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4.6 Concluding remarks

To summarize, we employ tunable-dressing-field ATA spectroscopy to investigate

and control atomic polariton AI. We show that different pulse parameters of

the dressing field, namely, photon energy, polarization, pulse intensity, and time

delay can be adjusted to manipulate the formation, branching, and subsequent

dynamics of AIP multiplets near the 3s−14p AIS in argon. Furthermore, we

observe the ab initio theory shows remarkable agreement with the experimental

measurements. We investigate the role of the 3s−14f ⊗ (N−2)γIR two-photon

ALIS in the experimental photoabsorption spectrum. Comparison with simulations

indicates that intermediate one-photon resonances are essential to produce the

observed polaritonic structure. In particular, we observe the 3s−13d AIS plays

a fundamental role in mediating the 4p–4f coupling that leads to the splitting

of the 3s−14p line. Moreover, we demonstrate that the 4p–5s coupling can be

selectively brought into play by modifying the IR field polarization. Our systematic

experimental work and accurate ab initio simulations provide remarkable insights

into the light-matter couplings and offer new opportunities for the optical control

of metastable states.
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CHAPTER 5

Probing coherent superpositions of

singly- and doubly-excited states

In this chapter, we explore how radiative nonlinear FWM processes, which arise

from the interaction of XUV APT and tunable strong-field IR pulses, can be used

to monitor the evolution of EWPs and capture information about light-induced

couplings between different excited states. Specifically, we exploit this technique

to observe quantum beats in an autoionizing electronic superposition of singly-

and doubly-excited states in krypton. Our results highlight the contribution from

several unassigned AISs and show that doubly-excited states play an important

role in coherent electron dynamics. We demonstrate that background-free tunable

pump-probe approaches greatly enhance the versatility of MWM spectroscopy and

open new avenues for probing autoionizing EWPs.

5.1 Introduction

Ultrafast intense laser pulses are ideally suited for the investigation of nonlinear

light-matter interactions [90, 91, 36]. In particular, third-order or χ(3) nonlinearities

give rise to FWM emissions, which are the lowest-order MWM processes in

centrosymmetric media [36].1 Due to their ability to capture information about

light-induced couplings between different electronic states and their relatively large

cross-sections in comparison to other higher-order processes [14], FWM has been

explored extensively since the advent of lasers.

1Refer to Sec. 2.4 for more information.
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In recent years, FWM spectroscopy has been extended to the XUV energy

regime and to attosecond temporal resolutions. Typically, XUV photons are

obtained through HHG (Sec. 3.3) and then mixed with IR laser photons to

produce new emissions that probe the excited states of atomic and molecular

systems. In terms of the experimental technique, FWM is an extension of ATA

spectroscopy [13, 18, 19, 24, 25, 28, 29, 34, 64, 92]. Moreover, XUV-IR FWM

spectroscopy allows researchers to study coherent electron dynamics in a time and

energy resolved fashion, and is therefore a powerful tool to study the evolution of

complex polyelectronic systems.

Many-electron systems exhibit AISs—above-threshold resonances with

asymmetric cross-section profiles [66, 67]—which can act as intermediaries in

the implementation of optical control in the continuum. For example, as discussed

in Ch. 4, a resonant dressing-laser field coupling two AISs can give rise to entangled

light-matter states, whose lifetimes and energies can be controlled by tuning

the laser wavelength and intensity [28, 29]. Furthermore, previous studies have

employed collinear and noncollinear [93] FWM schemes to investigate EWP

dynamics [37, 40, 94], molecular vibrations [38], coherences [39], and the lifetimes

of AISs [43]. Additionally, FWM is a well-suited technique to generate coherent

XUV light at new frequencies for multiple applications.

In conventional attosecond FWM spectroscopy, the NIR and the XUV photons

are commensurate (ωXUV≈nωNIR) as the HHG spectrum consists of frequencies of

odd multiples of the driving NIR field frequency. This makes it difficult to isolate

FWM emissions from the input XUV spectrum, unless noncollinear schemes are

invoked [40, 93, 94]. In collinear geometry, we can overcome this complication

by employing incommensurate IR pulses, which lead to background-free FWM

emissions [25, 41, 42], as previously discussed in Sec. 2.4. Furthermore, the

frequency tunability of the IR beam (ωIR) makes it perfectly suited for controlling

electronic couplings and detunings with the intermediate states [28, 29], thus

providing a direct knob to control FWM emission pathways.
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In this chapter, we use tunable FWM spectroscopy to explore quantum beats

that arise from the coherent XUV excitation of AISs in krypton. The parametric

conditions of the FWM processes allow us to identify the composition of the

autoionizing EWP in terms of the singly-excited 4s−1np and the doubly-excited

4p4n`n′`′ states. Our results complement and expand the photoelectron study

previously reported in [95]. Moreover, we are able to tentatively assign some of

the electronic configurations of the doubly-excited states discussed in [96, 97]. In

addition, the tunability of the IR pulses allows us to explore the role of intermediate

dark states and the relative amplitudes of single and multi-electron transitions.

Our findings provide new methods and techniques to study and probe autoionizing

EWPs.

This chapter is structured as follows. Section 5.2 describes our tunable FWM

experimental setup. Following, Sec. 5.3 introduces the singly- and doubly-excited

states of krypton relevant to our study. Next, we present our FWM results in

Sec. 5.4. Finally, we conclude by summarizing the findings and discussing future

research directions in Sec. 5.5.

5.2 Experimental setup

The details of our tunable FWM setup are described in Ch. 3 and are briefly

summarized here. The output ∼2-mJ 40-fs pulses of the Ti:Sa amplifier (Sec. 3.2.2)

are divided into two arms by a 50-50 beam splitter, as depicted in Fig. 3.8. The first

beam is focused into a xenon-filled gas cell in order to produce XUV APT through

HHG (Sec. 3.3). The XUV phase-matching conditions maximize the photon flux of

the 17th harmonic around 26.90 eV (see Fig. 5.2). Simultaneously, the second part

of the pulsed beam is passed through an OPA (Sec. 3.2.3) capable of converting the

NIR pulse frequency into tunable IR frequencies in the 0.73–1.03 (±0.01) eV range.

Following the optical parametric amplification process, these pulses are routed to

a delay line in order to control their timing with respect to the XUV pulses. A

half-wave plate and a polarizer are used to control the intensity of the IR beam.



66

Subsequently, the XUV and IR pulses are collinearly combined by an annular mirror

and focused into a 3-mm-thick krypton-filled gas cell by a toroidal mirror and a

lens, respectively. The backing pressure in the cell is maintained at ∼4 Torr, and

a shutter in the IR path is used to alternate between the XUV-only and XUV+IR

cases. After the gas cell, the IR beam is filtered out and the XUV APT carry on to

the spectrometer, which employs a concave diffraction grating and a CCD camera

in order to record the XUV spectra.

The results in this chapter are presented in terms of the normalized IR-induced

changes to the XUV spectrum (∆Φ), defined as ∆Φ(ω) = ΦXUV(ω)−ΦXUV+IR(ω).

Here, both spectra are measured through the krypton-filled gas cell and

normalized to max(|ΦXUV−ΦXUV+IR|) (see Sec. 2.5). Positive values (∆Φ> 0)

indicate IR-induced XUV absorption, whereas negative values (∆Φ< 0) designate

IR-induced XUV transparency or emission. In our scheme, FWM emissions occur

in regions where the input XUV flux is zero (ΦXUV = 0). In our analysis, negative

(positive) time delays mean the IR field proceeds (precedes) the XUV APT.

5.3 Singly- and doubly-excited autoionizing states

In this experiment, we explore the excitation of inner-valence singly-excited

and outer-valence doubly-excited states within the bandwidths of the XUV and

the IR pulses (24.8–27.4 eV). In the past decades, various photoabsorption

and photoelectron studies explored this energy region due to its rich spectral

structure, intriguing AI dynamics, and unassigned line shapes [95, 97–101].

As pointed out in [96–98], there are only two possible electron configurations

within the aforementioned frequency values, corresponding to single and double

electron excitations. Furthermore, one-photon excitations of the ground state

of krypton {[Ar] 3d104s24p6(1S0)} uniquely couple to AISs with J = 1. The

singly-excited states correspond to a direct XUV excitation of a 4s inner-shell

electron to the Rydberg series converging to the 4s−1 ionization threshold (27.51 eV)

(4s24p6 ωXUV−−−→4s−14p6np). In the j-j coupling scheme, for each Rydberg level (n) we
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Figure 5.1: Reference photoabsorption and photoionization spectra of krypton in
the 26.2–27.3 eV range. Our experimental photoabsorption data in the vicinity of
the 17th harmonic of the XUV pulse (purple-solid line). Adapted photoabsorption
from [97] (yellow-dashed line). Reference photoionization from [99] (green-dotted
line). The features observed correspond to the 4s−1np singly-excited (red indicators)
and the 4p4n`n′`′ doubly-excited (blue indicators) states.

have a singlet (1/2,3/2) and a lower-energy triplet (1/2,1/2) state. On the other

hand, doubly-excited states are simultaneous excitations of two 4p valence electrons

(4s24p6 ωXUV−−−→4s24p4n`n′`′) [96, 97, 99, 102]. The last-mentioned resonances converge

to multiple ionization thresholds (2P1/2, 2P3/2, 4P1/2, 4P3/2, 4P5/2) and are in the

process of being assigned by our theoretical collaborators (Prof. Chris H. Greene

and Miguel Alarcón, Purdue University).

Figure 5.1 compares our static XUV photoabsorption spectrum with those

from previous studies of AISs in krypton. The solid-purple line shows

our experimental data, whereas the yellow-dashed and green-dotted lines

correspond to previously measured photoabsorption (Codling et al. [97]) and

photoionization (White et al. [99]) spectra, respectively. The singly- and

doubly-excited states in this spectral region are identified by the red and

blue markers accordingly. Notice that single electron excitations exhibit larger
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Table 5.1: Energies of different 4s−1np singly-excited states in krypton
[97, 100, 101]. The uncertainty reported in these measurements is ±0.02 eV.

State Energy [eV] Code

5p(1/2, 1/2) 24.92 CM3
5p(1/2, 3/2) 24.99 CM5
6p(1/2, 1/2) 26.30 CM10
6p(1/2, 3/2) 26.31 CM11
7p(1/2, 3/2) 26.80 CM14
8p(1/2, 3/2) 27.03 CM18
9p(1/2, 3/2) 27.18 CM22
10p(1/2, 3/2) 27.27 CM24
11p(1/2, 3/2) 27.33 CM26

Table 5.2: Energies of different 4p4n`n′`′ doubly-excited states in krypton [97]. The
uncertainty reported in these measurements is ±0.02 eV.

Code Energy (eV) Code Energy (eV)

CM2 24.85 CM15 26.85
CM4 24.95 CM16 26.93
CM6 25.17 CM17 26.96
CM7 25.37 CM19 27.08
CM8 25.40 CM20 27.10
CM9 26.25 CM21 27.15
CM12 26.43 CM23 27.23
CM13 26.68 CM25 27.31

cross-sections than double electron excitations. Moreover, due to the lack of a

well-established assignment for the doubly-excited states, these types of features are

numbered as presented by Codling and Madden (CM) in [97]. Furthermore, the

energies of the pertinent singly-excited and doubly-excited states in the spectral

region of interest are listed in Tables 5.1 and 5.2, respectively.
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Figure 5.2: Energy diagram of XUV-IR FWM pathways in krypton. Initially, the
17th harmonic of the XUV pulse (magenta) excites multiple 4s−1np and 4p4n`n′`′

states. Subsequently, the tunable IR pulses (green) can resonantly couple these
bright states to lower-energy intermediate resonances from which FWM emissions
occur around ∼25.1 eV.

5.4 Results and discussion

Figure 5.2 shows the energy diagram of tunable FWM pathways in krypton. Initially,

the 26.90-eV-centered 17th harmonic of the XUV pulse (magenta) launches multiple

autoionizing EWPs composed of different singly- and doubly-excited states in the

26.2–27.3 eV spectral region (see Fig. 5.1). More specifically, these correspond to the

4s−1np (red-dotted line) and the 4p4n`n′`′ (blue-dotted line) autoionizing Rydberg

resonances. Subsequently, the time-delayed IR pulses (green) can be tunned to

resonantly couple the XUV-excited AISs to various lower-energy intermediate dark

and bright states through −ωIR and −2ωIR transitions, respectively. Near-resonant

pathways result in background-free FWM emissions emanating from different singly-

and doubly-excited bright states near 25.1 eV. These processes arise from the

third-order nonlinear polarization of the medium, as previously discussed in Sec. 2.4.

It should be noted that the effective bandwidth of the IR pulse increases with the

number of nonlinear couplings. In our experiment, the ±ωIR and ±2ωIR transitions

have bandwidths of ∼0.1 eV and ∼0.2 eV at FWHM, respectively.

Figure 5.3 summarizes our time-resolved measurements in krypton. The top
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panel [Fig. 5.3(a)] exhibits a reference synchrotron photoabsorption spectrum

adapted from [97]. The lower panels [Figs. 5.3(b)–(d)] show experimental

XUV-IR spectrograms expressed in terms of the ∆Φ, at three different IR photon

energies: (b) 0.80 eV, (c) 0.86 eV, and (d) 0.92 eV. The green arrows depict

the central frequency of the IR pulses and represent different light-induced FWM

pathways. In all three cases, the 26.2–27.3-eV spectral region exhibits IR-dressed

features corresponding to the singly- and doubly-excited states in Fig. 5.1. Moreover,

various FWM features emitting from singly- and doubly-excited states can be

observed in the 24.8–25.3-eV range. Notice that some regions of the spectrum

have been multiplied by a scaling factor in order to enhance the visibility of certain

features. In addition to this, it is worth bearing in mind that all the aforementioned

absorption and emission signals are only observable subsequent to the XUV-induced

dipole response (τ ≤ 0) as discussed in Sec. 2.3.

As previously described in Sec. 2.4, FWM is a nonlinear process governed

by the conservation of energy. In our investigation, this principle allows us to

unambiguously trace the ∼25.1 eV FWM emissions back to the vicinity of the

4s−17p singly-excited state (26.80 eV), which exhibits the strongest absorption in

the XUV spectrum. Consequently, the origin of the observed quantum beats can

be identified by solely considering coherent electronic superpositions of the bright

4s−17p AIS. The time period of the beat is 84± 6 fs, which corresponds to an energy

separation of ∼49± 4 meV. A closer inspection of Tables 5.1 and 5.2 allows us to

trace and unambiguously assign this beating to an autoionizing EWP composed

of the singly-excited 4s−17p and the CM15 doubly-excited states. Following the

approach in [23], the aforementioned superposition of states can be written as

|Ψ(t)〉 = |0〉+ c1(t) e−iω1t
∣∣4s−17p

〉
+ c2(t) e−iω2t |CM15〉 , (5.1)

where ω1 and ω2 are the energies of the excited bright resonances and c1(t) and c2(t)

are the complex probability amplitude coefficients for the single- and double-electron

excitations, respectively. In addition, |0〉 represents the ground state of the system.

The timescale of the observed quantum beat is determined by the energy difference
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Figure 5.3: Tunable background-free FWM emissions in krypton. (a) Reference
photoabsorption spectrum adapted from [97]. Experimentally measured
spectrograms at three IR photon energies: (b) 0.80 eV, (c) 0.86 eV, (d) 0.92 eV.
Some regions of the spectrum have been multiplied by a scaling factor in order to
enhance the visibility of weaker features. The colormap represents the value of ∆Φ.

between the two AISs (|ω2 − ω1|).

Furthermore, the detuning from intermediate resonances plays a crucial role

in the efficiency of the observed FWM processes. For this reason, the tunability

of the IR-pulse frequency is critical for probing autoionizing EWP dynamics with

FWM spectroscopy. At the lower IR-photon energy (ωIR = 0.80 eV) [Fig. 5.3(b)],

the XUV-launched EWP can be coupled predominantly through intermediate

doubly-excited resonances. More specifically, this FWM pathway couples with the

bright CM6 and possibly the dark 5s5p(3P ) doubly-excited states. The latter was
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assigned by Valin and Marmet in [98]. The nonlinear process results in a 25.17 eV

weak XUV emission from the CM6 state.

As the IR-photon energy is increased to ωIR = 0.86 eV [Fig. 5.3(c)], different

intermediate singly-excited resonances come into picture. On one hand, the 4s−16s

AIS (25.84 eV) mediates the one-photon transition (−ωIR) coming from the 4s−17p

state. It should be noted that due to its symmetry, the 6s state does not exhibit

splitting nor can it radiatively couple back to the ground state. On the other

hand, the two-photon transition (−2ωIR) couples to the 4s−15p(1/2, 3/2) singlet

state (24.99 eV), from which FWM emissions can occur. Notice that the emissions

from singly-excited states are much stronger than those of the doubly-excited states

[Fig. 5.3(b)] due to their larger cross-section.

At the highest IR-photon energy (ωIR = 0.92 eV), Fig. 5.3(d) exhibits additional

FWM contributions from the CM4 (24.95 eV) and the 4s−15p(1/2, 1/2) triplet

(24.92 eV) states. At this frequency, several singly- and doubly-excited states are

strongly coupled as a result of resonant laser-induced couplings, leading to strong

XUV FWM emissions which result from multiple one-electron and two-electron

bright states relaxing back to the ground state. The two main peaks observed

near zero delay (τ ≈ 0) have an energy separation of ∼0.7 eV and correspond to

emissions from the 4s−15p singlet and triplet states. The preliminary theoretical

calculations have correctly identified the 24.9–25.0-eV region as a mixture of singly-

and doubly-excited states, suggesting that we can tentatively assign the electronic

configuration of the CM4 doubly-excited state as 4s24p44d5p. However, more

calculations and comparisons between different approaches are required in order to

validate this hypothesis. We expect to be able to assign some of these long-standing

unassigned states in the near future. Lastly, the intriguing chirping of the FWM

signals in the 24.9–25.2-eV region of Figs. 5.3(c) and (d) suggests differences in the

phases of different radiative decay pathways. The reason for this behavior has yet

to be explained and requires a better understanding of the electron configurations

of features CM4 and CM6.
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5.5 Concluding remarks

In summary, we employ tunable FWM spectroscopy with XUV APT and

incommensurate IR pulses to probe the dynamics of autoionizing EWPs in a highly

convoluted spectral region of krypton. By tuning the IR pulse frequency, we are

able to resonantly drive multiple wave-mixing processes through different singly- and

doubly-excited intermediate states that result in background-free FWM emissions.

These exhibit ∼80-fs quantum beats that can be unambiguously ascribed to a

coherent electronic superposition of the singly-excited 4s−17p and a doubly-excited

4p4n`n′`′ state. The latter remains unassigned and corresponds to line 15 in

Codling et al. [97]. Our results demonstrate tunable pump-probe schemes are a

powerful and ideally-suited tool to measure and investigate EWP dynamics and

laser-induced couplings in multielectron systems. In addition, our study opens

new research avenues to explore the complex interactions between singly- and

doubly-excited states, which are not clearly observable in other systems.
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CHAPTER 6

Attosecond transient absorption and

multi-wave mixing in molecules and

macroscopic propagation regimes

In this chapter, we present preliminary results to extend our previous ATA and

MWM studies in atoms (Chs. 4 and 5) to molecular systems and macroscopic

propagation regimes. As we shall discuss, the complexity of these multielectron

configurations provides exciting and novel research avenues for optical measurement

and control of electron dynamics. All the studies in the following sections use the

tunable pump-probe setup described in Sec. 3.4. This chapter is structured as

follows. In Sec. 6.1, we investigate the macroscopic propagation effects of MWM

emissions in a dense atomic medium. Following, Sec. 6.2 explores ATA and FWM

processes in three different Rydberg series of a diatomic molecule. Finally, in Sec. 6.3

we briefly explore the dynamics of Rydberg states converging to an ionic CI in a

polyatomic molecule.

6.1 Macroscopic propagation effects of multi-wave mixing

in helium

In this section, we explore macroscopic propagation effects of XUV MWM emissions

in a dense gas. The incommensurate nature of these processes was previously

described in Sec. 2.4. Furthermore, in Ch. 5 we took advantage of this technique to

explore quantum beats that arise from EWPs in krypton. In order to time-resolve

and study the number density dependence of different MWM processes we record
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Figure 6.1: (a) MWM energy level diagram in helium. The XUV (purple)
and tunable IR (green) pulse can induce couplings between different bound and
continuum states. The position 3s+ and 3d+ LISs can be manipulated by changing
the IR photon energy. (b) Experimental results showing the tunability of XUV
MWM emissions. In the presence of strong resonances the efficiency of these
nonlinear processes increases.

spectrograms at various backing gas pressures. The XUV emissions are generated

through light-induced couplings between multiple bound and continuum states

in helium. In particular, the Rydberg states below the first ionization energy

(24.59 eV) of this multilevel system are ideal for driving nonlinear processes due

to their large cross-sections. Different and coexistent XUV radiative transitions

can occur above and below the ionization threshold. MWM emissions arising from

IR-induced couplings towards states of higher energies are label as MWM+, whereas

for couplings with lower-energy states, these emissions are labelled as MWM−.

Figure 6.1(a) depicts the energy level diagram for different XUV- and IR-induced

couplings between bound, continuum, and LISs in helium that lead to MWM±

processes. Initially, the 15th harmonic of the XUV APT excites the 1s2 ground

state of the system to the 1s4p state (23.74 eV). Subsequently, a delayed and

incommensurate tunable IR pulse can couple the 4p state to different bright states

through two- and four-photon transitions, from which coherent FWM and six-wave
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Table 6.1: IR-induced FWM and SWM excitation pathways in helium. SWM
processes require the presence of an intermediate LIS.

MWM process Label Light-induced coupling pathway

FWM
FWM+ |1s2〉 XUV−−−→ |4p〉b

+IR−−→ |ns/d〉b,c
+IR−−→ |np〉c

FWM− |1s2〉 XUV−−−→ |4p〉b
−IR−−→ |3s/d〉b

−IR−−→ |np〉b

SWM

SWM+ |1s2〉 XUV±2 IR−−−−−−→ |3s+〉b
+IR−−→ |ns/d〉b,c

+IR−−→ |np〉c

SWM+ |1s2〉 XUV±2 IR−−−−−−→ |3d+〉b
+IR−−→ |ns/d〉b,c

+IR−−→ |np〉c

SWM− |1s2〉 XUV±2 IR−−−−−−→ |3s+〉b
−IR−−→ |ns/d〉b

−IR−−→ |np〉b
SWM− |1s2〉 XUV±2 IR−−−−−−→ |3d+〉b

−IR−−→ |ns/d〉b
−IR−−→ |np〉b

mixing (SWM) emissions can occur. These χ(3) and χ(5) nonlinear processes

correspond to the third- and fifth-order terms in Eq. 2.17.1

Furthermore, the tunability of the IR pulse is an exceptional tool that can be

used to manipulate different FWM and SWM pathways by controlling the detuning

between the 1s4p bright state and the 1s3s (22.92 eV) and 1s3d (23.07 eV) dark

states. This allows us to gain control over the position of the 3s/d+ωIR LISs. For

simplicity, we refer to these states as 3s+ and 3d+, respectively. The 3s+ LIS side

band can be clearly seen around ∼23.65 eV near zero delay on the center-right panel

of Fig. 6.1(b). Moreover, the MWM+ processes can be selectively coupled across

the first ionization threshold, which may be essential in obtaining information about

the role of bound-continuum and continuum-continuum transitions. Figure 6.1(b)

shows the experimental results for three different IR photon frequencies, each

corresponding to a column. At higher IR photon energies (1.01 eV), we observe

weaker MWM± emissions due to the above-threshold ionization and the lack of real

intermediate resonances. As the IR frequency is gradually decreased to 0.75 eV,

the presence of resonant bound states leads to stronger XUV emissions. It should

be noted that only off-resonance transitions between the 4p and the 3s/3d states

1More specifically, PFWM∼ ε0χ(3)EXUVE2NIR and PSWM∼ ε0χ(5)EXUVE4NIR.
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Figure 6.2: Low (left) and high (right) backing gas pressure MWM+ spectrogram.
As the number density is increased the XUV emission is reshaped due to macroscopic
effects.

lead to LISs, which mimic the role of intermediate resonances in SWM processes. A

summary of the main MWM pathways in our experiment is shown in Table 6.1.

Figure 6.2 shows MWM+ emissions at ωIR = 0.77 eV for two different backing

gas pressures. In this case, the 1s4p is not resonant with any of the neighboring dark

states, meaning the 3s+ and 3d+ LISs contribute directly to the photoabsorption

spectrum of the dressed atom in the form of SWM emissions. The mechanism

behind the observed beating frequency of the MWM process has yet to be assigned,

but could arise from an unaccounted XUV-induced coherence or interfering FWM

and SWM pathways such as 4p+ 2ωIR and 3s+ + 2ωIR. However, notice that on

one hand, we observe that as the number density is increased the phase-matching

conditions become more suitable for generating stronger XUV emissions. On the

other hand, macroscopic effects due to the collective interactions involved in this

process modify the low-pressure beating frequency from ∼84 fs to ∼48 fs at higher

pressures. This effect could be explained in terms of the reshaping and interference

of the XUV pulse as it propagates within the medium [24].

At resonance, the degeneracy between the LIS and the 4p state can lead to the

splitting of the bright and dark states into light-matter doublets [103]. Except for

the interaction with the continuum, this phenomenon resembles the formation of

AIPs discussed in Ch. 4. This effect is commonly known as Autler-Townes splitting

(ATS) and was previously investigated in helium photoabsorption as a function of
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Figure 6.3: ATS (center) as a function of the backing gas pressure at zero delay
(τ = 0). Higher number densities lead to a more prominent splitting. Despite the
symmetry of the absorption profile, the resulting MWM (left and right) exhibit
asymmetry.

the IR frequency [25]. In this preliminary study, we present how macroscopic effects

impact ATS and the resulting MWM processes that arise from this photoabsorption

effect. The center panel in Fig. 6.3 shows the ATS of the 4p line shape as a result

of its IR-induced resonant coupling with the 3s state (ωIR = 0.82 eV). As the gas

pressure is increased, so is the energy separation between the newly generated

light-matter states, resulting in a significantly more prominent splitting. Notice

that the symmetric absorption profile of the 4p state leads to asymmetric MWM

emissions. Currently, we are working with our theoretical collaborators (Prof. Luca

Argenti and Coleman Cariker, University of Central Florida) to understand the

underlying mechanisms behind these complex macroscopic effects.

6.2 Attosecond transient absorption and four-wave mixing

in molecular oxygen

In this section, we extend our tunable XUV-IR pump-probe techniques

to study ATA and FWM processes in molecular oxygen (O2). The
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Figure 6.4: (a) Reference XUV spectrum for our ATA and MWM studies in
molecular oxygen. (b) Potential curves and energy level diagram of autoionizing
Rydberg series of O2. Reprinted from [105], with the permission of AIP Publishing.

ground state of this diatomic system can be written in terms of molecular

orbitals as (1σg)
2(1σu)

2(2σg)
2(2σu)

2(3σg)
2(1πu)

4(1πg)
2 3Σ−g [104]. As a result of

electron-nuclear shielding effects, diatomic molecules tend to have lower first

ionization thresholds than atoms, typically ranging from 7–16 eV. This spectral

region corresponds to the 5th–9th harmonics of the XUV APT. The 200-nm

aluminum filter employed to absorb the IR beam in our experiments significantly

decreases the XUV photon fluence near this energy region, with a transmission

of less than 20% below 16.0 eV. For this reason, our XUV spectrometer is

not well suited for studying bound states below the first ionization threshold

in oxygen [(1πg)
−1X 2Πg = 12.07 eV]. However, many rich and novel autoionizing

dynamics can be investigated above this energy by employing the XUV spectrum

shown in Fig. 6.4(a). The latter consists of the 11th–15th odd harmonics and uses

xenon gas to drive the HHG process (Sec. 3.3). The XUV harmonics can excite the

ground state of the system (X 3Σ−g ) to AISs corresponding to three different Rydberg

series, which converge to the ionic limits: b 4Σ−g (18.17 eV), B 2Σ−g (20.30 eV), and

c 4Σ−u (24.56 eV), as shown in Fig. 6.4(b). Henceforth, we refer to these states simply

as b, B, and c for convenience.
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Figure 6.5: Observed features in O2 with tunable ATA and MWM spectroscopies.
The green arrows represent the IR photon energy, whereas the colormap indicates
the value of ∆Φ.

Figure 6.5 shows the experimental XUV-IR spectrograms for three different IR

photon energies. The features observed around 17.5 eV, 20.7 eV, and 23.8 eV

correspond to the IR-induced ATA of the b, B, and c Rydberg series in Fig. 6.4(b).

The highest-energy states near the 15th harmonic arise from excitations of the inner

2σu electron to the c progression. Namely, these states correspond to ndσg(
3Σ−u ),

nsσg(
3Σ−u ), and ndπg(

3Π−u ) and can be grouped in terms of the dominant features as

[ndσg, (n + 1)sσg]. The characteristic alternating positive and negative ∆Φ values

of these line shapes have been previously investigated in [34]. In addition, the

photoabsorption observed in the vicinity of the 13th harmonic (∼20.7 eV) is mostly
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due to the 3sσg(
3Σ−u )(v′= 0, 1) and the higher npσu(

3Σ−u )(v′= 0, 1, 2, 3) Rydberg

states. Furthermore, the 11th harmonic can excite the 4pσu(
3Σ−u )(v′= 0, 1, 2, 3, 4)

states around 17.3 eV. These states have not been investigated using XUV-IR

pump-probe schemes. Finally, notice that multiple background-free FWM emissions

driven by the incommensurate IR pulses appear in the ∆Φ spectrograms near 19.5 eV

and 22.5 eV. Here, the green arrows represent the IR photon energy. As indicated on

the center panel, these FWM processes are driven between different Rydberg series

and may contain valuable information about the dynamics of the system. Currently,

our theoretical collaborators (Prof. Luca Argenti and Carlos Marante, University

of Central Florida) are working on developing a transition-density-matrix method

for attosecond molecular dynamics known as ASTRA (AttoSecond TRAnsitions)

in order to perform ATA and FWM simulations in O2 [106]. These initial results

demonstrate our tunable approaches are remarkably well-suited for probing and

steering electron dynamics in molecular systems.

6.3 Attosecond transient absorption in carbon dioxide

To conclude this chapter, we present our preliminary results on ATA in polyatomic

molecules. For this purpose, we use carbon dioxide (CO2), which can exhibit

coupled electronic and nuclear dynamics, in particular, near CIs, where the

Born-Oppenheimer approximation is no longer valid. In recent years, ATA has been

successfully used to capture electron dynamics in the vicinity of CIs in different

molecular systems [31, 107, 108]. A previous velocity-map imaging (VMI) study

in our laboratory explored coherent electron-hole wave packet dynamics in the

vicinity of a CI in CO2 [109]. In our experiment, we employ a similar coupling

scheme; however, contrary to photoelectron spectroscopy, ATA investigations require

couplings between different neutral states of the system, meaning that the electron

must not be directly ionized by the electric field of the XUV pulse. For this reason,

we focus on studying the high-lying autoionizing Rydberg states converging to the

ionic states that form the last-mentioned CI, as shown in Fig. 6.6(a).
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Figure 6.6: (a) One-dimensional neutral and ionic potential energy curves for
CO2. The horizontal axis represents the symmetric stretch coordinate (Qg) [109].
The intersection of different Rydberg series converging to the A and B ionic
limits can give rise to different CIs. (b) Reference photoabsorption spectrum
adapted from [35, 104, 110]. In this spectral region (17.3–18.0 eV), various states
corresponding to the Henning and Tanaka-Ogawa Rydberg series can be observed.

The molecular electron configuration of the ground state of CO2 is

(1σg)
2(1σu)

2(2σg)
2(3σg)

2(2σu)
2(4σg)

2(3σu)
2(1πu)

4(1πg)
4 1Σ+

g [111]. The XUV APT

can be used to excite the aforementioned state to three different Rydberg series

converging to the (1πu)
−1A 2Πu = 17.314 eV and (3σu)

−1B 2Σ+
u = 18.077 eV ionic

limits.2 These coexistent progressions of autoionizing resonances correspond

to the Tanaka-Ogawa (1πu)
−1ndδg(A

2Πu)(v
′= 0, 1, 2, 3, 4, 5) [112] and the

Henning sharp (3σg)
−1ndσg(B

2Σ+
u )(v′= 0) and diffuse (3σg)

−1nsσg(B
2Σ+

u )(v′= 0)

series [113]. Figure 6.6(b) shows a high-resolution reference photoabsorption

spectrum in the 17.3–18.0 eV energy range adapted from [35, 110, 111]. Notice that

these states can form different CIs [Fig. 6.6(a)] and that both of the Henning series

exhibit larger cross sections than the Tanaka-Ogawa progressions. More details on

the theoretical aspects of this investigation can be found in [35, 51, 109].

To be more precise, we use the 11th harmonic of the XUV APT to resonantly

excite the autoionizing Henning and Tanaka-Ogawa Rydberg series, as depicted in

2Henceforth, we will refer to these ionization thresholds as A and B for simplicity.
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Figure 6.7: (a) Normalized spectrum corresponding to the 11th harmonic of the
XUV pulse. (b) ATA spectrogram of different Rydberg states corresponding to
those shown in Fig. 6.6(b). The lifetime of these states scales proportionally to
the cube of the effective principal quantum number. The colormap represents the
IR-induced change in the XUV OD (∆OD).

Fig. 6.6(a). The spectrum of our XUV pulse is shown in Fig. 6.7(a). Subsequently,

the IR pulse can monitor the evolution of the XUV-induced resonances by

modifying their dipole response as discussed in Sec. 2.3. Figure 6.7(b) shows our

ATA results in terms of the ∆OD. As expected from the static photoabsorption

spectrum [Fig. 6.6(b)], we observe that the Henning series have a larger impact

on the photoabsorption spectrum. Additionally, we observe the AI lifetimes scale

proportionally to the cube of the effective principal quantum number (n∗3) [114].

Moreover, the alternating positive and negative values of the ∆OD emerge due to

the characteristic Fano line shapes of the Henning sharp-diffuse pairs, which were

previously investigated in O2 [34]. Above 17.9 eV, our ATA spectrogram exhibits

sinusoidal behavior for states converging to the ionic A–B CI. At the moment,

the reason behind this phenomenon has yet to be interpreted and contrasted

with previous theoretical predictions [30, 115]. In addition, our results are being

compared with VMI studies, which act as a complementary experimental technique

using photoelectrons to attain reliable measurements of the lifetimes of the Henning

and Tanaka-Ogawa series.
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CHAPTER 7

Conclusion

In this dissertation, we extend the applicability of traditional ATA and MWM

schemes. Unlike traditional nonlinear spectroscopies in the XUV regime, the

implementation of incommensurate tunable femtosecond IR pulses in combination

with XUV APT in our setup allows us to selectively control laser-induced couplings

between different excited states, which can be used to probe and manipulate a wide

range of transient electron dynamics. First, we describe the fundamentals of ATA

and MWM in Ch. 2. Next, we proceed to describe our experimental techniques and

the generation of tunable IR pulses in Ch. 3. Following, we validate the versatility

and the great benefits of our approach by performing systematic experimental work

to explore various atomic and molecular systems.

In Ch. 4, we use tunable ATA spectroscopy to investigate atomic polariton states

in argon. We showcase how the parameters of the IR dressing field can be used as

a dial to probe and control the formation, splitting, and unfolding mechanisms of

polaritonic multiplets. Our experimental photoabsorption results show remarkable

agreement with ab initio simulations and demonstrate laser-induced stabilization

against AI as well as the crucial role of strong intermediate resonances in the

emergence of AIPs.

In Ch. 5, we employ tunable XUV MWM spectroscopy to gain insight

into autoionizing EWPs. By driving wave-mixing processes through different

intermediate resonances, we are able to detect quantum beats. The parametric

nature of these radiative nonlinear interactions allows us to attribute the beats to

a coherent electronic superposition of singly- and doubly-excited states. Moreover,

the detuning of the IR pulses provides information about different laser-induced
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couplings between bright and dark AISs. Our results show that doubly-excited

states are significant for understanding electron dynamics in the continuum.

Finally, Ch. 6 presents the extension of tunable-IR ATA and MWM techniques to

molecular systems and macroscopic propagation regimes. In particular, we discuss

how higher number densities can lead to new features in the XUV spectrum as well

as modulations in MWM beat signals in helium. Additionally, we explore multiple

ATA and FWM features in O2, and demonstrate that both types of spectroscopies

provide new research paths in diatomic molecules. Furthermore, our preliminary

spectrograms in CO2 present possible applications of these techniques to characterize

the lifetimes of the Henning and Tanaka-Ogama Rydberg states or to understand

how the photoabsorption of different laser-dressed Rydberg states may capture

information about charge dynamics near CIs.

In conclusion, our tunable ATA and MWM techniques are ideal for measuring

and controlling excited-state dynamics in the XUV regime. The results and

the experimental approach presented in this dissertation push the boundaries

of attosecond science forward and offer novel and exciting opportunities for

investigating light-matter interaction and ultrafast electron dynamics.
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3. Poster – S. Yanez-Pagans, I. Shalaby, C. Cariker, M. Shaikh, N. Harkema,
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(May 31–June 4 2021).

4. Talk – N. Harkema, C. Cariker, S. Yanez-Pagans, M. Shaikh, I. Shalaby,
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in atomic ionization. 52nd Annual Meeting of the APS Division of Atomic,
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Non-collinear XUV-IR four-wave-mixing to study the dynamics of dark states.
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A. Sandhu, Light-induced Fano structures and tunable transparency in the
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APPENDIX C

Ultrafast spectroscopy unit conversions

Table C.1: Ultrafast spectroscopy unit conversions. λ: photon (central) wavelength,
E: photon energy, k: photon wave number, ν: photon frequency, T : photon period,
E : electric field, I: electric field intensity, Up: ponderomotive energy, ∆τp: Gaussian
pulse duration at FWHM, and ∆λ: Gaussian bandwidth at FWHM.

Magnitude Approximate relation

λ (nm)↔ E (eV) E ≈ 1240/λ

λ (Å)↔ E (eV) E ≈ 12398/λ

k (cm−1)↔ E (eV) k ≈ 8066E

E (eV)↔ ν (fs) ν ≈ 4/E

E (eV)↔ T (THz) T ≈ 242E

E (V/cm)↔ I (W/cm2) E ≈ 27.4 I1/2

Up (eV)→ I (GW/cm2), λ (nm) Up ≈ 9× 10−11 Iλ2

∆τp (fs)↔ ∆λ (nm), λ (nm) ∆τp∆λ ≈ 1.47× 10−3 λ2



91

REFERENCES

[1] E. Muybridge. The science of the horse’s motions. Sci Am, 39:241, 1878.

[2] H. Edgerton. Bullet through apple, 1964.

[3] P. B. Corkum. Attosecond Science, pages 3–7. Springer Berlin Heidelberg,
Berlin, Heidelberg, 2013.

[4] L. Plaja, R. Torres, and A. Zäır. Attosecond physics. Springer Series in
Optical Sciences, 177, 2013.

[5] T. H. Maiman. Stimulated optical radiation in ruby. Nature, 1960.

[6] T. Gaumnitz, A. Jain, Y. Pertot, M. Huppert, I. Jordan, F. Ardana-Lamas,
and H. J. Wörner. Streaking of 43-attosecond soft-X-ray pulses generated by a
passively CEP-stable mid-infrared driver. Opt. Express, 25(22):27506–27518,
Oct 2017.

[7] A. H. Zewail. Femtochemistry: atomic-scale dynamics of the chemical bond.
Journal of Physical Chemistry A, 104(24):5660–5694, 2000.

[8] M. Hentschel, R. Kienberger, C. Spielmann, G. A. Reider, N. Milosevic,
T. Brabec, P. Corkum, U. Heinzmann, M. Drescher, and F. Krausz.
Attosecond metrology. Nature, 414(6863):509–513, 2001.

[9] F. Krausz and M. Ivanov. Attosecond physics. Reviews of Modern Physics,
81(1):163–234, 2009.

[10] S. Gordienko, A. Pukhov, O. Shorokhov, and T. Baeva. Relativistic doppler
effect: universal spectra and zeptosecond pulses. Phys. Rev. Lett., 93:115002,
Sep 2004.

[11] S. Grundmann, D. Trabert, K. Fehre, N. Strenger, A. Pier, L. Kaiser,
M. Kircher, M. Weller, S. Eckart, L. P. H. Schmidt, F. Trinter, T. Jahnke,
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