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Abstract

A recently established attosecond beamline, for studies controlling and probing
electron dynamics, has been stabilized with attosecond precision. The design and
performance of the active stabilization system is presented. The system uses a
continuous wave (CW) laser which is propagated coaxially with the beams in the
interferometer. The stabilization is achieved with a standalone feedback controller
that adjusts the length of one of its arms to maintain a constant relative phase
between the CW beams. The time delay between the pump and probe beams
is stabilized within 10 as rms.

Coherent control of photoemission in atoms was performed via attosecond pulse-
shaping. The photoelectron emission from argon gas was produced by absorption of
an attosecond pulse train (APT) made of extreme ultraviolet odd and even harmonics.
The photoemission can be manipulated along the direction of polarization of the
light by tuning the spectral amplitude and phase of the pulse. In addition, the
APTs produced with a two-color (400-nm plus 800-nm) femtosecond driving field
exhibit high temporal tunability, which is optimized for an intensity ratio between
the two colors in the range of 0.1% to 5%.

A methodology is demonstrated for isolating the continuum-continuum delays
of an atomic target during laser-assisted photoionization. Argon gas is ionized by
an APT, and dressed by a probe-pulse in configurations like those reported for the
Reconstruction of Attosecond Harmonic Beating by Interference of Two-photon
Transitions (RABBITT) technique. Complementary measurements are performed
that allow the continuum-continuum delays to be obtained across excitations from
23 eV to 30 eV. These delays are compared to calculations based on the asymptotic
approximation of transition matrix elements.
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Introduction

The research work completed in this dissertation was carried out at the Auburn’s
Source of Attosecond Pulses (ASAP) laboratory in the Department of Physics
at Auburn University. This laboratory was established in 2016, as the result of
the departmental desire to expand its research activity. Currently, the active
theoretical and experimental research areas in the department include (1) Atomic,
Molecular, and Optical (AMO) Physics, (2) Biophysics, (3) Condensed Matter
Physics, (4) Plasma Physics, and (5) Space Physics. The early experimental
AMO group has carried out research studies of fundamental atomic and molecular
processes through interactions with electron impact and synchrotron radiation.
Within the AMO subdivision activities, the ASAP laboratory aims to provide
complementary measurement capabilities of the intricate dynamics of atoms and
molecules directly in the time domain.

I was the first graduate student to join ASAP, so my PhD spanned from the day
the laboratory construction began to the experiments reported in this dissertation.
The construction of the lab was led by Dr. Laurent with assistance from myself
and valuable contributions from Rick Stringer (our highly skilled and professional
machinist), Max Cichon (engineering etaff), and Andy Edmonds (who was an un-
dergraduate at the time). I contributed to, and gained valuable technical experience
from, building the attosecond beamline. My scientific contributions include the
development of a novel technique to stabilize attosecond pump-probe measurements
and leading research of electron dynamics at the attosecond timescale. The group
now includes more than a dozen actively involved graduate and undergraduate
students, and our members have presented their work in a number of conferences,
and had their work published in peer-reviewed journals.

Attosecond Physics is a subfield of ultrafast science. It has its theoretical roots in
quantum mechanics, which was originally formulated to describe the wave-particle
duality of light and particles, as well as light-matter interaction. Before ultrafast
science arrived, the most popular experiments to measure quantum phenomena
involved particle accelerator collisions, photodissociation, and photoionization,
which were unable to measure the temporal aspects for the fundamental physics
of atoms, molecules, and complex systems. Attosecond physics uses pulses of light
with attosecond duration to measure quantum phenomena at the same timescale.
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To date, it is the most precise method to measure the dynamics of light matter
interaction including photoionization, electron rearrangement of atomic systems,
and resonant phenomena. This is possible through pump-probe experiments, where
an attosecond pulse excites the system which absorbs the light and produces an
electron wavepacket which acts as a replica of the attosecond pulse. A second pulse
of laser light is overlapped with the attosecond pulse, and as the time-delay between
the pulses is changed with time, the dynamics of the system is interrogated. The
field of attosecond physics continues to grow at a rapid pace as the technology
and measurement techniques proliferate.

Our research line represents the first and only Attosecond Physics group in the
state of Alabama. At the National Level, major laboratories exist at the University
of Central Florida, The Ohio State University, and University of California, Berkeley.
At the international level, major laboratories exist across Europe. There are other
groups across the country and around the world, that are established or starting up,
but the field is relatively small compared to most scientific disciplines. Currently,
our principal areas of research in ASAP include the development of novel sources
of attosecond pulses of light in the extreme ultraviolet (XUV) wavelength regime,
the development of innovative methods to characterize the temporal profile of
such attosecond pulses, and their application to the study of ultrafast dynamical
processes in matter down to the attosecond timescale.
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’We have to remember that what we observe is not
nature in itself, but nature exposed to our method of
questioning.’

— Werner Heisenberg
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1.1 The Path to Attosecond Technology

In 2001, the advent of attosecond light pulses expanded our domain of observations

to the timescales of atomic and molecular physics. An intuitive example for such a

timescale comes from considering a semiclassical ground-state hydrogen atom, where

an electron circulates around a proton. The period of this orbit can be calculated to

be 152 as. Indeed, most of the early studies have been on simple atomic systems in

1



1. Fundamentals of Attosecond Science 2

the gas phase, but the field of attophysics has matured. Applications are currently

being made to investigate the ultrafast electronic processes in solid materials and

surfaces [1], as well as liquid phase [2]. Currently, a new focus of theoretical studies

on the ultrafast characteristics in biological systems [3] and photovoltaics [4] direct

the attosecond community to more incredible advancements in the next few years.

1.1.1 A Note on Physical Units

To avoid confusion with units, we observe the following conventions. In the

attosecond physics community, we almost always use energy units of eV for photon

energy, charged particle kinetic energy, and ionization energy. In equations and

expressions involving energy, like Equation 1.6, assume units of eV. In the atomic

molecular and optical (AMO) community, which often uses atomic units, energy

and frequency are on the same footing. In this dissertation, sometimes characters,

like Ω, will represent frequency or energy. Context will decide whether characters

represent energy (Equation 1.6), or frequency (Equation 1.1). Furthermore, when

atomic units are in use (especially in Chapter 4 and Chapter 5), it will be stated

explicitly beforehand. In all other expressions, such as Equation 1.4, the reader

should assume the use of SI units.

1.1.2 Laser Seeds

Attosecond pulses are not lasers, but they are the product of a nonlinear process

called high harmonic generation (HHG) which is driven by ultrashort pulse lasers.

Unlike continuous wave lasers, which are nearly monochromatic, or ultrashort pulse

lasers, which have a bandwidth centered about a central wavelength, attosecond

pulses consist of a comb of frequencies (Figure 1.1) made of the harmonics of

the driving wavelength extending into the extreme ultraviolet (XUV). HHG is

a nonlinear light-matter interaction which only occurs if the seed laser is used

at an extremely high intensity. A Ti:sapphire laser, such as the one we use at

the Auburn Source of Attosecond Pulses (ASAP), represents a typical example

of a modern commercial ultrashort laser. The optical peak power of a 1.5-mJ,
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35-fs pulse rivals the output of a modern nuclear power plant (∼ 109W) by a

factor of forty (at least within the duration of the pulse). The reader may check

this with the formula, P = 0.94 × Epulse/τpulse, where the unitless factor of 0.94

is used for a Gaussian pulse shape [5]. As HHG is a nonlinear effect, it relies

more on intensity. Beams are focused very tightly to reach intensities of the order

of 1014W/cm2 for HHG to take place. The discovery of HHG circumvented the

obstacles of trying to build XUV lasers by conventional laser assembly [6]. The

minimum threshold pump power for XUV and soft x-ray light is orders of magnitude

larger than that required for visible wavelengths. Additionally, constructing a laser

resonant chamber that can support both XUV attosecond pulse bandwidth, and

the required pumping intensities is a great challenge.

1.1.3 High Harmonic Generation as a Coherent XUV Ra-
diation Source

Although HHG produces a far smaller amount of XUV and soft X-ray radiation

compared to X-ray free electron lasers and synchrotrons, HHG is the only source

of attosecond pulses. The attosecond pulses from HHG are produced when the

fundamental wavelength of the laser driving the process is converted to many of its

higher harmonics. The most striking characteristics of the resulting attosecond pulse

spectrum, as seen in Figure 1.1, is that at lower harmonic energies, the power drops

rapidly, then continues as a plateau before a cutoff harmonic energy is reached.

The measurements of Paul et. al. [7] experimentally showed that the product

of HHG, driven by an IR femtosecond laser, consists of a phase-locked harmonic

spectrum belonging to a train of pulses. The pulses are produced twice per optical

cycle of the driving laser. Due to the inversion symmetry of the system, only odd

harmonics are produced in this scheme. This is fundamentally due to angular

momentum quantum selection rules that are followed. During HHG, a multiphoton

process, each photon contributes a change in angular momentum of ∆l = ±1. An

even number of transitions (that would lead to even harmonics) will not allow a

possibility of ∆l = ±1 in the final step of the TSM. Developments have resulted in
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Figure 1.1: An HHG spectrum for Argon (a) and Helium (b). Calculations are made
with an in-house Strong Field Approximation algorithm. The Fourier transform of the
dipole moment is calculated using atomic units, and log scale is used for the y-axis. The
spectrum displays the abrupt drop at lower energies, a plateau extending toward the XUV
energy range, and the cutoff at roughly an order of magnituded below the plateau height.
The simulation was calculated for an 800-nm laser at an intensity of 2× 1014W/cm2 and
40-fs pulse duration. The dashed lines indicate the harmonic cutoff.

ways to also create the even harmonics by superimposing the second harmonic of

the laser in the HHG generation. Furthermore, techniques like polarization gating

[8, 9] have been demonstrated to yield single attosecond pulses (SAPs). As the

attosecond pulses and probing techniques become more sophisticated, the studies

in atomic, molecular, and condensed matter research continue to flourish.
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1.2 Attosecond Pulse Generation

Although high intensity laser–atom interactions in HHG can be described by solving

the time-dependent Schrödinger equation (TDSE), the numerical computations for

even a single atom is tedious. Two important theoretical tools to explain harmonic

radiation from HHG were developed in the nineties. The first was a semi-classical

model [10] to provide a qualitative description of the harmonic spectrum. It gives

a layman’s description for HHG, and predicts the harmonic cutoff. The other

was the strong-field approximation which provided a quantitative description of

the harmonic yield [11]. These descriptions are still used today, and work in a

variety of schemes without loss of generality.

1.2.1 Semi-classical Model for High Harmonic Generation

In 1993, P. B. Corkum introduced what is famously known as the three-step

recollision model [10] which offers a semiclassical description of what happens

during HHG. The three-step model is useful for theoretically predicting the harmonic

bandwidth produced in an Attosecond Pulse Train (APT). Early observations of

high harmonics by HHG were performed with wavelengths as short as 248 nm, and

were the result of focusing the driving laser beams to high intensity. Shorter laser

wavelengths were thought to be the best choice for generating higher harmonic

energies, but the three-step model shows that longer wavelengths extending into

the mid-infrared are a better choice [12].

The three-step recollision model (TSM) of HHG can be summarized as a sequence

of an electron tunneling from its parent atom, then accelerating in a strong oscillating

laser field, and finally, recombining to its parent ion. This TSM is depicted in

Figure 1.2. In step 1, an electron resides in the ground state of its parent atom.

When immersed in a strong laser field with intensity of the order of 1014W/cm2 the

bound electron can tunnel through the atomic potential distorted by the driving

laser. In step 2, the electron is treated classically as a free electron in the presence

of an oscillating electric field. In step 3, the electron returns to the ion and releases

its buildup of kinetic energy in the form of a harmonic of the driving laser. I present
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Figure 1.2: The three step model for which an atomic system is in the presence of an
intense IR laser. In the figure, the blue lines represent the potential, the orange dot is the
electron, and the red dashed line represents the IR laser field driving the HHG process.
Near the peak of the wave, an electron will (1) tunnel through the weakened potential,
(2) accelerate in the field acquiring energy, and (3) recombine to emit harmonics of the
IR fundamental.
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a derivation below for the TSM, which is shown very nicely in [13]. For simplicity,

let us start by considering the one-dimensional problem (with linear polarization

of the laser) where the initial position x0 and velocity v0 are zero at the instant

after tunneling, the equation of motion is simply

d2

dt2
x(t) = − e

me

ELcos(ωLt), (1.1)

where EL is the field of the laser, e and me are the electron charge and mass,

and ωL is the laser frequency. In the second step, the electron is accelerated in

the field acquiring surplus kinetic energy. In step 3, the electron recombines with

the ion and releases the excess energy Ω by

Ω = Ip + 2Upsin2(ωLt). (1.2)

The term Ip is the ionization potential of the HHG gas in eV, and Up is called the

ponderomotive energy. The ponderomotive energy is also the cycle-averaged kinetic

energy of the free electron in the field. It is calculated as

Up = 〈EK〉 = 1
τ

∫ τ

0

1
2mev

2dx (1.3)

where τ = 2π/ωL. After finding the velocity by integrating Equation 1.1 and

substituting that into Equation 1.3, one can find the result of

Up = e2E2
L

4meω2
L

. (1.4)

Another way to understand this expression is in terms of laser intensity IL and central

wavelength λL. This offers an interesting qualitative view - the ponderomotive

energy is proportional to the intensity, and the square of the central wavelength

(Up ∝ ILλ
2
L). It is this behaviour that shows why longer wavelengths are better

at producing higher harmonic cutoffs.

For the semiclassical treatment to be valid, the ratio of the time which the

electron needs to tunnel ttun through the potential barrier compared to the time

the barrier is kept lowered by the laser field T0 should be small. This information

is inside the Keldysh parameter [14], from a theory developed in the sixties for
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ionization in the presence of a strong field. It is a dimensionless quantity that

can be expressed in terms of Up and Ip as well,

γ = ttun
T0

=
√

IP
2UP

. (1.5)

A major strength of the semiclassical model is that it predicts the cutoff

photon energy Ωmax with good accuracy. An expression for the maximum photon

energy in eV is

Ωmax = Ip + EK,max. (1.6)

Where EK,max is the maximum kinetic energy the electron collects during step 2 of

the recollision model. This return kinetic energy depends sensitively on its release

time. This release time t′ is the moment at which the electron has tunneled from the

atom. With every release time, there is a recombination time solution that can be

expressed in terms of the period of the laser T0. If one wishes to see this relationship,

then it’s necessary to begin by integrating Equation 1.1 twice with integral limits

from the release t′ to recombination time t. This will return a result for the position,

x(t) ∝ 1
2 [cos(ωLt)− cos(ωLt′) + sin(ωLt′)ωL(t− t′)] . (1.7)

At the return time t, the position x(t) is zero. This leads to a new form

cos(ωLt)− cos(ωLt′) = sin(ωLt′)ωL(t− t′). (1.8)

Using Equation 1.8, we can graphically display the dependence of return time

to release time at various instants within what is referred to as the Kramers-

Henneberger frame. Figure 1.3 shows a graphical solution for Equation 1.8. In

the Kramers-Henneberger reference system, the parent ion moves in a cosine

displacement with time, while the electron has linear displacement. There is

no analytical solution, but the solution can be seen graphically and solved for

numerically. It can be shown that solutions exist for trajectories having release

times within angular phases of 0 to π/2. Anything else results in the electron never

returning (in the figure the line will not cross the cosine a second time). With these
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Figure 1.3: An example of an electron trajectory when released at a time t′ = 0.05T0.
In terms of the phase of the release time itself, trajectories where the electron returns to
the parent ion correspond to release phases of 0 radians to π/2 radians (0 to 0.25T0)

pairs of release time and return time, the maximum return kinetic energy can be

established by an eyeball extrapolation after plotting the ratio of kinetic energy

to ponderomotive energy versus emission phase (Figure 1.4.b)

EK
Up

= 2 [sin(ωLt)− sin(ωLt′)]2 . (1.9)

The maximum in the plotted return kinetic energy versus release time indicates

a maximum energy of about 3.17UP at release phase of 0.05 × 2π[rad] (return

phase of 0.7× 2π[rad]). Therefore the maximum harmonic photon energy can be

calculated with the following well-known formula

EΩ,max = Ip + 3.17Up. (1.10)

Equations 1.4 and 1.10 together allow one to calculate the cutoff harmonic order.

1.2.2 Strong-Field Approximation for Dipole Radiation

One way in which the semi-classical model falls short is its inability to provide

the strength of the harmonic spectrum. Although the harmonic spectrum can be

calculated by the TDSE, this method is computationally expensive. The Strong

Field Approximation (SFA) allows us to find an analytical solution for harmonic

yield. For thorough derivations, please see [13, 15].



1. Fundamentals of Attosecond Science 10

Figure 1.4: In (a), the dependence of the recombination phase to the emission phase is
plotted from the numerical solutions to Equation 1.9. In (b) The return kinetic energy
versus recombination indicates that the maximum return kinetic energy is 3.17Up for a
release time of 0.05T0.

To use SFA, we must use two assumptions that simplify the derivation. The

first assumption is that the harmonic fields are the result of dipole radiation. In

this model, electrons driven by the laser oscillate about the nucleus. Sufficiently

far from a classical dipole, the radiated electric field is

Edip(t, R, θ) = d0ω
2

4πε0c2
sin(θ)
R

eiω(t−R/c). (1.11)

Here, d0 is the magnitude of the dipole moment, R is the distance from the dipole, θ

is the angle between the R vector and the dipole axis, and ω is the dipole frequency

of oscillation. In quantum mechanics, the dipole moment in atomic untis is −r.

In atomic units, (~ = me = e = a0 = 1), where a0 is the Bohr radius. It can

be calculated with the expectation value

r = 〈Ψ(r, t)|r|Ψ(r, t)〉 (1.12)

where Ψ(r, t) is the time-dependent wavefunction, and we use the bra-ket notation.

In the second assumption, we assume the single active electron (SAE) approx-

imation. This reduces the complexity of finding an analytical solution for an

otherwise many-electron problem. The assumption is that in the atom or molecule,

only one electron responds to the laser field. In this regime, the Schrödinger
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equation takes the form

i
∂

∂t
Ψ(r, t) =

(
−1

2∇
2 + V (r)

)
Ψ(r, t), (1.13)

Where V (r) = −1
r
. The wave function is written as the product of its spatially-

dependent and time propagating part as

|Ψ(r, t)〉 = |0〉 e−i(Egt), (1.14)

where |0〉 represents the ground state, and Eg is the ground state energy.

The SFA itself invokes two simplifications. First, it assumes that only ground

state electrons are excited into the continuum; no excited bound states or resonances

are involved. Secondly, once in the continuum, the electron experiences a dipole

potential from the laser, while the Coulomb potential is considered negligible by

comparison. The Schrödinger equation now has the form where V (r) = 0

i
∂

∂t
Ψ(r, t) =

(
−1

2∇
2 − ε̂ · r

)
Ψ(r, t), (1.15)

the term ε̂ is the laser polarization. The total wave function for Equation 1.15

can be written in terms of the bound state and free electron continuum state

|v〉 in the following way:

|Ψ(r, t)〉 = e−i(Egt)
[
a(t) |0〉+

∫
d3vb(v, t) |v〉

]
. (1.16)

The dipole can be calculated by substituting Equation 1.16 into Equation 1.12. If

slowly varying terms and continuum-continuum transitions are neglected, what re-

mains is

r =
∫
d3va∗(t)b(v, t)d∗(v) + c.c. (1.17)

An insightful interpretation comes from this equation, which contains the product

of the ground state and electron wavepacket (EWP) amplitudes inside. Evidently,

if the ground state is depleted, the harmonic generation cannot occur. In other

words, the harmonics are produced as the result of interferences of the EWP and

ground states. If one wants the harmonic strength, they must take the Fourier

transform of the dipole, Equation 1.17.
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1.3 Applications

The advent of attosecond duration, XUV light pulses opened the door for exper-

imentalists to probe the time domain of electron processes in atoms, molecules,

and complex systems. This revolution is best understood by highlighting several

remarkable measurements. First, the two most important attosecond measurement

schemes will be introduced. Then, we will concentrate on two major applications of

attophysics, temporal measurements of electron transitions, and control of electron

photoemission from atoms. These experiments are not only historically significant

in the attosecond community, they will serve as background to measurements

documented later in this dissertation.

1.3.1 Pump-Probe Schemes

The two most widespread techniques employed for attosecond pump-probe measure-

ments are the attosecond streak camera [16, 17] and the reconstruction of attosecond

harmonic beating by interference of two-photon transitions (RABBITT) [18, 19].

These techniques rely on systems for which an XUV attosecond light pulse acts

as the pump to excite electron dynamics while an IR pulse steers or probes the

excitation as the pump-probe delay is varied (Figure 1.5). The attosecond streak

camera uses a single/isolated attosecond pulse (SAP) to pump the excitation, and

a high intensity (∼ 1013W/cm2), shorter duration (few-cycle) IR pulse as the probe.

The RABBITT technique, on the other hand, uses a train of attosecond pulses

(APT) combined with a low intensity (∼ 1011W/cm2) IR pulse.

1.3.2 Probing Temporal Aspects of Electron Transitions

An early milestone, in terms of applications of attophysics, was achieved when in

2002 Drescher et. al. reported temporal measurements of inner-shell relaxation

in Krypton [21]. When core electrons are excited in an atomic system, vacancies

remain so that ultrafast reorganization relaxes the system towards a lower energy.

In this process, the extra energy departs as either an X-ray fluorescence photon

or in the form of an ejected Auger electron (Figure 1.6). They used a 97-eV soft
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Figure 1.5: A comparison of RABBITT and Attosecond Streak measurements. In
RABBITT with a spectrum (a) and spectrogram (b), strong peaks correspond to
photoelectrons produced by the odd harmonics of an APT, and weaker sidebands appear
in between. An oscillation at twice the fundamental laser frequency is observed. In the
attosecond streaking method with spectrum (c) and spectrogram (d), the signal from the
SAP dressed by the few cycle IR pulse merges into a single oscillating signal modulating
with the shift of momentum of continuum electrons steered by a probe field that is stronger
than the typical RABBITT probe. Figure adapted from [20]
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X-ray pump pulse and 7-fs, 750-nm probe pulse to trace the M-shell vacancy decay

with attosecond resolution. In the study, they found an Auger lifetime of 7.9+1.0
−0.9fs

which checks well with lifetime values derived from Auger spectral linewidths.

This experiment is significant because it was the first measurement of a ultrafast

phenomena - marking the birth of attosecond physics.

Figure 1.6: The Auger decay process. In (a) an X-ray pulse excites electrons into
continuum states, paths a’ and a, leaving behind a vacancy (energy Wh). An electron
(at W1) transfers energy to an Auger process, path c, and decays to the hole, path b. In
(b) the temporal profiles of the photoelectron and Auger wavepackets are shown. Figure
adapted from [21]

An electron tunneling in the presence of an intense near infrared (NIR) laser

field is the fundamental starting point of strong field physics. An example of such

tunneling is the electronic shakeup that occurs after photoemission, or photoemission

followed by Auger decay. In 2007, Uiberacker and coworkers used a high intensity

750-nm, τL = 5.5-fs probe pulse and 91-eV, τX = 250-as pump pulse to study
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NIR probe shakeup and electron tunneling ionization in Neon and Xenon [22]. In

the Neon system, the XUV photons did not possess sufficient energy to excite

core electrons, meaning the conditions for Auger decay were not satisfied. This

type of channel is essentially that which is displayed in Figure 1.7.d. For an Ne2+

population, the observed times were measured just under ∼ 400 as, serving as a

practical upper limit approximation to electron shakeup after XUV excitation. In

the Xenon system, Auger relaxations were measured using signals of Xe4+ ionic

states signal as a function of pump-probe delay. An Auger cascade was recognized

with delay separation of 21-fs. This was a meaningful endeavor, because it provided

a means to probe transient electronic population dynamics.

Figure 1.7: In this figure, it can be seen that several processes result in XUV photoionized
photoelectron spectra (a-c), while additional channels are possible where NIR-assisted
tunnel ionization take place after shakeup with and without Auger processes. Figure
adapted from [22]

One of the most fundamental light-matter interactions is photoionization. During

this process, a photon with enough energy can free a bound state electron from
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its parent atom. While escaping, the electron scatters with the potential, which

causes some delay with respect to free-particle motion. The time associated to the

scattering is called the Wigner Delay [23]. In 20ll, Klünder and coworkers reported

a difference of Wigner delays for the EWPs of the neighboring 3s and 3p shells

(Figure 1.8) of Argon [24]. The technique compared the RABBITT sideband signals

of the neighboring electron wavepackets which have a form

S(τ) = α + βcos [2ωL(τ − τA − τW − τcc)] , (1.18)

where α and β are constants, τ is the pump-probe delay, τA is related to the phase

Figure 1.8: Energy diagram for the measurement by Klünder et. al. An attosecond pulse
train with harmonics (blue arrows) with sufficient energy to ionize the 3s and 3p shells
of argon is used. The momenta ka, and ke are reached by two neighboring harmonics,
and k is reached by additionally absorbing (from ka), or emitting (from ke) an IR photon.
When the target is dressed by the fundamental, sidebands appear. Figure adapted from
[24]



1. Fundamentals of Attosecond Science 17

between consecutive XUV harmonics, τW is a Wigner-like delay for the single photon

ionization, and τcc is a continuum to continuum delay caused by the absorption or

emission of the probe field. It is worth noting that the Wigner delays depend on the

EWP kinetic energy and angular momentum transitions. The continuum-continuum

delays depend on the EWP kinetic energy and probe field wavelength. The beauty

of the experiment comes from the fact that when the phases of the two EWP

sidebands, from the 3s and 3p shells are subtracted, all the delay terms cancel

except for the Wigner delays. The Wigner delays are large and positive at low

photoelectron kinetic energies, but rapidly decrease as they asymptotically flatten

at higher kinetic energies. Their results indicated photoionization delays of 140 as

at 34 eV and -20 as at 37 and 40 eV. This work was an important step for inspiring

more experiments and novel techniques of photoionization delays. More information

of the physical concepts involving atomic delays are presented in Chapter 5.

1.3.3 Attosecond Control of Electron Photoemission

Several experiments demonstrating the control of EWP dynamics during photoe-

mission have been reported recently. In these studies, the scattering of electron

wavepackets with their parent ionic cores have been imaged. Additionally, the parity

interferences of competing two photon quantum paths have been controlled with

attosecond accuracy. These experiments serve to inspire exciting applications, and

perhaps even more approaches to control electronic structure and EWP behaviors.

An attosecond quantum stroboscope (Figure 1.9) was reported in 2008 by

Mauritsson et. al. [25]. They used an attosecond pulse train to pump systems,

including Argon and Helium, and an intense IR field ( 1013W/cm2) was used

to steer the photoemission. The APT was generated with two colors, the IR

laser fundamental, and UV second harmonic. The IR probe was tailored to be

strong enough to drive ionized electrons back to scatter with the parent ion,

but weak enough to avoid conditions of tunnel ionization. Mauritsson defined

a parameter ,similar to Equation 1.5, as γ̃ =
√
W/2Up to quantify the regime of

the photoemission control. In that equation W = Ω− IP where W is the energy
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Figure 1.9: Scheme of the momentum transfer in the quantum stroboscope experiment.
Photoelectrons are liberated by an APT, and are subject to the momentum transfer
that depends on the APT-IR phase. In (a) when the APT meets the max or min of the
IR, there is zero net momentum transfer. In (b) at the zero of IR, a large momentum
transfer takes place. In (c) experimental images for Argon are shown where the delays
are respectively τ = 0, T0/2, T0, 3T0/2. Figure adapted from [25]

for the photoelectric effect with harmonic energy Ω and ionization potential IP .

The momentum transfer is shown in Figure 1.10.

When the intensity of the IR probe is lower ( 1012W/cm2), γ̃ becomes larger.

For larger γ̃ momentum transfer can steer the photoemission, but scattering of

the electron with the parent ion core does not occur yet. When the intensity is

higher ( 1013W/cm2), electron-parent ion scattering does take place. Both in TDSE

models and experiment, control of Helium was observed for photoelectron dynamics

for smaller γ̃, this is illustrated in Figure 1.10. The authors envisioned that such

techniques lay the groundwork of coherent scattering for high spatial resolution,

time-resolved measurements of atoms and molecules. But, these measurements

also demonstrated a new area of interest in which the electron photoemission
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Figure 1.10: A remarkable control of the momentum transfer takes place in the Helium
system. With a higher intensity of 1.2× 1013W/cm2, there is a larger momentum transfer,
and the effects of electron-ion scattering are present. In the far left figure, half the image
is overlaid with theoretical results for Helium that match the experiment closely. Figure
adapted from [25]

is controlled.

A novel methodology for photoemission control and APT characterization was

performed in 2012 by Laurent et. al. They exploited the fact that EWP quantum

states have an intrinsic odd or even parity related to the angular momentum they

possess, which can in turn be used to control the interferences of one and two-photon

transitions. During photoionization, the angular momentum of the freed electrons

changes by ±1 for the absorption of a single photon. This causes a change in

parity of the electron quantum state. Laurent controlled parity interferences (Figure

1.11) by means of a pump-probe scheme where an APT consisting of even and odd

harmonics was used for the photoionization [26]. Unlike the stroboscope control

above, which used a strong fundamental field, this study used a weak IR probe

field. The method thus more closely resembles the RABBITT technique. The

2D photoemission was detected with a velocity imaging spectrometer to observe a

modulation of the upper half and lower half photoemission distribution.

By using an APT consisting of odd and even harmonics, both one-photon

channels and two-photon channels have access to the same final EWP energy state.

However, one-photon paths have opposite parity to the two-photon paths. Thus, the

one photon first order transitions, and two-photon second order transitions interfere

due to an odd-even parity mix. It is this parity mix interference that also results in

the modulation of the photoemission on the upper half and lower half of the 2D
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Figure 1.11: Energy diagram outlining the principle of the measurements of Laurent
and coworkers. Electrons from the 3p shell of argon are ionized. Single photon ionization
populate d and f continuum states, and two photon continuum-continuum transitions
result in s and p population. Figure adapted from [26].

spectrum (Figure 1.12). This study showed the process of photoemission can be

controlled in this scheme by changing the pump-probe delay. It also experimentally

demonstrated that the same scheme can determine the phase between the odd

and even harmonics in the APT.

1.4 Looking Forward

In the last twenty years since the confirmation of the first attosecond pulses [7],

the techniques for attosecond pulse synthesis and characterization have continued

to progress. Theory and experimental techniques have also developed in parallel

with the increasing utility of attosecond pump-probe methods, allowing us to study

and control exotic quantum phenomena. Steady advancements in the community
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Figure 1.12: A comparison of the up and down photoemission along laser polarization
axis halves from photoelectron spectra produced with an APT composed of only odd
harmonics (a)(c), versus an APT of odd and even harmonics (b)(d). The photoelectron
yields in the up and down Figure adapted from [26].
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testify that the applications of attosecond technology are increasingly plentiful.

I have no doubt whatsoever that the coming decade will be illuminated by the

development of more novel methods for studying ultrafast processes and opportune

discoveries of new physical phenomena. Additionally, these forward steps pave the

way for pump-probe techniques with zeptosecond pulses - which will bring us closer

to witnessing the most vanishing timescales imaginable.
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2.1 Statement of Contributions

In this chapter, I present a detailed account about the design and technical

development of our experimental setup. First I would like to share a brief story

in the first section of how the lab and experimental setup were developed, and

my role of assisting in that undertaking by Dr. Laurent. This chapter will also

provide explanations about optical instrumentation, attosecond pulse generation

23
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with HHG, and technical specs for our detection system.

By the time I was starting my first semester as a graduate student in Fall 2016,

we had erected the walls of the laboratory. After the room was completed, we

installed our optical table, shopped for a femtosecond laser, developed the attosecond

pump-probe beamline, then finally built and installed the photoelectron detection

system. I was only an assistant at that time, but I had the unique privilege to

participate in building the experimental setup from start to finish. When I wasn’t in

class or studying for the general doctoral exams, I was working in lab. It was a once

in a lifetime opportunity to gain practical skills and learn about optical systems,

lasers, photodetection, and vacuum technology. This period was a foundational

part of my technical training, but also taught me the logistics of establishing a new

research line. By the end of the construction of the lab and experimental setup, we

had stacks of hand-drawn sketches and blueprints. There was not a single step in

the process that was made without thorough planning. Over subsequent years, an

XUV spectrometer was designed and installed by Spenser Burrows, and an optical

system for tuning our HHG was added by Brady Unzicker.

One of my earliest projects involved the design and implementation of a system

to measure temperature and humidity in the laboratory. This was an essential task

because there is clear correlation between temperature fluctuations and instability

of the experimental setup from thermal variations in the air and optical components.

The sensors communicated on I2C with an Arduino micro-controller, which I

eventually interfaced with LabVIEW. During this project, I learned and adapted

expert programming techniques and testing principles with critique and tutelage

from Dr. Laurent and Dr. Konopka. Next, I was given responsibilities to write

programs for electronics, imaging, and motion control which have since become

integrated into our experimental setup and data acquisition.

Our experimental setup has undergone several modifications over the course of

three years, but in this chapter I will mainly focus on descriptions for scheme of my

most recent experiments (Chapter 5). We opted for an experimental scheme that

prioritized tunability over stability. This required us to consider methods to stabilize
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and control our interferometer. What began as a standard design based on common

stabilization schemes [27, 28] ended up as a project I lead for a novel method to

stabilize attosecond measurements (Chapter 3). We achieved an extraordinary level

of stability for our delay precision which made the experiment of Chapter 4 and

5 possible. The modifications for the stabilization and later measurements are

explained in the respective chapters that follow this one.

Figure 2.1: The three basic parts of an attosecond pump-probe setup based on the
Mach-Zehnder scheme. At the front end, a femtosecond laser. Next is the atto-beamline,
which includes a pump-probe interferometer and attosecond pulse source. At the end
station is an ion and/or electron detection system such as a TOF spectrometer, VMI, or
COLTRIMS.

2.2 Basic Description of AttosecondMeasurement
Schemes

For attosecond experiments, a typical setup has three main parts (Figure 2.1). At

the front end, a femtosecond laser delivers power to the experiment. Next is an

attosecond beamline, or "atto-beamline" for short, which includes a pump-probe

interferometer containing an attosecond pulse source. At the end station is an

ion and/or electron detection system. In this section, we will look at these parts

from a general point of view before giving the description of the experimental

scheme at ASAP. The two main attosecond measurement geometries are pictured in

Figure 2.2. The first is the collinear geometry [29], where both beam propagation
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Figure 2.2: The two standard experimental geometries for attosecond pump-probe
setups. The upper sketch is a collinear scheme. These typically have high stability, but
are not the best suited for tunability and creativity in experiments. The lower sketch is
the noncollinear, Mach-Zehnder scheme with less passive stability, but superior tunability.

and optics for both the pump and probe share the same path coaxially. This is

possible by using combinations of hole-drilled optics and delay plates. The other

configuration with contrasted benefits and drawbacks is based on the Mach-Zehnder

layout [27]. With spatially-separated pump and probe beamlines, this noncollinear

geometry offers more customization in each arm at the expense of pump-probe

stability. Thermal and mechanical vibrations disturb the independent beamline

optics causing a jitter in the pump-probe delay. In the Mach-Zehnder configuration,

once the light is divided by a beamsplitter, the paths are spatially-separated until

they reach the recombination point. We might consider a Michelson interferometer

whose beamline arms are also spatially-separated. Unfortunately the arms of the

Michelson encounter reflectance at normal incidence before recombination. The

reflectance of even highly reflective materials quickly drops for shorter wavelengths

at normal incidence angles which would absorb the HHG.
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Front-end ultrashort laser systems are used to deliver power for both the HHG

production and the probe beamline. Generating attosecond pulses requires a high

intensity (∼ 1014W/cm2). An ongoing pursuit of lasers with increasingly higher

peak powers has been a primary objective since the invention of the first laser in

1960 [30]. Two methods for generating ultrashort laser pulses, Q-switching [31]

and mode-locking [32], deliver high peak powers Ppeak thanks to their combination

of high pulse energy Epulse (µJ to mJ per pulse) relative to pulse duration τpulse
(10 − 100 fs) seen with the relationship

Ppeak = c̃
Epulse
τpulse

, (2.1)

where c̃ is characteristic factor for the pulse.1 Currently, some of the shortest

duration pulses come from Ti:Sapphire laser systems. The Chirped Pulse Amplifi-

cation (CPA) technique supplies today’s Ti:Sapphire lasers with enough power

to drive HHG [10].

In the attosecond beamline, a pump-probe configuration must be implemented

where a first pulse excites the system under study and a second pulse probes the

excitation. This is achieved by sending the femtosecond pulses into an interferometer.

A portion of the power is used to generate XUV attosecond pulses in the pump

beamline, while the other portion is sent in the second arm of the interferometer as

the probe where it is used or tailored to the need of the experiment (i.e. converted

to its second harmonic, or wavelength fine-tuned). A number of setup geometries

have been implemented with various performance tradeoffs. Usually improved

tunability results in worsened stability, and vice versa. If a high level of tunability

is required, then stabilization schemes must be designed in order to maintain a

good temporal resolution in the measurement.

Finally, at the end station, a multi-particle detection system is used to image the

pump-probe dynamics. These types of detection systems have been in development

since the early 20th century and include time of flight (TOF) spectrometers

[33], magnetic bottle spectrometers [34], COLd Target Recoil-Ion Momentum
1The unitless factor c̃ represents the envelope of the pulse, and it is equal to 0.94 for a Gaussian

envelope.
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Apparatus Particles Angular Distr. Count Rate Coincident Det.
TOF ions/e− No High No
VMI ions/e− Yes High No
COLTRIMS ions/e− Yes Low Yes
XUV Spectr. photons No High No

Table 2.1: Characteristics of the most widely used instruments in particle detection in
atomic, molecular and optical physics: TOF spectrometers, COLTRIMS apparatus, XUV
spectrometers, and VMI spectrometers.

Spectroscopy (COLTRIMS) [35, 36], XUV spectrometers, and velocity map imaging

(VMI) [37]. Some attributes of these systems are shown in Table 2.1. These detection

schemes are described with more detail in Section 2.5, but in the beamline for my

experiments, VMI is the detection scheme I used due to its appropriate attributes

(4π solid angle collection, angular distribution of momentum, and high count rate).

2.3 Front-end Femtosecond Laser System

One of the first major decisions we had to make was to select our femtosecond laser

(Coherent, Legend Elite Duo). One of the primary uses for the laser is supplying

the power to the attosecond pulses source. Generating attosecond pulses requires

high intensity ∼ 1014W/cm2. We selected a Ti:sapphire system because it is an

all-around best choice. As far as gain media go, Ti:sapphire is very robust, having

a very high thermal conductivity comparable to metals. As a comparison, a laser

system based on organic dye [38], has a gain medium that not only has to switched

out every hundred or so hours of operation, but it is also toxic. Ti:sapphire systems

also deliver pulses with some of the highest peak powers available. The laser

delivers linearly polarized ultrashort laser pulses at a repitition rate of 10kHz. Each

pulse has duration of 35 fs, energy of 1.5 mJ, and a central wavelength of 800

nm. The average power can be adjusted to as high as 15 W, which is enough

to be divided as 60/40 or 80/20 with beamsplitters to generate harmonics and

supply the probe beamline respectively. We can use the time-bandwidth product to

estimate the frequency bandwidth ∆ν, or the laser pulse duration for the transform
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limited pulse with ∆ν · τ = k.2We split the output of the laser between two arms

of a Mach-Zehnder interferometer. In one arm, the power is used to drive the

HHG for our APT. In the other arm, the remaining power is used as the probe

in attosecond pump-probe experiments. The Ti:sapphire laser consists of several

components which are shown in Figure 2.3.
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Figure 2.3: Layout of the femtosecond laser system. A 532-nm Q-switched pump laser
seeds a mode-locked oscillator. Self-phase modulation broadens the gain of the oscillator,
and Kerr lensing drives the amplification. A train of pulses centered at 800 nm at an
average power of 530 mW is delivered to a stretcher which elongates the pulse in time.
Chirped-pulse amplification is pumped by two 532-nm CW pump lasers, and increases the
laser intensity. A compressor, at the end, shortens the pulse in time to 35 fs of duration
with an average power of 15 W at a repetition rate of 10 kHz.

2.3.1 Mode-locked Oscillator

For nearly fifty years, starting in 1964 [32], mode-locked lasers (Figure 2.4) have

demonstrated some of the shortest pulse durations available. Different varieties of

mode-locking exist, but the most ubiquitous form used is Kerr-lens modelocking [39].

Because of the nature of the doping in Ti:sapphire, radiative transitions involve

vibronic crystal-field configuration transitions. This gives rise to a very broad

absorption range of 400 nm to 630 nm and emissions from 660 nm to 1180 nm [40].

Our oscillator is pumped by a 532-nm Q-switched diode laser (Verdi G, Coherent).

The “modes” of mode-locking come from the fact that a laser cavity with a length
2k = 0.441 for a Gaussian pulse model
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Figure 2.4: The classic schematic of a Ti:sapphire Kerr lens mode-locked laser. The
pump laser enters at a dichroic mirror M1. The resonator cavity is defined by the output
coupler M0 and mirror M3. The gain material is in between M1 and M2, and the prism
pair P1 and P2 compensate for dispersive effects on the spectral composition of the
ultrashort pulse. Figure adapted from [39].

L can support a large number of modes N which are of course spaced in frequency

by ∆ω = 2π/Tc where Tc is the cavity round-trip time. When the phases of the

modes ϕi are fixed, once every cavity cycle period the modes constructively form

a pulse of duration ∆τ = Tc/N . This light becomes intense at these points, so

the Kerr effect starts. This means the index of refraction is now dependent on the

light intensity as n(t) = n0 + I(t)nNL where n0 is the linear index of refraction,

and nNL is the nonlinear index. Most of the intensity is located toward the spatial

middle of the beam, so the Kerr effect is more pronounced there. A converging lens

works the way it does because the optical path increases for light in the middle of

a collimated beam, and the same effect happens here. Because of a larger index

near the middle from the Kerr effect, the optical path is larger resulting in the

action of Kerr-lensing which drives amplification. In addition to Kerr lensing, the

effect of self-phase modulation causes the instantaneous carrier frequency to change.

Since the carrier phase is ω0t−kz where k = ω0n(t)/c and the instantaneous carrier

frequency is the time derivative of the phase, it has a variation in time as

δω(t) = −ω0nNL
2c

∂

∂t
I(t) (2.2)
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where ω0 is the pulse central frequency. This causes a spectral broadenening of the

pulse since these extra frequencies are supported with the gain material. Blue shifts

are added to the trailing end of the pulse, and redshifts are added to the front,

resulting in positive chirp. These extra modes are supported in the cavity with a

pair of dispersive optics such as prisms that compensate against the chirp. Because

of the Kerr-lensing, high intensity is automatically selected. Our femtosecond laser

system uses a passively mode-locked Ti:Sapphire laser called the oscillator (Vitara

S, Coherent). It has a wavelength bandwidth of ≥70 nm oscillating in the cavity

at 80 MHz. It delivers linearly polarized light with an average power of about

530 mW to the Amplifier (discussed in next section).

2.3.2 Amplifier

When attempting to amplify an ultrashort laser pulse, the already high peak power

can induce a nonlinear response of the gain medium which can destroy the material.

The source of the problems stems from Kerr lensing. This can easily be the case

for ultrashort pulses. The damage threshold of the Ti:Sapphire gain crystal is at a

fluence (units J/m2) of 10 J/cm2 [41]. We can calculate the fluence with

F = Epulse
π(w/2)2 , (2.3)

where w is the waist of the laser beam when the intensity drops to 1/e. The

fluence of our laser, with w = 11 mm, and Epulse = 1.5 mJ is about 15.8 J/cm2 at

maximum compression.3. The resolution for this dilemma came from CPA. The

technique for CPA was jointly pioneered by Gerard Mourou and Donna Strickland

who later shared the 2018 Nobel Prize for their discovery [42]. The scheme is as

follows: the pulse is first stretched in time, having its duration increased by a large

factor of around 103 or 104 so that its peak power is drastically reduced, then

the pulse makes multiple passes in a regenerative amplifier [43] scheme obtaining

an amplification by a factor by nearly 30, finally the pulse is recompressed to its

original duration. This compression is user controlled so that the output average
3We believe that the pulse energy depends on the compression of the beam average power. At

maximum compression we have Pavg = 15 W and Epulse = 1.5 mJ.
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Material (2 mm) Wavelength (nm) GVD(fs2/mm) τi(fs) τf (fs)
Fused Silica 400 97.57 35 35.84

800 36.16 35 35.12
800 36.16 8 14.87

BK7 400 122.04 35 36.31
800 44.65 35 35.18
800 44.65 8 17.42

Calcite o-ray 400 111.912 35 36.11
800 42.01 35 35.16
800 42.01 8 16.61

Calcite e-ray 400 115.86 35 36.18
800 43.34 35 35.17
800 43.34 8 17.02

Table 2.2: Some material properties and their dispersion effects on ultrashort pulses for
commonly used optical materials. The thickness is chosen to be 2 mm. The manner in
which the group velocity dispersion (GVD) broadens pulse durations of inital duration τi
to final duration τf is seen to have harsher effects on pulses with either shorter durations,
or those with central wavelengths that are shorter. Pulses with shorter durations have
larger bandwidths, and in general chromatic dispersion is known to be stronger for short
wavelengths.

power can be adjusted. After leaving the amplifier, the IR pulse train is directed

to a Mach-Zehnder interferometer of the pump-probe beamline.

2.4 Attosecond Pump-Probe Beamlines

Over the last three decades, a number of successful schemes for attosecond pump-

probe setups have been conceived, each with its own unique advantages and

disadvantages. In standard attosecond pump-probe measurements, an attosecond

pump pulse excites a target and a femtosecond probe pulse with an adjustable delay

probes the excitation. These measurements are carried out with interferometers

where one arm functions as the XUV attosecond beamline, and the other as the IR

or UV femtosecond beamline with variable delay. There are many considerations to

make when developing pump-probe beamlines because beam power and tabletop

space are limited resources. The pulse duration is also sensitive to propagation

through media because of the inherent group velocity dispersion in materials. The

dispersion effects of commonly optical substrates with 2 mm thickness on ultrashort
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pulses is provided in Table 2.1. Often times prioritizing one characteristic of the

experimental setup supports improvement in the others. For instance, we use as

few optical elements as possible in the setup which reduces the power losses at

reflections as well as dispersion from transmissions, while also taking up less space.

We opted to build an experimental setup that achieved these goals to a high degree,

while satisfying the need for tunability of harmonics in the attosecond pulses, and

the possibility to probe with a pulse with central frequency νc of the fundamental IR

laser field or its UV second harmonic. The one trait that any attosecond beamline

must have is to generate and propagate the attosecond pulses under high vacuum,

and to refrain from sending them through any materials whatsoever except the

target at the end. Based on the effects dispersion has on short wavelength, large

bandwidth pulses as seen in Table 2.1, the effects would be detrimental.

2.4.1 Mach-Zehnder Interferometer for Pump-Probe Mea-
surements

As stated at the end of the previous section, our pump-probe scheme is in the

Mach-Zehnder configuration. The interferometer can be supplied with the unaltered

train of 35-fs linearly polarized IR pulses which I have used in my experiments.

Alternatively, with the flip of a mirror, the pulses can be sent to a hollow fiber

compressor filled with noble gas to have the pulse durations shortened to as little

as 8-fs at energies of 600 µJ per pulse. Such few cycle pulses have been applied

for the use of generating single attosecond pulses (SAP) [44, 45]. After leaving

the Ti:Sapphire amplifier, the train of femtosecond pulses is propagated in air, but

enclosed inside walls to minimize effects of air drafts in the room. The beam is

directed by a sequence of optics in the enclosed path toward a beamsplitter that is

the starting point of the Mach-Zehnder interferometer. The reflected part of the

beam makes up the attosecond pulse beamline, and the femtosecond probe beamline

is comprised of the transmitted portion. Since a substantial amount of power is

needed for generating a harmonic spectrum via HHG, but a much lower intensity is

used for the probe, an 80/20 or 60/40 beamsplitter is used to reflect/transmit the
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power appropriately. Except for a handful of optics immediately after BS, most of

the interferometer optics are housed in chambers under ultra-high vacuum conditions.

This reduces the amount of dispersion and absorption of the attosecond pulse by air.

The chambers were originally secured to the table so that the tapped-hole layout of

the optical breadboard inside would be aligned with the table breadboard outside.

Irises were also placed before and after the vacuum chamber entrance viewports

so that optics could be placed correctly. These irises define the alignment of the

interferometer as master reference points, and are under no circumstances moved.

A schematic view of the latest experimental setup, for Chapter 5, is shown

in Figure 2.5. The transmitted probe pulse train can enter straightaway, or be

frequency doubled in the optical system (OS). In the event a pump-probe scheme

requires a second harmonic pulse, a beta barium borate crystal (β -BBO) [46]

and ancillary optics fastened on a moveable stage create the conditions for Type I

second harmonic generation (SHG). A β -BBO crystal has a birefringence where,

for the ordinary and extraordinary refraction indices, no(ω) > ne(ω). When used in

a Type I disposition, two photons having frequency ω0 at polarization with respect

to the ordinary axis create a 2ω0 photon with polarization with respect to the

extraordinary axis. The intensity of the second harmonic is

I(2ω0) ∝ ω2
0I

2(ω0)L2sinc2
(

∆kL
2

)
(2.4)

which shows the expected second order proportional dependence on the squared

intensity of the IR field I(ω0), the length of the crystal L squared, and an additional

wave phase term ∆k in the sinc function [47]. For perfect phase matching, ∆k =

k2ω0 − 2kω0 = 0. Equivalently, n2ω0 = nω0 to produce coherent light, so the crystal

axis c must be rotated such that ne(2ω0, θ) = no(ω0). This critical phase matching

condition ensures that the phase velocity of both the IR pulse and second harmonic

UV pulse have the same phase velocity. The importance for this is that, further

along through the crystal, UV photons are produced in phase with the earlier ones.

It has been found experimentally that the angle θm for 800 nm should be about 30◦

[48]. Two dichroic mirrors are also fastened on the stage with the BBO. The first
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Figure 2.5: The organization of the attosecond beamline.. An IR femtosecond laser is
at the beginning supplying the power to be used for the pump-probe beamlines. The
Mach-Zehnder interferometer begins at the beamsplitter BS and ends at the recombination
mirror RM. The lower path that includes the retroreflector MI1 mounted on a micrometer
stage, as well as a piezo-mounted mirror MI2 to control delay, is the IR probe beamline.
An inset shows an optical system O.S. holding a BBO with crystal axis c tilted from the
propagation direction k to the phase-matching angle. This system upconverts the IR
pulse to UV and has two dichroic mirrors, DM1 which filters the remaining IR, and DM2
that compensates for walkoff. The upper path is the XUV pump beamline where HHG is
used to generate harmonics for the attosecond pulse. Beyond the interferometer, a VMI
and XUV spectrometer are used for experiments such as photoelectron spectroscopy or
transient absorption experiments respectively.

dichroic mirror, whose face is rotated at +45◦ to the angle of incidence removes any

residual fundamental light. The other dichroic mirror rotated at -45 to the angle of

incidence is used to compensate for the walk-off of the first. To minimize dispersion

effects at the entrance of the vacuum chamber, a 1-mm thick UV-fused silica flange

window was chosen for its lower group delay dispersion to replace the stock viewport.

Once inside the chamber, the path begins with mirror MI1, and ends with the

recombination mirror RM. The retroreflector mirror MI1 is mounted on a vacuum

compatible micrometer translation stage (MFA-CCV6, Newport) which allows the

user course adjustment when searching for temporal overlap for the pulses. Next,

another mirror mounted on a piezoelectric stage allows for the steps in delay on

the attosecond time scale. Prior to recombining with the attosecond beamline at
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the recombination mirror RM, the IR probe passes through a 75 mm converging

lens that focuses the beam into the interaction region of the VMI.

The reflected part of the beam is used for HHG. After reflection the beam

travels to, and reflects off of two mirrors MX1 and MX2 whose configurations

are freely adjusted to make the lengths of the pump and probe beamline paths

approximately equal. Next the femtosecond pulse train is steered through a 30-

cm convex lens LX which focuses the beam into a small vacuum chamber where

the harmonics are generated. This chamber entry viewport is also a 1-mm thick

UV-fused silica window chosen to reduce GVD at this point as well. After HHG,

the attosecond pulse beam is guided to a 375-mm focal length gold coated toroidal

mirror TM at a 4◦ grazing incidence working in a 2f -2f focal geometry. This

means that, using the thin lens equation

1
do

+ 1
di

= 1
f

(2.5)

where do is the object distance (located in the HHG chamber), di is the image

distance (which ends up being at the interaction region), and f is the focal length.

For do = 2f the image will be located accordingly di = 2f . This focusing APT

reflects off the TM, then goes through the hole drilled RM, and finally into the

interaction region of the VMI chamber.

2.4.2 Attosecond Pulses Source: HHG

We generate an attosecond pulse train via high harmonic generation of a rare

gas [10]. We use Argon and Neon, although other gases may be used as well

as long as they posses inversion symmetry i.e. Xenon, Krypton, or Helium [49].

Equation 2.2 can be rewritten as

Ωmax = Ip + 3.17Up (2.6)

where Ωmax is the energy of the highest harmonic order measured, and Up is the

ponderomotive energy, which as seen in Chapter 1 depends only on the intensity of

the driving laser field EL and laser frequency ωL. Based on empirical observations
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Gas Ionization Energy (eV) Cutoff Energy (eV) Odd Harmonic Order
Helium 24.59 41.37 25
Neon 21.56 38.34 23
Argon 15.76 32.54 21
Krypton 14.00 30.78 19
Xenon 12.13 28.91 17

Table 2.3: The first five rare gases and their expected odd order harmonic cutoffs for a
driving laser centered at 800 nm and a ponderomotive energy of 5.29 eV. This value was
obtained by an estimation involving the empirically observed drop we regularly see in the
harmonic plateau of the Argon spectrum located at the 21st harmonic. Note that the
energy of the fundamental IR photon is about 1.55 eV.

that our harmonic spectrum in Argon begins to drop sharply at the 21st harmonic,

we can roughly estimate that the ponderomotive energy is about 5.29 eV. In Table

2.3, some rare gases and their expected odd harmonic order cutoff based on this

value for Up are shown. The gas is delivered with a network of lines coming from gas

tanks (Airgas) secured outside the lab. An ergonomic design allows the changing out

of gases simply by opening the valve of the desired species. Of utmost importance

is the purity of gas line as cross contamination affects the quality of the spectrum.

A small vacuum pump is connected with the gas line network to purge the system,

while all valves are closed, before selecting the desired gas. The HHG chamber

architecture begins with the gas line from the network being connected to and

having its flow rate controlled by a compact gauge by Pfeiffer Vacuum. A 2-mm

diameter cylindrical glass needle is mounted at the tip. This is in turn fastened to

a micrometer X-Y axis manipulator (DTS-275-155, Huntington Mechanical Labs)

that sits on the top of the HHG chamber with the gas needle going through the

center. When the gas is opened up, a backing pressure of tens to hundreds of mbar is

allowed in by the gauge. Because the glass needle is drilled by the laser, gas escapes

into the chamber. Besides this chamber having its pressure maintained by its own

turbomolecular pump (Hi Pace 700, Pfeifer Vacuum) a hole-drilled copper blank

that also acts as a differential gasket for the ConFlat flanges between the HHG

chamber and chamber housing the TM and other optics. A valve is also in place to

isolate the HHG chamber from the TM chamber when no experiments are running.
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Our experiments have involved measurements that use probe pulses with odd

harmonics as well as even and odd harmonics of the fundamental laser frequency,

so the path between the focusing lens and HHG chamber was given enough space

to construct an optical system to generate these different sets of harmonics. Brady

Unzicker and Dr. Laurent designed and implemented this optical system which uses

a BBO to generate the second harmonic, a half-wave plate to orient the polarization

with the residual driving field, and motorized assembly of wedges to control the

phase between the 400-nm second harmonic and the fundamental IR field. More

information can be obtained on the functionality of this optical system and its

application in their recent work [50]. Harmonic spectra display a common trait,

the first few harmonics dominate the spectrum but steadily decrease in amplitude.

Then a large span of the harmonics referred to as the "plateau" consists of peaks

of comparable amplitudes persists for a relatively longer before abruptly falling

[11, 49]. For further interest, studies have been done to observe the conversion

efficiency dependence on gas species, intensity, and backing pressure [49, 51]. After

generating harmonics, the spectrum is trimmed with an aluminum filter, mounted

on a rotary feed through handle (VF-106, Huntington Mechanical Labs), that

staunchly attenuates harmonics with energy below 17 eV (11th harmonic of 800

nm). The transmission curve for a 200-nm thick Al filter (Lebow) is pictured in

Figure 2.6.a and demonstrates the effects on photons with energies from 10 eV

to 65 eV. Also shown is the Group Delay (GD) effects which were calculated by

first obtaining the refractive index n [52] and using the relation of t = nd/c where

d is the filter thickness, then using an equation

∆t = d

c
(n− 1) (2.7)

we can calculate the delay with respect to vacuum. We can use the spectra of

the XUV-spectrometer, and the images of our velocity map imaging system, to

measure the strength and quality of our harmonic spectrum in a complementary way.

The XUV spectrometer consists of a flat field grating and CCD camera (Newton,

Andor). The spectrometer has a better quantum efficiency in the soft x-ray range
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(30 eV to 1000 eV), while the velocity map imaging system is best suited to detect

photoelectrons created by photons up to about 39 eV. I would like to note after

an exchange with Spenser Burrows that he tells me the QE graph shown in Figure

2.6.b came from a datasheet for the Andor Newton SO camera and it represents the

absolute quantum efficiency (QE). The full curve is described as quantum efficiency

of the sensor at 20C, as supplied by the sensor manufacturer. The relative QE refers

to measuring one camera’s QE against another reference camera - a standard practice

for spaceflight instruments where the flight camera to a reference one on the ground.

2.5 Detection System: Velocity Map Imaging

In our lab, we have used the Velocity Map Imaging (VMI) [37] technique to

characterize electron dynamics of atomic gases. Using VMI, see Figures 2.7 and

2.8, electrons ejected from the target are guided by an electrostatic field along a

time of flight axis. The electric field is formed by a series of circular metal ring

electrodes, supplied with voltages to create a gradient. At the end of the time of

flight axis, they collide on a detector consisting of a microchannel plate, phosphor

screen, and camera system. Noteworthy is the fact that photoelectrons with the

same velocity vector are mapped to the same point on the 2D detector surface.

Although we are capturing 2D images, the symmetry of the experiment allows us to

use inversion procedures that can reconstruct the 3D velocity distribution [53–56].

We use a later generation system called the Thick-Lens VMI (TL-VMI) [57], but

there are only a few differences between it and the original model, namely that

it has eleven electrodes while the original has three.

VMI has been used since 1997 [37] to study the 3D momentum distributions

of charged particle dynamics of atoms, molecules, and nanostructures [26, 58–60].

It is one of the more recently added members to the family of instruments used

for ion/electron detection applications which include: traditional time of flight

(TOF) spectrometers, magnetic bottle TOF spectrometers, and the cold target

recoil ion momentum spectroscopy (COLTRIMS) apparatus [33, 34, 61]. Choosing
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Figure 2.6: Detection of XUV harmonics from HHG. In (a) the transmission curve of
aluminum as well as the group delay is pictured to show the effects of the aluminum filter
on the XUV harmonics. In (b) a spectrum captured by the XUV spectrometer along with
its quantum efficiency is provided. Although the harmonics that pass through the filter
include H11 to H25, the quantum efficiency of the spectrometer camera is best for short
wavelengths (higher energy) which prevents it from capturing H11 to H17 with better
fidelity. The transmission and index of refraction data used for the GD is based off the
work of [52], and the quantum efficiency was provided by Andor.

the right detection technique requires a basic understanding in the utility of each

i.e. the dynamics it can resolve/focus.

In TOF spectrometers, ions or electrons are ejected from an interaction volume

and guided by an electric or magnetic field for a short distance. Then the charged

particles drift down a field free region of length L for the rest of the flight. With

their time of flight t measured, their initial kinetic energies can be known since

t = L/v. For this technique, particles of a given mass are said to be "focused in
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energy” because particles arriving at t were ejected with the same energy.

While TOF techniques measure the arrival times to determine kinetic energy,

VMI and COLTRIMS have a 4π collection angle and to measure electron and ion

momentum distributions. In VMI, Figure 2.7, an electron or ion with an initial

momentum from the interaction is mapped to a distinctive point on the detector.

Similarly, COLTRIMS obtains a complete picture for electrons and ions coincidently

by also measuring the time of flight. For these techniques, the events are said

to be "focused in momentum" because charged particles with the same momenta

are mapped to the same detector positions. A practical difference between VMI

and COLTRIMS is that the latter requires the use of a magnetic field produced

by a Helmholtz coil to constrain electron trajectories. This is because electrons,

having much smaller mass than the ions, obtain momenta of the same order of

magnitude [61]. A magnetic field is not necessary while looking at one particle

at a time in VMI, switching the polarity and strength of the electric field are the

only changes required. The choice to use the VMI technique over COLTRIMS

is based on the needs for our measurements.

Our current areas of investigation include characterization techniques for at-

tosecond pulses as well as the observation and control of electron dynamics in

atoms and molecules. Obtaining and analyzing the angularly resolved images of

just photoelectrons alone is sufficient for these studies. Although COLTRIMS is

more than capable for these tasks, acquisition times are orders of magnitude longer

than those of VMI. This is because for coincident detection of ions and electrons to

be defined uniquely, only a few events can be mapped at a time. The information

from coincident measurements is redundant for the needs of the listed experiments,

and the long acquisition times are unnecessary, so VMI is the best choice. The

following sections describe the workings of TL-VMI and how data is acquired and

analyzed – made to be a reference to any researcher interested in this technique.
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Figure 2.7: The illustrated scheme of the velocity map imaging process. An ultrashort
pulse, with polarization perpendicular to the gas target, ionizes the atoms of the gas.
An ejected photoelectron, having a given velocity vector, is guided by the electrostatic
lens while expanding on a Newton sphere. The electron counts are recorded at a 2D
detector surface. The important concept is that within the interaction region, electrons
emitted with the same velocity vector are focused to the same point on the detector.
Image adapted from [62].

2.5.1 Design and Principles of Operation

The TL-VMI is a design that inherited many of the same qualities of the original

model while being upgraded to detect higher charged particle energies. A sketch is

shown in Figure 2.8. The main motivation for this new concept was the arrival of keV

light sources like x-ray attosecond pulses, and free-electron lasers that could produce

keV charged particles. In comparison, setups with detection based on the standard

design of VMI are only capable of measuring electrons at up to 100 eV [63, 64].

As stated before, the standard system has three electrodes - the repeller, extractor,

and ground. The TL-VMI has eleven electrodes made of non-magnetic stainless

steel with 1-mm thickness and outer diameters of 80-mm. The first electrode, the

repeller, is held at potential VR and has a 50-um hole where an effusive gas target

flows out on axis of the TOF chamber. Next is the extractor held at VE which is

located 12 mm downstream and has an inner diameter of 40 mm. Directly between

the repeller and extractor. The interaction region is defined by the crossing point of
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Figure 2.8: The schematic of the TL-VMI spectrometer.

the focused pump-probe beamline with the gas target. Starting from the extractor,

electrodes are spaced by 6 mm and their inner diameters progressively increase by

2 mm. The first four electrodes are given their own voltage supplies. The fourth is

called the focusing electrode, held at Vf . It plays an analogous role to the standard

VMI extractor by controlling the resolving power. A typical practice is to decide the

detection energy range, which scales with VR, and adjust the repeller accordingly.

The focal power is then optimized for this energy range with Vf . While this is

done, a general rule of thumb is to set VE and the third electrode so that there is a

constant voltage drop across the first four plates. The rest of the plates from Vf

to the ground are connected by resistors that divide the voltage to the other rings.

An essentially field-free region extends for 55 mm from the ground to the detector.

The entire TOF volume is protected from magnetic fields by a shield (MuMETAL).

The shield and front face of the detector are also grounded.

Detection is achieved with a microchannel plate (MCP) and phosphor screen

assembly (F2226-24P183, Hamamatsu). An MCP is a position sensitive device that

consists of many narrow stacked channels that electrons can fly into. The front of
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Figure 2.9: VMI system currently in use at ASAP before prior to installation in the
target chamber. The line coming in through the top feeds the target gas through the
repeller. It is easy to see the largest spacing between the repeller and extractor that gives
room for the interaction region. The increasing inner radius of the ion lens electrodes is
also apparent. The four wires supply the voltages VR, VE , Vx, and Vf , and the ceramic
spacers (white) isolate the plates.

the MCP is held at ground while the back is placed at a positive potential of around

1.5 kV, but do not exceed 2 kV to avoid damage threshold. While ricocheting

through the channel, one electron creates an avalanche of electrons that surges

through obtaining gain of the order of 106 or higher. The phosphor screen which

is next in line to receive the amplified electron signal has its front surface held

at about 3 kV, but not exceeding 4 kV to avoid damage. The phosphor converts

the electron signal to light through cathodoluminescence, which is detected by a

scientific complementary metal-oxide semiconductor (sCMOS) camera (Edge, PCO).

A camera lens assembly (NAVITAR) is placed before the camera to provide focusing

adjustments of the image. Limitations exist on the detection and resolution of the
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spectrometer, topics that are covered in the next section.

2.5.2 Detection and Resolution

An empirical relationship between the radius R of electron impact on the detector,

its speed, v, and time of flight, t, is

R = Nvt (2.8)

Where N is the magnification factor[37]. Because the attosecond pulse consists

of an energy comb of harmonics, photoelectrons are ejected to further radii when

ionized by photons with higher energy. The kinetic energy can then be expressed

in terms of the radial position as

E = 1
2m

R2

(Nt)2 (2.9)

Meaning that energy is proportional to R2. In order to measure the energy resolution,

as related to the widths of the rings on the collector, we can use this equation

and a derivative changing the d to a ∆. Since ∆E/∆R ∝ 2R you can obtain

∆E ∝ 2R∆R and dividing by E gives ∆E/E = 2∆R/R which allows the energy

resolution to be deduced from the width of the radial peaks on the detector after

events accumulate to a sufficient count. One source of the peak widths is that the

laser-target interaction volume is finite. As the volume of the interaction region,

estimated as a product of twice the Rayleigh range zR times the square of the focal

diameter, increases, ∆E/E decreases. Another contribution to resolution is that

some emission angles with respect to the time of flight axis ie 45◦ and 135◦ will be

focused to the same radial ring. This happens because, although the two velocity

vectors may project the same radial distance from the axis, the time of flight will be

slightly different. It is also true that the bandwidth of the XUV attosecond pulses

can be used as a standard limit to resolution [65]. Regardless of whether a single

attosecond pulse (SAP) or attosecond pulse train (APT) is being used, a higher

limit to the resolution can be estimated by the transform limited bandwidth [65]

∆ω = 4ln2
τp

, (2.10)



2. The Attosecond Source Beamline 46

Duration τp Bandwidth ∆E
SAP 300 as 6.083 eV
SAP 600 as 3.042 eV
APT 5 fs 0.365 eV
APT 10 fs 0.182 eV
APT 15 fs 0.122 eV

Table 2.4: Bandwidth of selected SAP and APT durations which are assumed to
be transform limited. The bandwidth of the SAP is the FWHM of the pulse in the
frequency domain. The bandwidth of an APT is the FWHM of individual harmonics in
the frequency domain. For either, the bandwidth can be used as a measure of the highest
energy resolution limit.

where τp is the duration of the SAP or the duration of the APT. Bandwidth for

a SAP is certainly easy enough to imagine, but it seems a bit like a misnomer

in reference to APTs, for it defines the width of individual harmonics. A better

name for this context might be the dynamic range of the given harmonic, but

consistently calling ∆ω the bandwidth will no doubt be less confusing. The energy

resolution limit can then be calculated as

∆E = ~∆ω = ~4ln2
τp

(2.11)

where a convenient value for ~ is 0.6582 eV·fs. In Table 2.4 some values for energy

resolution limits for few SAP and APT durations are provided. It can be seen

that longer APTs are associated with better energy resolution limits than a SAP.

In contrast to what has just been shown, there will be more practical limitations

based on the extent to which the electric field can be controlled.

Simulations for our model have been run [57] with SIMION (version 8, scientific

instruments) comparing resolution performance of TL-VMI vs VMI for detecting

electrons up to 360 eV when both systems have been optimized for performance in

this energy range. Both had their best resolution at 125 eV, but the TL-VMI has a

resolution at least 2.3 times better. The general way to optimize for an energy range

is to scale VR appropriately, then tune Vf to optimize the resolution for the energy

in the middle of the range. Experimental evaluation yielded results of practical

significance. In a scheme very similar to ours, VR was set to -800 V and the focus

voltage of 0.8VR was used for photoelectrons with energies up to 25 eV.
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In our experiments, electrons with up to about 20 eV can be observed routinely

when odd harmonics, H11 to H23, of the fundamental laser field are generated in

Argon as described in 2.4.2. A repeller voltage of -796 V with a Vf set to 0.755VR
is implemented, and a constant, progressive voltage drop is place across the first

four electrodes. Resolution has been sufficient to conduct both pure RABITT,

having only odd harmonics in the APT, and experiments with APTs consisting

of both even and odd harmonics. A recent study we conducted in our lab found

the duration of our APTs to be about 15 fs [62]. In the previous work discussed

above [57] experimental performance under a similar setup and energy range of

study, indicated that for lower energy detection, the APT bandwidth is the limit

for resolution for VMI detection. Using Equation 2.11, our bandwidth sets the

limits of our resolution to about 0.122 eV.

2.5.3 Data Acquisition and Analysis

During RABBITT scans, the photoelectron energy spectra are recorded as a function

of delay between the APT and the IR or UV probe field. Our sCMOS camera takes

images (1000 x 1000 pixels) recording the light flashes from the MCP-phosphor

detecting electrons. Typical camera settings have about 5-s integration times set

to collect photoelectrons from roughly 105 APTs per image (2 APTs for each IR

pulse, repetition rate of 10 kHz).

The polarization of the ionizing photons defines a symmetric emission axis

parallel to the detector surface. Thus, when photoelectrons are collected on the

detector, they form a symmetric 2D angular distribution P (x, z). The full 4π

collection of the VMI and the symmetry of the interaction allows the reconstruction

of the 3D angular distribution I(r(v), θ, ϕ) which is related to the 2D image P (x, z)

by the Abel Transform.

P (x, z) =
∫ ∞
R

I(r(v), θ, ϕ)√
r2 −R2

dr (2.12)

The brute force method of evaluating the inverse Abel transform is computationally

difficult and efforts have been made to get around the difficulties [53–56]. A new
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algorithm was developed in our research group primarily accomplished by Geoffrey

Harrison and Dr. Laurent, the DAVIS algorithm [62]. It was motivated by the

approach of another method called the polar basis expansion (p-BASEX) [56, 66],

which converts the coordinates of the image from Cartesian to polar reference

system, expanding the 2D distribution with a polar basis set, and evaluating

the Abel integral numerically. The DAVIS algorithm does reconstruction in an

alternative way, that first models the distribution mathematically as an expansion

of Legendre polynomials [67, 68] with the form of the 3D distribution

I(v, θ) = F (v)
2N∑
n=0

βn(v)Pn(cosθ) (2.13)

The process is illustrated with the diagram in Figure 2.10. The main goal of

the algorithm is to retrieve a radial function of velocity F (v) and an asymmetry

parameter βn [68]. The DAVIS method is competitive to the other algorithms,

in particular p-BASEX, both in speed and quality. It is faster because the

algorithm works with matrices of lower dimension. It is less sensitive to noise

during reconstruction because the data is effectively filtered since the raw data

image is expanded with the Legendre polynomial basis set before inversion. The

procedure computationally efficient, and user friendly making it a good choice

for reconstruction.

2.6 Operational Conditions and Techniques

In order to bring the experimental setup to operational conditions, many steps of

preparation must be performed. First we power on the laser at least 45 minutes

before use so that the output average power has stabilized. Several diagnostic steps

are taken at low laser power ∼ 600 mW. First we ensure that the laser beam is

aligned through our two reference irises on the infrared probe path. This is carried

out by "walking" the beam so that it is aligned by mirror and reference-iris pairs.

One mirror and reference-iris is in place before the beamsplitter BS see Figure 2.3.

The other pair has a mirror before BS, and the iris placed after. An eyeball measure

for the quality can be done by the walking is to close the iris aperture that is
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Figure 2.10: A flow chart illustrating the process of the DAVIS algorithm. The procedure
consists of three steps. First, there is a Cartesian to polar coordinate transformation of
the measured 2D raw image, second we expand the angular distribution with a sum of
Legendre polynomials, and third, the radial and asymmetry parameter distributions are
retrieved. Image adapted from [62].

currently being used and observing the Airy disk that is formed when the aperture

is tightened. An Airy disk is surrounded by concentric rings of lower intensity, and if

the beam is not aligned, the rings will be cut asymmetrically by the iris. Corrections

are made with these reference optical element pairs until the beam is aligned at

both iris apertures. Next we check to make sure that we have spatial and temporal

overlap. In most cases, temporal overlap remains from day to day as long as optics

aren’t added or removed from the experimental setup. To obtain spatial overlap, the
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movable mirror MM is inserted into the path to make use of the CMOS beam profiler

(Dataray). The CMOS is placed at the same distance from the RM as the interaction

volume so that the quality of the pump-probe overlap on the target can be observed.

With the gas of the HHG chamber turned off the low power IR beam in the XUV

pump beamline is used to mimic the placement of the APT since attosecond pulses

are produced twice each optical cycle of the IR pulses. The Al filter just past

the HHG chamber is removed so that the IR is not attenuated. Spatial overlap is

achieved by taking the overlapped beams, finding constructive interference, and

adjusting the pointing with mirror MI3 until maximum constructive interference

is obtained. If temporal overlap must be found, then coarse adjustments to MI1

can be made to quickly find it. Once the femtosecond IR pulses are overlapped,

the pump APT will be overlapped with the probe pulse.

With temporal and spatial overlap found, the output power is increased at the

amplifier output back up to about 15 W. Gas such as argon or neon is then supplied

to the HHG chamber with a backing pressure of tens to hundreds of mbar. At

this point, the phase matching can be optimized for producing the best harmonic

spectrum desired. The X-Y translation stage on the HHG chamber is used to adjust

the position of the generating gas until the laser focus is about 3 mm before the

gas capillary. Doing this prepares conditions for selecting the short trajectories of

HHG [51]. An iris placed before the HHG chamber also allows the spatial profile

to be trimmed as an additional parameter in the optimization. There are two

simultaneous methods for checking the quality of the harmonics. The first method is

that the XUV spectrometer can be used to see the harmonic spectrum directly. The

second is that the VMI can be turned on and the target gas can be supplied so that

the quality of the photoelectron spectrum can be observed. These two methods are

complementary because while the VMI has a sensitivity to photoelectrons associated

to photoelectrons emitted from the lower energy harmonics, the XUV spectrometer

is more sensitive to the higher energy harmonics.

Once the harmonics are optimized, the probe characteristics can be adjusted

to obtain the ideal polarization and intensity. A way to do this is to increase the
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intensity of the probe until ATI is observed. A photoelectron angular distribution

will appear whose top and bottom half will display a maximum vertical spread

when polarization is vertical. This is opposed to having the polarization parallel

to the flight axis, for which case the photoelectrons will eject directly down the

center of the flight axis. With the polarization fixed, the intensity can be reduced

just below the threshold required for ATI. the final step in preparation for the

measurement is tuning the stabilization system.

In this chapter, the development of the experimental setup has been presented.

The pros and cons of different schemes have been compared and contrasted.

Also shown are the schematics, resolution capabilities, and the advantages and

disadvantages of our apparatus to provide a more complete scope of the state of the

art while giving thorough details of our facility. The active stabilization system is also

an essential part of the experimental setup, but that is the subject of the next chapter.



"The intentions of a tool are what it does. A hammer
intends to strike, a vise intends to hold fast, a lever
intends to lift. They are what it is made for. But
sometimes a tool may have other uses that you don’t
know. Sometimes in doing what you intend, you also
do what the knife intends, without knowing."

— Philip Pullman The Subtle Knife
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3.1 Introduction

In this chapter, I present the design and performance of the active stabilization

system for our attosecond pump-probe setups based on a Mach-Zehnder interfer-

ometer configuration. The system employs a CW laser propagating coaxially with

the pump and probe beams in the interferometer. The stabilization is achieved

with a standalone feedback controller that adjusts the length of one of its arms

to maintain a constant relative phase between the CW beams. With this system,

52
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the time delay between the pump and probe beams is stabilized within 10 as rms

over several hours. The system is easy to operate and only requires a few minutes

to set up before any pump/probe measurements.

Recently, the advent of extreme-ultraviolet (EUV) light pulses in the attosecond

time scale has opened up new avenues for experimentalists to probe temporal aspects

of electron transitions in atoms, molecules and complex systems with unprecedented

precision [1, 7, 17, 21, 22, 24, 69]. In general, the temporal characterization of a

given electronic process is measured by exposing the target to both an attosecond

pump pulse (∼ 100 as) and a phase-locked optical IR probe field, with a variable

time delay between the two. To fully exploit the temporal resolution of attosecond

pulses for time-resolved study using such a pump-probe approach, the time delay

between the pump and probe pulses must be controlled with an attosecond resolution

as well. This requires the ability to linearly vary the delay with time steps of the

order of the pulse duration (or less), and, more importantly, to maintain it to

any desired value over extended periods of time.

The major difficulty to achieve such temporal resolution comes from the fact that

the spatial extent of an attosecond pulse is of the order of a few tens of nanometers

(∼ 30 nm for a 100-as pulse). As a consequence, any nanometer- scale fluctuations of

the path length difference between the paths followed by the pump and probe beams

inevitably lead to a timing jitter of the order of magnitude of the pulse duration

itself. Such nanometer-scale fluctuations are generally inherent in any experimental

setup due to beam pointing instabilities, thermal expansion of the optical table,

or vibrations of the mechanical structure of the optical system resulting from the

surrounding environment (air flow, vacuum pumps, chillers, etc.). The timing jitter

can be reduced down to a few attoseconds by using an experimental setup with

collinear geometry where both the attosecond pump and IR probe pulses propagate

along the same path up to the target [29, 70]. Unfortunately, a collinear geometry

prevents the user from being able to independently modify the temporal and spatial

profiles of the IR pump, or XUV probe beams. Due to the increasing number

of techniques that use a temporally-shaped driving field for the attosecond pulse
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generation [71, 72] and/or the necessity to tune the properties of the IR probe for

a particular time-resolved experiment [73], Mach-Zehnder interferometers, where

the two pulses propagate along different paths, emerge as a more popular scheme

in the community even though they are generally less stable [36, 74, 75].

When mentioning the passive stability for pump-probe setups in this chapter,

this is referring to how precisely and reliably the delay control performs its

task without support from a closed loop stability system. When mentioning

active stability, this refers to the precision maintained when additional measures

are taken by installing additional instrumentation into a closed loop stability

system. Such a system includes optics, electronics, and feedback control devices to

supplement the passive stability. Besides having a room with optimal conditions

such as temperature regulation and vibration damping optical tables, experimental

geometries are of utmost importance with regard to stability limits. There are

two atto-beamline geometries that are frequently used, the collinear geometry

where the attosecond pump and femtosecond probe take the same path sharing

special or custom optics, and the Mach-Zehnder layout which splits the laser into

spatially separated paths. Figure 2.1 shows the layout of these geometries and

explains the pros and cons of each.

3.2 Contemporary Methods in Active Stabiliza-
tion

To improve their stability, a few active stabilization systems have been already

proposed [27, 28, 75, 76]. They are generally based on a CW laser propagating

in both arms of the interferometer. The stabilization is achieved with an active

feedback system that adjusts the length of one arm of the interferometer to maintain

a constant relative phase between the two waves. The implementation of such a

relatively simple approach to attosecond pump/probe setups is not straightforward,

though. Indeed, a metallic foil is generally placed in the attosecond beam path to

filter out the attosecond pulses from their driving IR field, which also prevents the

propagation of the CW stabilizing beam. To circumvent this issue, one practical
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Figure 3.1: The two most commonly implemented pump-probe configurations. The
collinear setup combines both the femtosecond probe, and attosecond pump beams into
a single arm by sharing most of the same optical elements. It offers the most stable
configuration. The non-collinear (Mach-Zehnder) setup separates the two beams into
separate arms allowing the most tunability in each beamline, but it is generally less stable.

approach consists in propagating the CW laser in a spatially separate path adjacent

to that followed by the attosecond and IR beams. Successful designs for setting

up non-collinear schemes have been recently proposed, which have demonstrated

long-term stability of pump-probe delay as low as 50 as [28, 75]. Nevertheless,

despite their versatility, these non-collinear approaches only allow for a partial

stabilization of the interferometer as the optics forming the separate path acquire

an additional drift to that of the main path.

The coaxial propagation of the CW laser and the attosecond beam in the

interferometer can be achieved by using a small-diameter metallic filter (2-3 mm)

that allows a portion of the CW to pass around it [27, 76]. In such configuration,

the CW beams traveling along with the attosecond and the IR beams exit the

interferometer non-collinearly. This effect is due to the inherent wedge-shape of

the recombination mirror. A position sensitive detector (CCD or CMOS camera)

is then required to capture the interference pattern where the two beams cross.



3. An Optically-Locked Interferometer for Attosecond Measurements 56

Characteristic fringes appear for such an interference, and the spacing between

them is dependent on the phase difference between the two waves. In the crossing

of the waves, assume that the first is incident on a screen at normal incidence, while

the second is incident at an angle β. Recounting that the phase of a plane wave is

φ = k · r − ωt, (3.1)

where the wave vector k is in the direction of propagation having a magnitude

k = 2π
λ
, and λ is the wavelength of the light. In a simple case where the first

beam propagates in the ẑ direction, the wave vector is

k1 = 2π
λ
ẑ (3.2)

The wave coming in having an incidence at β, which we can say lies in the x-z

plane must have a form that satisfies that its magnitude is equal to what was

already mentioned, as well as reducing to Equation 3.2 when β is zero. The second

wave thus has a form k = kxx̂ + kzẑ where the following equation satisfies all

the aforementioned conditions,

k2 = 2π
λ

(sin(β)x̂+ cos(β)ẑ) (3.3)

If wave one has traveled an extra distance L, the phase difference ∆φ, which the

intensity depends upon is then

∆φ = 2π
λ

(sin(β)x+ cos(β)z − (z + L)) (3.4)

Maxima will of course occur when ∆φ = n× 2π where n is an integer. With some

rearrangement, (5.4) can then show the location and spacing of the fringe maxima:

xmax = nλ

sin(β) + x0 (3.5)

where x0 = (L + z − cos(β))/sin(β). The relative phase between the two beams

are deduced from the shifts of the interference fringes using Fourier-transform

interferometry [77]. This elegant approach is relatively easy to implement provided

that interference fringes of good contrast are formed. However, the use of a position
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sensitive detector puts a limit on the maximum feedback frequency achievable

(typically below 30 Hz), which is defined by the exposure time of the camera plus

the computational time required to extract the relative phase from the imported

2D image. In addition, the maximum achievable stability is limited by the level of

accuracy in the retrieval of the relative phase, which in turn depends on the spatial

resolution of the camera and/or the number and the quality of the interference

fringes, for example.

3.3 Active Stabilization System

A schematic view of the active stabilization system is shown in Figure 3.2. It

allows us to continuously control and stabilize the path length difference between

the two arms of the interferometer to practically any desired value. It is based

on a 5-mW continuous wave (CW) green laser (λ = 532nm) propagating in the

Mach-Zehnder interferometer coaxially with both the attosecond pump and IR

probe beams. The stabilization is achieved with an active feedback system based

on proportional–integral (PI) control that adjusts the length of one interferometer’s

arm (the one followed by the IR beam) to maintain a constant relative phase

between the two waves. A photodiode capturing the optical intensity fluctuations

induced by any phase shift between the two interfering waves provides a feedback

signal to a high-speed piezo controller, which corrects in return the position of the

mirror MI2 to maintain the optical intensity at a constant value. The control of

the relative path length between the two arms of the interferometer, on the other

hand, is achieved with a phase shifter [78] that imparts a controlled relative phase

between the two waves forcing the mirror MI2 to move to a desired position.

3.3.1 Implementation of PI Control

For a given system whose current state y(t) can be measured with a signal S(y(t)),

disturbances of the system will be evident as errors e(t) in S(y(t)). An accessible

example which is related to our situation is the measurement of a signal (say voltage)

representing position x(t) of an object. If we wish to maintain a steady position
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Figure 3.2: Schematic view of the optical actuator, which allows both the stabilization
and the control of the Mach-Zehnder interferometer used in the attosecond beamline. It
is based on a 532-nm CW laser propagating in the interferometer coaxially with both
the attosecond and IR beams. The stabilization is achieved with an active feedback
system that adjusts the length of one arm of the interferometer to maintain the relative
phase between the two waves constant. A phase shifter, on the other hand, imparting a
controlled relative phase to the waves, is used to adjust the relative path length between
the two arms of the interferometer to any desired value.

y0 (with signal S(y0)), called the set point, but a disturbance forces the object to

deviate to ye then the error is defined as the distance from the current position

to the set point e(t) = y0 − ye. A common way to correct for disturbances is to

use a proportional–integral–derivative (PID)controller, a feedback loop mechanism

continuously responds with a response described mathematically as a summation

of three terms: one term proportional to error, a term proportional with a time

integral with the error, and one with a derivative:

u(t) = kP · e(t) + kI ·
∫ t

0
e(t′)dt′ + kD ·

d

dt
e(t). (3.6)
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This equation can also be expressed in terms of an overall gain and time constants.

u(t) = kP

(
e(t) + 1

TI
·
∫ t

0
e(t′)dt′ + TD ·

d

dt
e(t)

)
. (3.7)

Although our system utilizes only proportional-integral (P-I) feedback control, the

action of all three terms can be described to give a full picture. The proportional

term gives the error, that is it gives a base rate at which the system responds to

reduce the error. The integral term tracks the progress with time that the system

is making to reduce the error to zero. If the response of the proportional term

alone is not driving the error to zero as needed (perhaps the system meets some

resistance) the integral term is summing this effect and uses it to ramp up the base

response until it drives the error down. Either way, as the error approaches zero, the

proportional term does too while the integral term balances and finally approaches

zero as well. The derivative term plays an important role. It keeps track of how

fast the error is changing. If the integral term cause a large transient response, the

feedback may cause the system to overshoot the desired setpoint. This is undesirable

in many systems. By tracking the rate of approach to the [zero] setpoint, and adding

an initial reponse that causes the response to slow down, overshoot is minimized

or avoided. If overshoot is not too serious of a problem, then the two essential

parameters are just the P-I terms, which is what we are equipped with.

In a typical PI controller, such as the one we are using(LB1005, New Focus), two

input signals are usually required. The inputs here are voltages (Figure 3.3). One

signal is the output of the system (not PI controller, but the experimental setup)

Vs(t) and the other is the reference signal r(t). The signal that the balanced optical

receiver provides as an input is a cosine, so it is centered at zero. No reference r(t)

is used, so zero is the effective set point r0. The PI controller can be adjusted with

a few main parameters. The overall proportional gain kP affects all three terms as

seen in equation 3.8. The PI filter is saturated when the strength exceeds 330 mV,

so the input is preemptively conditioned to be within +/- 300 mV. The PI corner

frequency defines the -3 dB point for which all lower frequencies have the integral

effect as the dominant term, and the proportional term dominates all frequencies
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Figure 3.3: The P-I control schematic in a closed loop configuration. On the far left, the
output Vs is fed back to the P-I controller. The setting Voffset is used to set the signal to
be centered at zero. The overall gain and PI corner frequency define the filter, and the
output control signal is amplified within the voltage limits. Next, this output voltage is
sent to the piezo voltage amplifier which converts the output voltage into the range used
by the actuator. The piezo transducer responds to correct the system, and finally the
interference is measured again to measure the stability of the interferometer.

beyond. The piezoelectric amplification module(12V40, piezosystem jena) that

drives the mirror stage has a resonance located at 400Hz, and since the PI corner

frequency does not define a cutoff the use of a low pass filter is required to stay

safely away from this point. The piezo amplifier is supplied externally by a 12-volt

power supply. The output of the PI controller is a signal with limits calibrated in

a dynamic range of 0.1 to 9.9 volts (the full range is 0 V to 10 V, but we don’t

want to force the piezo to it’s furthest limits and cause it to break). The voltage

in this range is converted to a voltage in the larger range of -10 V to 150 V which

corresponds to the range of motion for the stage of 80µm.

3.3.2 Optical System

The vertically polarized CW laser beam first combines with the femtosecond IR

beam by traveling through a broadband dichroic mirror (DM1) located outside

the attosecond beamline, and subsequently enters the interferometer through the

beamsplitter (BS). Both the transmitted and reflected beams propagate up to the
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hole-drilled recombination mirror where they exit the interferometer by traveling

through the hole and by reflecting off the back of the mirror, respectively. On

its way toward the recombination mirror, the outer part of the reflected beam

first passes around the thin-metallic filter, while its central part is blocked, and

then its polarization is rotated by 90◦ with a hole-drilled half-wave plate. At the

recombination mirror, the reflected and transmitted beams are thus orthogonally-

polarized. Due to the inherent wedge-shape of the mirror, the beams are also not

perfectly coaxial at the exit of the interferometer.

The angle occurs because, even with careful manufacturing, the reflective faces

are not perfectly parallel to each other resulting in a slight wedge shape. For

measurements to work, it is necessary for RM to be adjusted so that the attosecond

pulse train (APT) and probe pulses recombine and propagate coaxially onto the

target in the VMI chamber. Because of that alignment, the angle between the

CW beams appears. This deviation angle is corrected by a compact Michelson

interferometer (5-cm arm length) where they are first spatially separated with a

broadband polarizing beam-splitter (PBS), and then reflected back toward the

beamsplitter to recombine. By using a [broadband] polarizing beamsplitter (PBS)

(PBS-251, Thorlabs) instead of a non-polarized type, the orthogonally polarized

CW beams are separated from each other. It is not an intended use for a PBS to

act as a recombination point, this needs further explanation.

Briefly, the PBS is made by taking two prisms and applying a dielectric coating

to the base of one. The prisms are then cemented together to form a cube.

When the beamsplitter is mounted as instructed, p-polarized light is transmitted

while s-polarized light is reflected. The transmission and reflection of the beams

by polarization are better than 90% and 95.5% respectively. Since PBS is the

beamsplitting element of the Michelson optics, the CW beams reflect back into

the PBS to recombine. This use of the PBS works well, but it was designed with

transmission and reflection ocurring with an incoming beam from the side with the

dielectric coating. So any future use where higher laser power is desired should be
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exercised knowing that cemented optics have lower damage thresholds than standard

optics. These lower thresholds are due to absorption and scattering in the cement.

The incidence of the CW laser to the faces of the PBS and mirrors MS1 and MS2

are not normal, and the faces of the PBS and Mirrors are not parallel. Therefore

the point at which the polarized waves split at the dielectric coating and the point

at which they recombine are not the same. This is done on purpose because

we are not using the Michelson as an intererometer, but as an optical system to

correct the angle between them. With a proper alignment of the flat mirrors (MS1,

MS2), the orthogonally-polarized returning beams exit the Michelson interferometer

collinearly.An indication that we have achieved this is that instead of seeing the

vertical fringes that appear for beams that have an angular convergence, we see

circular fringe patterns that can only arise when the two waves are coaxial. There

is enough displacement between the points where the light is split and recombined

so that the beam can be sent into a balanced homodyne detection system composed

of a half-wave plate oriented at 22.5◦, a polarizing beamsplitter (PBS532), and a

balanced optical receiver (BOR) for the measurement of their relative phase. It

can be readily shown that the relative phase ’ between the two waves is encoded

into the signal S measured by the receiver as:

S ∝ EXUVEIRcos(ωτ). (3.8)

where EXUV and EIR are the amplitudes of the waves traveling along the XUV

and IR arms of the interferometer, respectively. The full mathematical description

will be shown in the next section and will incorporate the effects of the above

mentioned optics , the phase shifter, and the balanced optical receiver. As Equation

3.6 indicates, any fluctuation of the relative phase due to instabilities in the

interferometer leads to a modulation of the signal S measured by the balanced

receiver. The stabilization is thus achieved by maintaining the signal S constant

(equal to 0) with a feedback loop. The receiver provides an error signal to a high-

speed PI piezo controller that adjusts in return the position of the mirror MI2

in the interferometer to correct the phase shift between the two waves. For the
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Figure 3.4: The responsivity of the BOR (PDB 210-A, Thorlabs). This measure of the
photocurrent per unit of power shows an increasing efficiency for increasing wavelength.
We currently use a reference laser at 532 nm. A longer wavelength reference laser could in
principle offer not only a better responsivity, but more precision in the error control since
the optical cycle is longer (Smoother dynamic range to measure pilot beam intensity).

sake of driving the piezo stage safely below its resonance frequency (∼400 Hz), the

high-frequency components (>300 Hz) of the error signal are filtered out with a

low-pass filter before feeding it to the controller. I designed, assembled and tested

the RC low-pass filter before using it in the setup. I considered the -3dB point as

the cutoff. A filter design for 300Hz using a resistor of 470Ω requires a 1.13µF

capacitor in parallel. With the parts on hand I substituted a parallel use of a 1-uF

and 100-nF in its place placing the cutoff approximately at 308 Hz, still safely below

the resonance. The coaxial line coming from the balanced photodetector was split,

where one part of the signal was sent to an oscilloscope so that S(x(t)) could be

monitored, and the other line is connected in series to the filter which is sent to the

P-I module. Because the high frequencies are filtered from S(x(t)), the P-I module

does not measure them and there is no response to frequencies near or above the
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resonance. This will be seen in the section 3.4 on the results.

To ensure that the relative phase measured by the receiver is uniquely related

to the instability in the Mach-Zehnder interferometer, the Michelson interferometer

is also stabilized. The stabilization system is similar to the one used in the Mach-

Zehnder interferometer. It is based on a 633-nm CW laser polarized at 45◦ with

respect to the vertical direction. The laser beam’s divergence is first slightly

increased with a concave lens (LS) to match the angular deviation between the

two orthogonally-polarized 532-nm CW beams. The beam then combines with

the 532-nm beams by reflecting off a dichroic mirror (DM2) and it is finally sent

into the interferometer, where its s- and p-components propagate independently

in each arm. After exiting the interferometer, the beam is separated from the

532-nm beams with a second dichroic mirror (DM3), and the relative phase between

its s- and p-components is measured with a second balanced homodyne detection

system and stabilized with a feedback loop in a similar way to that described

above for the green CW laser.

3.3.3 Delay Control

An Evans’ phase-shifter [78, 79] placed at the exit of the Michelson interferometer

is used to adjust the position of the mirror MI2 and thus vary the relative time

delay between the IR and attosecond pulses. It imparts a controlled relative phase

between the two 532-nm waves that forces the mirror to move to a new position

so that the signal S measured by the balanced receiver remains constant. It is

composed of two quarter-wave plates oriented at +45◦ with respect to the direction

of polarization of the incoming CW beams, and a rotatable half-wave plate located

in between that controls the relative phase imparted to the CW beams. The effect

of a waveplate can in general be described with the Jones matrix [80]

M(θ) =
(
cos2θ + ξsin2θ sinθcosθ(1− ξ)
sinθcosθ(1− ξ) sin2θ + ξcos2θ

)
(3.9)

Where ξ is an exponential phase term that is characteristic to the optical element,

and θ is an angle with respect to p-polarization (horizontal polarization). For
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example, the values of ξ for a linear polarizer, a quarter waveplate, and half

waveplate are 1, eiπ/2, and eiπ respectively. Waveplates operate from the principle

that the index of refraction of some materials is wavelength dependent as well as

polarization dependent. Due to molecular structure in the material, polarization

along one axis, the fast axis, a given wavelength will travel faster than when

its polarization is oriented with the slow axis. The material thickness is cut so

that fractions of a wavelength of delay can be created between the polarization

components on the fast axis to the slow axis. A common use of a half-wave plate is

to rotate the polarization orientation of linearly polarized light. Having the fast

axis oriented at θ with respect to the initial polarization will rotate the orientation

by 2θ. A quarter-wave plate is commonly used to convert linearly polarized light

into circularly polarized light when the fast axis is at 45◦ with respect to the

polarization. With special combinations of these waveplates interesting effects, like

the one about to be shown, are possible. Jones matrices for a quarter-wave plate

(QWP) and half-wave plate (HWP) are written as:

MQWP (+45◦) = eiπ/4√
2

(
1 −i
−i 1

)
(3.10a)

MHWP (θ) =
(
cos2θ sin2θ
sin2θ −cos2θ

)
(3.10b)

The effect of the phase shifter on the incoming CW beams is mathematically

expressed by the product of the Jones Matrices from Eqs. 3.8a and 3.8b as

MQWP (+45◦) · MHWP (θ) · MQWP (+45◦).

M(θ) =
(
e−i2θ 0

0 −ei2θ
)

(3.11)

where θ is the angle between the horizontal direction and the half-wave plate’s fast

axis. As the matrix M indicates, the phase-shifter imparts to the orthogonally-

polarized waves a relative phase equal to 4θ + π . By rotating the half-wave plate,

the relative phase can thus be continuously tuned, so as the position of the mirror

MI2 (2128 nm per revolution). A picture of the effects in the figure below: The

effects of this phase shifter and balanced homodyne detection can be explained

with the sequential effects on the waves after they have left the Michelson optics.
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Figure 3.5: The effects of the Evans phase-shifter, and remaining optics leading up to
the balanced homodyne detection, are shown on two orthogonally polarized waves of the
reference beam. The waves propagate from the top right to the bottom left. A phase is
added between them shown as a red line segment. The polarization picture is then used
to show that HWP rotates each polarization. Finally the PBS separates the vertical and
horizontal components. Mirrors then direct the two intensities to the BOR where the
signal S(x(t)) is measured.

In the top right corner of Figure 3.2, the orthogonal waves propagate toward the

phase-shifter, and can be expressed with the equations

ẼIR = EIR,0 · ei(kz−ωt+ωτ)x̂ (3.12a)

ẼXUV = EXUV,0 · ei(kz−ωt)ŷ (3.12b)

After the phase shifter, the added phase of +/−2θ to vertical/horizontal light results

in

ẼIR = EIR,0 · ei(kz−ωt+ωτ−2θ)x̂ (3.13a)

ẼXUV = EXUV,0 · ei(kz−ωt+2θ)ŷ (3.13b)
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After the phase-shifter, the light waves approach the HWP at 22.5◦ which rotates

the polarizations, effectively giving each a vertical and horizontal component:

ẼIR = EIR,0√
2
·
(
ei(kz−ωt+ωτ−2θ)x̂+ ei(kz−ωt+ωτ−2θ)ŷ

)
(3.14a)

ẼXUV = EXUV,0√
2
·
(
ei(kz−ωt+2θ)x̂− ei(kz−ωt+2θ)ŷ

)
(3.14b)

After this the polarization components are separated with the polarizing beamsplit-

ter. Since they are coaxial, they interfere. The Interferences of each polarization are:

Ix = cε0
4
[
E2
IR + E2

XUV + 2EXUVEIRcos(ωτ − 4θ)
]
. (3.15a)

Iy = cε0
4
[
E2
IR + E2

XUV − 2EXUVEIRcos(ωτ − 4θ)
]
. (3.15b)

With a better picture of the polarization effects, the action of the BOR mentioned

in section 3.3.1 (PDB 210-A, Thorlabs) can be better explained. It collects the two

intensities individually in each one of its two photodiodes. The PDB 210-A consists

of two large-area photodiodes, and an ultra-low noise, high-speed transimpedence

amplifier. It generates an output voltage that is proportional to the difference of

the photo currents of the photodiodes. The difference signal when both active

stabilization and delay control are in use will have a form resembling Equation 3.6

with the addition of the added phase from the phase shifter:

S ∝ EXUVEIRcos(ωτ − 4θ). (3.16)

So it is easily seen that a benefit of such a balanced homodyne detection system

is that DC and additional common noise that propagates in each arm even after

change in polarization is cancelled out by the detection. We operate the CW laser at

5 mW, well below the damage threshold for the balanced photodetector of 20 mW.

Using a rotational stage (URS50BCC) with sufficient angular precision (typical

accuracy of ±10 mdeg), the time delay between the IR beam and the attosecond

pulse is controlled with an accuracy down to a few attoseconds (∼ 20 as per degree).

The active stabilization system is used routinely in our laboratory to control and

stabilize the delay between the attosecond and the IR pulses. It is easy to operate
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and only requires a few minutes to set up before any pump-probe experiments. We

present below some measurements that demonstrate its capability to control the

time delay between the two pulses with an attosecond temporal resolution and

to maintain it to a given value over several hours.

3.3.4 Stability Measurements

A typical long-term measurement of the relative path length drift in the Mach-

Zehnder interferometer without active stabilization is shown in Figure 3.6.a. The

measurement was taken during day-time when the level of vibration in the laboratory

is nearly at its maximum. The relative path length drift was deduced from the

interference pattern produced by the 532-nm laser and captured by the CMOS

camera (WinCamD XHR, DataRay) located at the exit of the interferometer. An

image of the 2D pattern was recorded every second. To measure a strong signal, for

as little signal to noise ratio as possible, I developed an algorithm that would used

the central intensity peak of the interference pattern captured. The challenge to this

is that over long periods of time, hours long, not only will the intensity fluctuate

due to the jitter of the interferometer path length difference, but the position of the

spatial pattern itself will drift around on the CCD surface. It was very fortunate

that such drifts do not result in the intensity to completely leave the sensitive region.

Thus a careful programmatic design could, in theory capture the signal.

The camera data acquisition was fully controlled with LabVIEW, which allowed

us the capability to record and process the raw data all at once. To record the

signal, my algorithm had to do three things reliably. First, the central intensity

peak had to be recorded, so the first feature added was one that allowed the user

to take a freely moving cursor on the X-Y graph and easily place it on the center

of the intensity as well as a user defined radius ru that cuts out everything but

this central disc. Secondly, such long measurements invariably lead to fluctuations

of the signal to noise ratio. So this was fixed by first selecting a small corner of

the signal far away from the illumination and using it as a floor noise to average

and subtract away from the full 2D signal. At each frame, the maximum intensity
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was taken, and optionally a threshold which was defined as some percentage of

the maximum intensity was used as a cutoff. This had a sharpening effect on the

edges of the image when chosen carefully. The X-Y drifting was certainly the most

complicated issue and requires its own dedicated explanation.

To take the signal of the central intensity peak as a function of time either

stationary or with delay control, the center of the peak must be known and response

will allow this portion to be followed even as the pointing direction drifts. It

would not be enough to simply find the pixel position of the maximum intensity,

because this position fluctuates much faster than the drift of the entire disc. This

is because a small region of neighboring pixels near the middle have close to

uniform intensity, even small fluctuations would cause the maximum to jump

sporadically. Naturally this lead to the defining of the intensity center of mass.

Because of the 2D nature of the image, a coordinate for the intensity center of

mass across the x direction (columns) and along the y direction (rows) was found.

The formulation for this appears as:

Icm,x = 1
Itotal

N∑
i=0

Ii · (xi − x0) (3.17a)

Icm,y = 1
Itotal

N∑
j=0

Ij · (yj − y0) (3.17b)

Here, Itotal is the total intensity of the square selection having edge length of twice

the user defined radius, and centered at the cursor point. I also used the constraint

that (xi− x0)2 + (yj − y0)2 ≤ r2
u, where ru is the parameter mentioned earlier in the

section which defines a circular area encompassing the Airy disk. The coordinates

(x0, y0) specify the center of the circle. The associated algorithm causes the center

of this area to follow the intensity center of mass. A row element is designated

with xi, and a column is designated with yj. The position of the intensity center

of mass was found to be far less sensitive than the max intensity point described

before. Once this position was found, the shift of the position was taken and added

to the prior center so that if a drift occured, the center of image capture drifted

just as much. The integrated intensity of the central peak was normalized by the
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intensity of the full image to correct for both the laser intensity and the camera

efficiency fluctuations. I would like to note that this was possible for us because

the central peak of the Airy disk was far away from neighboring local maxima, and

the spatial stability was good enough to prevent large drifting.

The resulting signal was then converted to the time delay between the two

waves traveling in the interferometer. It can be seen that the time delay drifts

considerably over the duration of the measurement. The peak-to-peak drift is about

300 as over two hours while the stability is of the order of 72 as rms. Such a

temporal drift is significantly larger than the typical duration of the attosecond

pulses (∼ 100 as). The origins of the drift have not been clearly identified. But it is

worth noting that the passive stability of our interferometer is quite comparable

in magnitude to those of interferometers entirely placed under vacuum conditions

[28, 75], which are known to be generally more stable. This indicates that possible

air flows in the portion of our interferometer placed in atmospheric conditions

may not be the main source of instability.

As a comparison, the long-term measurement of the stability of the Michelson

interferometer without active stabilization is shown in Figure 3.6.b. The relative

path length drift was deduced from the signal measured by the balanced homodyne

detection system. As expected, the temporal drift is significantly better than that

of the Mach-Zehnder interferometer. The peak-to-peak drift is of the order of

100 as over two hours while the stability is about 26 as rms. We have observed

that the drift is mainly generated by temperature fluctuations in the laboratory

resulting from the cooling/heating cycles of the air conditioning unit. For most of

the attosecond pump-probe experiments, which are performed with a time step

of the order of 100 to 200 as, such a drift would not significantly decrease the

temporal resolution of the measurement. Nevertheless, to achieve the highest

level of stability in the Mach-Zehnder interferometer, an active stabilization of

the Michelson interferometer is necessary.

The long-term measurement of the relative path length drift of the Mach-Zehnder

interferometer when both interferometers are actively stabilized is shown in Figure



3. An Optically-Locked Interferometer for Attosecond Measurements 71

0 20 40 60 80 100 120

Time [min.]

-200

-100

0

100

200
T

im
e
 d

e
la

y
 [
a
s
]

Mach-Zehnder unstabilized

0 20 40 60 80 100 120

Time [min.]

-200

-100

0

100

200

T
im

e
 D

e
la

y
 [
a
s
]

Michelson unstabilized

0 10 20 30 40 50 60 70 80 90 100 110 120

Time [min.]

-200

-100

0

100

200

T
im

e
 D

e
la

y
 [
a
s
]

Mach-Zehnder stabilized

0 200 400 600 800

Frequency [Hz]

0

0.5

1

In
te

n
s
it
y
 [
a
rb

. 
u
.]

Mach-Zehnder unstabilized

0 200 400 600 800

Frequency [Hz]

0

0.5

1

In
te

n
s
it
y
 [
a
rb

. 
u
. 
]

Mach-Zehnder stabilized

a b

c

d e

Figure 3.6: Relative path length drift in the Mach-Zehnder (a) and Michelson (b)
interferometers without active stabilization and long-term stability of the Mach-Zehnder
interferometer when both interferometers are actively stabilized (c). Spectral composition
of the short-term stability of the interferometer without (d) and with (e) active stabilization.
The arbitrary units in both (d) and (e) are normalized to the DC component in (d) so
that we can compare the data in these subfigures. The constant height of the peak at 820
Hz (turbopumps, outside the PI or filter response) indicates this use of arbitrary units is
appropriate.

3.6.c. A stability of 11 as rms is achieved over a period of 2 hours. Such a level

of stability is somewhat higher than those measured in similar setups [27, 28, 75]

and is very close to those achievable with collinear attosecond setups [29].

To identify the limiting factors for the attainable stability, a short-term mea-

surement of the interferometer stability was performed using a photodiode in place

of the CMOS camera. Figures 3.6.e and 3.6.d show the spectral composition of

the short-term stability with and without active stabilization of the interferometer,

respectively. The spectrum corresponding to the unstabilized interferometer reveals
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several sources of vibration in our system. The region below 400 Hz is mainly

dominated by vibrations in the building (0-200 Hz) and additional mechanical

resonances of the experimental setup (200-400 Hz). On the other hand, the well-

defined vibration peak located at 820 Hz is generated by the turbo-molecular pumps.

With active stabilization, it can be seen that vibrations below 300 Hz have been

almost fully canceled out, which suggests that the attainable stability is mainly

limited by vibrations generated by the turbo-pumps.

3.3.5 Time Delay Control

The capability of the system to accurately control the time delay between two

beams traveling in the interferometer is demonstrated in Figure 3.7. The time delay

was deduced from the interference pattern produced by the 532-nm CW laser using

the method described previously. Figure 3.7.a shows the signal measured with the

BOR as the angle of the Evans’ phase shifter is changed with angular rotations

corresponding to steps in time. I already showed that a rotation in θ in the Evans

phase-shifter causes a change in phase of 4θ + π. This means that the angular step

size (difference) is 4θ. A full rotation of 360◦ would cause a change by 4 cycles. In

terms of the wavelength in nanometers, for our green light reference laser a 360◦

rotation causes 2128 nm of travelled distance, or four times the period of the light,

7, 093.3̄as. We used steps of 20 as ( 1◦) over a range of 30 fs ( 1500◦).

The signal displayed a sinusoidal behavior, but additionally the phase itself

appeared to oscillate giving the signal a longitudinal modulation with delay. This

phase oscillation artifact was periodic with what seemed to be every four cycles,

which was every full rotation of the half-wave plate. Since it is already a known

fact that the faces of optical elements are not parallel, but have a wedge shape,

a systematic error was realized for our situation. Because our beam cannot be

perfectly centered on the HWP, the wedge shape is experienced by the waves as

a changing thickness with time. In performing a curve fit for our signal I added

a cosine term to the phase to make room for this correction. Additionally, the

envelope of the sinusoid displayed a modulating envelope. The upper and lower
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envelopes of the sinusoid were found using the peaks within intervals having length

of 50 samples each. The position of the middle of the envelope is found and used to

position the signal middle to zero. Then, by dividing by half the envelope width,

the signal is normalized between -1 and 1. The equation was given the form

f(θ) = C1cos
(

2π(θ − C3)
C2

+ C4cos
(

2π(θ − C6)
C5

))
+ C7. (3.18)

Because the signal was a cosine that was normalized with the envelope, C1 was

equal to one and the amplitude offset term C7 was equal to zero. The argument

inside has two phase constants, C3 and C6. The terms for the period of the cosine C2

and as well as the one for the longitudinal oscillation C5 caused by the HWP were

1/4 the period of the 532-nm reference laser and the full period respectively. The

signal exhibits a remarkable cosine-wave shape, which indicates that the time delay

between the two waves is accurately controlled. The level of accuracy in controlling

the delay is better observed in Figure 3.7.b where the time delay deduced from the

modulated signal is plotted as a function of the phase shifter’s angle. As can be seen

in the figure, the linear relationship between the time delay and the phase shifter’s

angle is quite strong. The deviation from a perfect linear relationship mostly comes

from the error in the time delay measurement around the maxima and minima of the

modulated signal, where the error becomes comparable to the step size, and from

the instability in the interferometer. As the statistical distribution of the delay steps

shows in the subplot of Figure 3.7.b, the time delay is controlled to within 10 as,

which corresponds to the level of stability of the interferometer. The distribution of

step sizes was fitted with a Lorentzian function, and the deviation from the expected

value is seen to stay neatly within the bounds of its full width at half maximum.

3.3.6 Application for Attosecond Pump-Probe Measurements

To test the level of performance of the stabilization system for attosecond pump/probe

measurements, it was used to drive a RABBITT (Reconstruction of Attosecond

Beating by Interference of Two-photon Transitions) experiment [7, 18], where

an attosecond pulse train (APT) made of odd-order harmonics is used to ionize
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Figure 3.7: Control of the time delay between two 532-nm waves traveling in the
interferometer: Interference signal captured by the photo-detector (a) and time delay
between the two waves (b) as a function of the angle of the Evans’ phase shifter. The
subplot in (b) displays the statistical distribution of the delay steps deduced from the
interference signal.

an atomic target in the presence of a weak IR field. In such an experiment, a

spectrogram is formed by measuring the photoelectron spectra as a function of the

time delay between the APT and the IR field. The photoelectron spectra exhibit

peaks at photoelectron energies corresponding to one-photon absorption of the odd

harmonics, and located in between, sideband peaks resulting from two- photon

transitions (absorption of one XUV photon plus absorption or emission of one

IR photon). Two different quantum paths involving two consecutive harmonics

contribute to the same sideband quantum state, and thus interfere. As a consequence,

the intensity of each sideband peak oscillates with the time delay between the APT

and the IR field at twice the frequency of the IR field, as predicted by second-

order perturbation theory [81]:

ISB ∝ cos(2ωIRτ + φspectral + φatomic). (3.19)

where ωIR is the frequency of the IR field, τ is the time delay between the APT and

IR field, and φspectral and φatomic are the relative spectral phase between two consec-

utive harmonics, and the atomic phase of the photoionization process, respectively.

The experiment was performed with the setup described in section 2. Attosecond

pulse trains made of odd harmonics of the fundamental 800- nm field were generated

in argon via high harmonic generation. The pulse trains were then filtered to
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Figure 3.8: RABBITT experiment in argon with 50-as delay step. (a) Photoelectron
energy spectra as a function of the time delay between the APT composed of odd
harmonics and the IR field. The colorbar measures electron counts with 1 being the higher
count intensity. (b) Envelope-normalized intensity of sideband H18 (formed by harmonics
17th and 19th) as a function of the time delay. (c) Short-time Fourier transform of the
H18-sideband intensity modulation (13.5-fs window, 50-as time step). (d) H18-sideband
period deduced from the frequency measured in (c) as a function of time.

remove harmonics below the 11th order and finally focused into an effusive gas jet

of argon. The photoelectron energy spectra were measured with a velocity-map

imaging system [57] and reconstructed using the DAVIS inversion procedure [62]. A

typical spectrogram (measured over a period of 1.5 hours) is shown in Figure 3.8.a.

The delay between the APT and IR field was scanned over 30 fs with 50-as time

steps. At each delay, the photoelectron energy spectrum was recorded by collecting

photoelectrons produced by roughly 105 pulse trains. The envelope-normalized
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modulation of the peak intensity of sideband H18 as a function of the delay is

plotted in Figure 3.8.b. Except for small deviations due to statistical fluctuations in

the measurement, the modulation exhibits a clear cosine-wave shape, as described

by Equation 3.19. The period of the oscillation is about 1.35 fs, which corresponds

to half the period of the 800-nm IR field.

The short-time Fourier transform (STFT) of the H18-sideband intensity modu-

lation is displayed in Figure 3.8.c. The STFT of S(x(t)) was calculated by sliding

an analysis window of length 13.5 fs over the signal at steps of 50 as and computing

the discrete Fourier transform of each window segment. An overlap is specified

so that signal attenuation at the window edges is compensated. The signal was

expected to remain close to the 1.35-fs half-period, and the STFT reveals that the

periodicity of the modulation is remarkably constant over the full 30-fs delay range.

This is further demonstrated in Figure 3.8.d where the fluctuation of the sideband

period deduced from the STFT analysis is represented as a function of time. It

can be seen that the peak-to-peak fluctuation of the period is about 30 as over

the duration of the measurement (1.5 hours) while the standard deviation is about

6 as, which demonstrates the capability of the stabilization system to accurately

stabilize and control the time delay between the APT and IR field. This result

could in principle depend on the time window length of the STFT, but we have

chosen window which is so large (1,350 as) in comparison to the delay step (50 as)

that we assume an error contribution from this is negligible.

3.4 Conclusion

In this work, we have developed a stabilization system for attosecond pump-probe

setups based on a Mach-Zehnder configuration. The system uses a CW laser

propagating coaxially with the pump and probe beams in the interferometer. At

the exit, the CW beams are recombined collinearly to produce a strong interference

pattern allowing for a precise measurement of their relative phase. The stabilization

of the interferometer is achieved with a standalone feedback controller that adjusts

the length of one arm of the interferometer to maintain a constant relative phase
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between the CW waves. The maximum stabilization rate is set by the resonance

frequency of the piezoelectric stage used. With such a system, we have shown that

the relative path length of our 2m-long interferometer can be stabilized within 3

nm over several hours, which corresponds to a timing jitter between the pump

and probe beams as low as 10 as rms (subplot of Figure 3.7.b). The system is

easy to operate and only requires a few minutes to set up before any pump-probe

experiments. Due to its long-term stability, the system is well-suited for low-count

experiments that require data collection over an extended period of time.
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ratory an experiment involving just a few electrons
in simple circumstances, then we can calculate what
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In this work, we report on coherent control of electron dynamics in atoms via

attosecond pulse-shaping. We show that the photoelectron emission from argon gas

produced by absorption of an attosecond pulse train (APT) made of odd and even

harmonics can be manipulated along the direction of polarization of the light by

tuning the spectral components (amplitude and phase) of the pulse. In addition,
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we show that APTs produced with a two-color (400- plus 800-nm) femtosecond

driving field exhibit high temporal tunabilty, which is optimized for an intensity

ratio between the two colors in the range of 0.1 to 5%.

4.1 Theoretical Models for the Strong Field Ap-
proximation for HHG

The following is a theoretical development for the SFA theory which we use as the

foundation to model our harmonic spectrum. The development comes from a tutorial

by Le et. al. [15]. Another classic reference that can be used is Fundamentals of

Attosecond Optics [13]. This treatment of SFA goes into more depth than the one

in Chapter 1. A thorough physical model for SFA is developed first, followed by

simplifications with the saddlepoint approximation. Such simplifications allows one

to go from having to compute taxing numerical solutions to an accurate and much

simpler analytical one. Atomic units are used throughout this section.

4.1.1 The Lewenstein Model

The SFA as we know it today was refined by Lewenstein and L’Huiller [11]. Keldysh

[14] developed an early version of this theory much earlier for photoionization by

intense laser fields, and Reiss [82] and Faisal [83] brought subsequent improvements

later. What follows is a summary of the theory which is given in great detail by [15].

We use atomic units where ~ = me = e = a0 = 1, and a0 is the Bohr radius. If we

begin by considering the system where an atom or ion is immersed in an intense laser

field, and the system is approximated by the SAE case, the Schrödinger equation is

i
∂

∂t
|Ψ(r, t)〉 =

(
−1

2∇
2 + V (r) + r ·E(t)

)
|Ψ(r, t)〉 , (4.1)

where V (r) = −1/r is the coulombic potential, and E(t) is the laser field. The

Hamiltonian can be shown as a contribution from a Hydrogen-like system as well

as one from the laser interaction.

H(t) = H0 + r ·E(t). (4.2)
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The Hydrogenic Hamiltonian is

H0 = −1
2∇

2 + V (r). (4.3)

It is used to define the ground bound state with energy −Ip

H0 |ψg〉 = −Ip |ψg〉 , (4.4)

as well as excited bound states with energy Ee

H0 |ψe〉 = Ee |ψe〉 . (4.5)

Additionally, the continuum electron with momentum k is described with

H0 |k〉 = k2

2 |k〉 . (4.6)

Next, consider the Laser intensity to be high enough for the Keldysh [14] parameter

to behave as γ < 1, but low enough to not deplete the ground state. Also include

the assumption for which the tunnel ionization delivers the electron directly to

the continuum, bypassing intermediate states and resonances. This allows the

wavefunction to be shown as an expansion of ground state and its trajectory in

the continuum during step 2 of the TSM

|Ψ(t)〉 = ei(Ipt)
(
|ψg〉+

∫
d3kb(k, t) |k〉

)
. (4.7)

As described in chapter 1, the dipole moment is an essential element to calculate

the HHG spectrum. The time-dependent dipole moment is

Di(t) = ei ·D(t) = ei · 〈Ψ(t)|r|Ψ(t)〉 . (4.8)

After this calculation, the power spectrum obtained by the Fourier transform

represents the HHG yield. In terms of the wavefunction from Equation 4.7,

the dipole moment is

D(t) =
∫
d3k 〈ψg|r|k〉 b(k, t) + c.c. (4.9)
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To develop a more intuitive version of this requires the introduction of the time

evolution operators. The first one for the total Hamiltonian, U(t,t’), where t is

the later time and t’ is the initial time, is defined by

|Ψ(t)〉 = U(t,−∞) |Ψ(−∞)〉 = U(t,−∞) |ψg〉 . (4.10)

Another operator for the absence of the laser is

U0(t,−∞) |ψg〉 = eiIpt |ψg〉 . (4.11)

The amplitude b(k, t) from Equation 4.9 can be rewritten in terms of the time evolu-

tion as

b(k, t) = e−iIpt 〈k|U0(t,−∞)|ψg〉 . (4.12)

When this equation is substituted into Equation 4.9, we get

D(t) =
∫
d3ke−iIpt 〈ψg|r|k〉 〈k|U0(t,−∞)|ψg〉+ c.c.

= e−iIpt 〈ψg|rU0(t,−∞)|ψg〉+ c.c.
(4.13)

S-matrix theory can be used to re-express this as

D(t) = e−iIpt
(
−i
∫
dt′ 〈ψg|rU(t, t′)r ·E(t′)U0(t,−∞)|ψg〉

)
+ c.c.

= e−iIpt
(
−i
∫
dt′ 〈ψg|rU(t, t′)r ·E(t′)e−iIpt′|ψg〉

)
+ c.c

(4.14)

In contrast to Equation 4.2, the Hamiltonian can also be shown to portray the

electron in the laser immersed continuum with a separate contribution by the

ionic potential as follows:

H(t) = HF (t) + V (r) (4.15)

The Hamiltonian for the electron in the field is

HF (t) = −1
2∇

2 + V (r) ·E(t). (4.16)

The Volkov states which are the eigenstates for HF , in the length gauge, have

been found as

|χp(t)〉 = |p+A(t)〉 e
−i
∫ t
−∞ dt′′

1
2 [p+A(t)

]2. (4.17)
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In this equation, |p〉 and A(t) are the plane wave solution and vector potential

respectively. The time evolution operator, UF (t,t’) for HF is defined by

UF (t, t′) =
∫
d3p |χp(t)〉 〈χp(t′)| . (4.18)

And if the potential V (r) is considered small, the following approximation can be

made for the total Hamiltonian time evolution operator

U(t, t′) = UF (t, t′). (4.19)

The dipole moment can now be show to be

D(t) = −i
∫ t

−∞
dt′
∫
d3pe−iIpt 〈ψg|r|p+A(t)〉

×E(t′) · 〈p+A(t)|r|ψg〉 eiIpt
′
e
−i
∫ −∞
t

dt′′
1
2 [p+A(t)]2

+ c.c.

(4.20)

A more compact form can be used in terms of dipole matrix elements

D(t) = −i
∫ t

−∞
dt′
∫
d3pd∗(p+A(t))E(t′)d(p+A(t′))e−iS(p,t,t′) + c.c. (4.21)

where d(p) = 〈p|r|ψg〉, and the phase term S(p, t, t′) is

S(t) =
∫ t

t′
dt′′

(1
2[p+A(t′′)]2 + Ip

)
. (4.22)

4.1.2 Saddle-point Approximation for Linear Polarization

Up to this point, numerical solutions for this theory of SFA generates very accurate

results. But, in order to have a simpler, analytical solution, further work is required.

The greatest simplification can be brought about by means of the saddle-point

method. Although this can be generalized for arbitrary dimensions and laser

polarization, what follows is a treatment for linear polarization. This in turn

constrains the system to one dimension. Before applying the saddle-point method,

a general demonstration for a relevant case will be shown. First, the following

integral portrays those like Equations 4.20 and 4.21.

I =
∫ ∞
−∞

dωE(ω)eif(ω) (4.23)
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Here, the term E(ω) varies slowly while eif(ω) is much faster. The integral is

dominated by the slowly varying term near the saddle-points ωs that come from

the first derivative test,

f ′(ωs) = 0. (4.24)

Because there are, in general, a set of saddle-points, the integral is reduced to a

sum of the contributions by each one. This is expressed as

I ≈
∑
s

√
2πi

f ′′(ωs)
E(ωs)eif(ωs). (4.25)

This eliminates one of the integrals in Equation 4.20 to greatly simplify things to

Dx(t) = −i
∫ t

−∞
dt′
( −2πi
t− t′ − iε

)3/2
d∗x(ps + A(t))

× dx(ps + A(t′))E(t′)e−iS(ps,t,t′) + c.c.

(4.26)

Although this is a major step in reducing the complexity, there is hardly any loss in

the level of accuracy. When the full numerical SFA model is used as a benchmark,

the saddle-point approach is in remarkable agreement.

4.1.3 Quantum Orbits

Before, it was said that the HHG yield is obtained by taking the Fourier transform

of the dipole. More specifically this is

P (ω) ∝ ω4|Dx(ω)|2. (4.27)

Where the Fourier transform is

Dx(ω) =
∫ ∞
−∞

Dx(t)eiωtdt = D(+)
x (ω) + [D(+)

x (−ω)]∗, (4.28)

where

D(+)
x (ω) =

∫ ∞
−∞

dt
∫ t

−∞
dt′
( −2πi
t− t′ − iε

)3/2
d∗x(ps + A(t))

× dx(ps + A(t′))E(t′)e−iΘ(ps,t,t′),

(4.29)

where ε is an artifact to help avoid singularity issues. In Equation 4.29 we have

Θ(ps, t, t′) = S(ps, t, t′)− ωt, (4.30)
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S(ps, t, t′) =
∫ t′

t
dt′′

(1
2[ps + A(t′′)]2 + Ip

)
, (4.31)

and saddle-points

ps = − 1
t− t′

∫ t′

t′
A(t′′)dt′′. (4.32)

If the saddle-point method is applied to the above equations then we obtain

1
2[ps + A(t′)]2 = Ip, (4.33)

and
1
2[ps + A(t)]2 = ω − Ip. (4.34)

Equations 4.33 and 4.34 have solutions for a set of saddle-point times (ts, t′s). The

one dimensional dipole is approximately the classical counterpart of the Fourier

transform in Equation 4.28,

Dx(ω) ≈ D(+)
x (ω) =

∑
s

Dx,s(ω), (4.35)

where Dx,s(ω) is the one dimensional dipole moment for a given quantum orbit.

Dx,s(ω) = −i

√√√√ (2πi)2

det(S ′′)

(
−2πi
ts − t′s

)3/2

d∗x(ps + A(ts))

× dx(ps + A(t′s))E(t′s)e−iΘ(ps,ts,t′s)

(4.36)

The matrix embedded within this equation is

S ′′ =


∂2S(ps, t, t′)

∂t2
∂2S(ps, t, t′)

∂t∂t′
∂2S(ps, t, t′)

∂t′∂t

∂2S(ps, t, t′)
∂t′2


t=ts,t′=t′s

. (4.37)

The compact version of the dipole equation now becomes

Dx(ω) = d∗x(
√

2(ω − Ip)dx(i
√

2Ip)

×
∑
s

2πεε′√
det(S ′′)

(
−2πi
ts − t′s

)3/2

= d∗x(
√

2(ω − Ip)w(ω),

(4.38)

where εs and εs’ are factors that can have a value ±1 for the sign of the elec-

tron momentum.
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4.1.4 Quantum orbit theory with a monochromatic laser

Solutions to Equations 4.33 and 4.34 represent the times for the electron trajectories

as explained in the TSM. Another name for this excursion is quantum orbit. This

can be found for the general case of three dimensions, but if the laser is chosen

to be a linearly polarized, monochromatic cosine wave, a simple analytic solution

results in one dimension. The vector potential is easily obtained

A(t) = −
∫
E0cos(ωLt′)dt′ = −

E0

ωL
sin(ωLt). (4.39)

Immediately following, we find the saddle-point for the momentum which comes

by substitution of Equation 4.39 into 4.32

ps = 1
t− t′

∫ t

t′
A(t′′)dt′′ = −E0

ωL

(
cos(ωLt)− cos(ωLt′)

ωLt− ωLt′

)
. (4.40)

After substituting Equations 4.39 and 4.40 into Equations 4.33, and 4.34, as well

as using the relations ωLt = θ and ωLt
′ = θ′ the born and recombination times

can be obtained by solving both(
cosθ − cosθ′

θ − θ′
+ sinθ′

)2

= − Ip
2Up

= −γ2, (4.41)

and (
cosθ − cosθ′

θ − θ′
+ sinθ

)2

= ω − Ip
2Up

= ω̃

2 , (4.42)

where Up = E2
0/4ω2

L. Finally, the phase factor Θ is expressed in terms of these

solutions, the ponderomotive energy, and the Keldysh parameter as

Θs = 2Up
wL

γ2 + 1
2 −

(
cosθs − cosθ′s

θs − θ′s

)2
 (θs − θ′s)

−
[2Up
wL

(sin(2θs)− sin(2θ′s))−
(
ω̃

2 + γ2
)
θs)
]
.

(4.43)

We also considered a two-color case. We can rewrite Equations 4.39 to 4.42

by adding the second harmonic i.e. 2ωL beginning with

A(t) = −
∫
E0 (cos(ωLt′) + rcos(2ωLt′ + φ)) dt′

= −E0

ωL

(
sin(ωLt) + r

2sin(2ωLt+ φ)
)
.

(4.44)
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In this equation, r is the ratio of the second harmonic field to the fundamental

and φ is the phase between them. With this vector potential Equation 4.40

for the two-color case is

ps = −E0

ωL

[
cos(ωLt)− cos(ωLt′)

ωLt− ωLt′
+ r

4

(
cos(2ωLt+ φ)− cos(2ωLt+ φ)

ωLt− ωLt′

)]
. (4.45)

The saddlepoint equations become

(
cosθ − cosθ′

θ − θ′
+ sinθ + r

4

(
cos(2θ + φ)− cos(2θ + φ)

θ − θ′

)
− r

2sin(2θ + φ)
)2

= −γ2

(4.46)

(
cosθ − cosθ′

θ − θ′
+ sinθ + r

4

(
cos(2θ + φ)− cos(2θ + φ)

θ − θ′

)
− r

2sin(2θ + φ)
)2

= ω̃

2
(4.47)

Now the only remaining issue is obtaining the dipole matrix element to use. If

the ground state has a simple Hydrogenic behavior, the dipole matrix element

is Gaussian in nature,

dx(p) = 〈pex|x|ψg〉 = i
( 1
πa

)3/4 p

a
e−p

2/2a, (4.48)

where a = 0.8IP . So the dipole matrix element is related to the generation gas

by its ionization potential. The Gaussian proves to be a suitable option, and

allows us to obtain a solution at last.

4.2 Introduction

Coherent control of quantum phenomena in matter through its interaction with light

is a fast-growing field in ultrafast science. It is driven primarily by the ultimate goal

of controlling the complex dynamical properties of quantum systems at the heart

of many scientific fields. Over the last four decades, femtosecond laser technology

has led to remarkable advances in our ability to control the ultrafast femtosecond

dynamics in a vast number of systems (from simple to complex molecular systems,

clusters, nanostructures, ...) [84–87]. With the recent development of extreme
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ultraviolet (XUV) light sources with attosecond duration, new capabilities emerge

for controlling quantum dynamics in matter with an unprecedented level of precision

down to the natural timescale of electron motion [7, 17].

Even though the first attosecond pulses were generated nearly two decades

ago, their use for controlling electron dynamics in matter has been elusive so far.

Attosecond control has been mostly achieved with pump/probe schemes where

an attosecond-pump pulse triggers a given electronic process, and a phase-locked

femtosecond-probe field is used to steer its dynamics. The system under scrutiny is

thus controlled by varying the time delay between the two pulses. Such an approach

has been successfully employed to manipulate benchmark systems such as the

electronic charge distribution within a molecular target [88, 89] or the photoelectron

emission from atoms [25, 26, 90]. Despite these impressive proofs-of-principle,

attosecond control of quantum phenomena in matter is still in its infancy, though,

mainly because attosecond pulse shaping techniques are still developing. Even

though several schemes have already been reported to tailor the spectrum [91–100],

the polarization [101–106], or the angular momentum [107] of these pulses, shaping

their spectral phases for attosecond control, on the other hand, still remains a

challenging endeavor for the attosecond community. Indeed, the low intensity of the

attosecond pulses currently produced via high-harmonic generation (HHG) together

with the high absorption rate of XUV radiation by most optical materials restrict

the use of usual pulse shaping techniques (like chirped mirrors, ...) to manipulate

the spectral phase of the pulses after generation.

An alternative approach consists of shaping the spectral phases of attosecond

pulses directly during the generation process. Within the widely accepted three-

step model describing attosecond pulse generation via high-harmonic generation

(1-ionization, 2-propagation in the laser electric field, and 3-recombination), the

spectral phases of the frequency components making up the pulse are directly

related to the recombination times [108], which in turn are defined by the electron

wavepacket trajectories (also referred to quantum orbits) in the driving laser field.

By tailoring the temporal waveform of the femtosecond driving field, the quantum
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orbits and the recombination times can then be tuned giving some control over

the spectral phases of the APT.

Two-color femtosecond waveforms made of a fundamental field and its second

harmonic have been proved to be very efficient to manipulate quantum orbits

in the HHG process. The literature is rich with experimental and theoretical

studies reporting the dependence of both the spectrum and the polarization of the

resulting APT on the temporal profile of such synthetized waveforms [92–97, 100,

106, 109–111]. On the other hand, the dependence of the APT’s spectral phases on

the temporal profile of the two-color field still remains elusive, though. In this work,

we show how these phases can be manipulated by varying the intensity ratio and

the relative phase between the two components of the driving field. We show that

the spectral phases exhibit high tunabilty for an intensity ratio between the two

colors in the range of 0.1 to 5%. As an application for such a spectral pulse shaping

technique, we report on a coherent control experiment where the photoelectron

emission from atoms generated by tailored attosecond pulses is manipulated along

the direction of polarization of the light by tuning the spectral phases of the APT.

4.3 Achievements in Coherent Control of Pho-
toemission

Several foundational achievements in the territory of coherent control of photoe-

mission have occurred in recent times. Developments in both novel experimental

techniques and theoretical descriptions show evidence of steady advancement as

the road is paved for more exciting capabilities for dynamic quantum control. And,

likewise, the explanations for the phenomena observed have become increasingly

refined and simplified.

Two experiments that show ways to control of photoemission have already been

expressed in chapter 1 in section 1.3.3. Briefly, in the study led by Mauritsson [25],

the attosecond streaking technique is used to drive photoemission dynamics. The

SAP used as the probe first ionizes electrons into the continuum. Afterwards, a

strong IR field produces a shifting of the energy which can be seen clearly in the
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PAD. This results from a momentum transfer from the IR field that depends on

the delay between the XUV and IR. In this technique, the authors created the

circumstances to return the ionized electrons to the parent and scatter with the

ionic core. These measurements demonstrate a high level of spatial resolution and

offer this benefit to more complex systems with possibilities that can be realized by

altering the frequency composition of the strong field that steers the dynamics of

the laser. Also, Laurent et. al. found a way to direct the photoemission of a system

excited with an APT composed of odd and even harmonics and probed with a weak

IR field. The standard RABBITT uses a similar configuration with an APT of odd

harmonics only, and the PAD is symmetric about the polarization axis. However,

the presence of even harmonics produces additional channels leading to the same

electron continuum energies. With these additional quantum paths, the mixture

of parities in the final states leads to an asymmetric angular distribution. In this

study, the asymmetry of the emissions were shown to be related to the relative

phases of the consecutive odd and even harmonics. These studies represent the

essence of photoemission control when the process is steered by the pump-probe

delay. Recent works such as that reported by Cheng and this paper begin to

turn studies toward a new direction.

Recent qualitative descriptions have extended propensity rules from one-photon

ionization to laser-assisted ionization measurements. Before, it was the quantum

selection rules that were mainly used to help predict the qualitative physics. The

selection rules for electric dipole transitions tell us the most probable outcomes

that come as a result of light-matter interaction. On the other hand, propensity

rules tell us that an increase of angular momentum of the system is favored in these

transactions. The underlying reasons for why the selection rules work can be shown

mathematically as dipole transition that depends on the wave function parities being

connected. Fano showed us that there is an inclination of the system to minimize

the final momentum of a photoelectron, with definition k(r) =
√

2[E − V (r)] ,

using a mathematical argument as well. He demonstrated, through a briefing

in 1985, that the rapidly oscillating terms (for higher final momentum) in the
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transition matrix elements make small contributions compared to the smoother

terms (lower final momentum). The origin of this behavior is that, while the final

energy of the system is increased, the centrifugal term of the potential increases

more when the angular momentum increases. This in turn minimizes the final

momentum. This tool, referred to as Fano’s propensity rule, presents itself as a

powerful aid in determining the physics of light-matter transitions. Until recently

it has been limited to the one-photon case.

In 2019, Busto et. al. showed Fano’s propensity rule can be extended to laser-

assisted photoionization [90]. By doing this, the propensity rules offer a simplified

viewpoint for the delay dependence of the photoelectron angular distributions

that occur in RABBITT measurements. The study analyzed matrix elements for

transitions where an XUV photon is absorbed having a frequency ω(s∓ 1), followed

by absorption or emission of an IR photon of frequency ω. With atomic units

and electric field amplitudes of the XUV and IR fields set to one, the matrix

elements have the form

M
(±)
λLm = lim

ε→0+

∑∫
p

〈ψq| z |ψp〉 〈ψp| z + δz |ψa〉
εa − εp + ω(s∓ 1) + iε

. (4.49)

In the above equation, the initial state wavefunction and energy is designated with

a subscript a, the intermediate state is designated with p and angular momentum

λ and the final state is specified with subscript q. A sum-integral covers all possible

intermediate bound and continuum states, and the ε is a small quantity to prevent

singularity issues. The absorption/emission of a fundamental IR photon results in

change of angular momentum ±1 which is reflected in the notation as L = λ± 1.

As seen in Figure 4.1.a, in a comparison of absorption as a ratio of increased

angular momentum l to decreased l, transitions have a greater inclination toward

increasing angular momentum. Additionally, in figure 4.1b it is show that in the

case of angular momentum increase for absorption and emission, absorption is

favored. Figure 4.1.c shows what can be understood as the time reversal case

of Figure 4.1.b - a decrease in angular momentum for emission is favored over

absorption and a decrease of angular momentum. This study succeeded to show
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Figure 4.1: Illustrations of Fano’s propensity rules. In Figure 4.1a, a comparison of
absorption as a ratio of increased angular momentum l to decreased l shows increasing
angular momentum is favored. In Figure 4.1.b the case of angular momentum increase
for absorption and emission is displayed, indicating absorption is preferred. Figure 4.1.c
shows what can be understood as the time reversal case of Figure 4.1.b. Figure adapted
from [90]

in a benchmark system of the PAD of Argon that these rules can be verified for

lower photoelectron kinetic energies. This study’s value comes from the fact that

the conclusions are valid even when multiple incoherent channels are present. Such

an understanding of the angle-resolved dynamics is essential in coherent control

experiments. Most existing techniques for controlling photoemission use methods

involving a pump/probe type scheme like those mentioned earlier in this section

which implement attosecond streaking or RABBITT. However, the recent method

by Cheng et. al. does not require delay control of the probe field to steer the

dynamics. In this work, it is the carrier-envelope phase (CEP) which is controlled to

drive the process. A bending of the rules for the photoelectric effect is demonstrated

as conditions for a time-slit interference are produced in the experiment. Two

measurements are carried out that have resemblances to two-slit interference, and

three-slit interference. Their XUV APTs are generated by an IR field with variable

CEP. When the CEP of an IR field is π/2, this leads to an even number of pulses

in the APT - the authors produce two i.e. the two-slit condition. On the other

hand, when the CEP is 0, this leads to an odd number of pulses in the APT -

the authors produce three i.e. the three-slit condition.

In the two-slit experiment, Helium gas is ionized by a train of three attosecond

pulses dressed by a weak IR field. The EWPs interfere with each other, and



4. Electron Choreography at the Attosecond Timescale 92

Figure 4.2: Photoemission control with the attosecond time-slit methodology. The
nature of the overlapping APTs and their IR field is shown in the two-slit and three-slit
compositions in Figures 4.2.a and 4.2.b respectively. Experimental results showing the
shifting of the peaks in energy for the two and three-slit cases are shown in 4.2.c and 4.2.d.
Finally, results of the theoretical models are shown below. Figure adapted from [112]

the presence of the IR field does not produce sidebands, but rather causes a

shifting of the photoelectron peaks. In the three-slit experiment, the first and

third attosecond pulses interfere with each other and peaks appear for all harmonic

energies in accordance. Sidebands are present in this experiment, and the interference

of the middle attosecond pulse with the other two results in an increasing or

decreasing behavior of the sidebands. Such behaviour is consistent with descriptions

that can explain the phenomena with an analogous time-slit picture. These new
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3p

Figure 4.3: Principle of the experiment: APTs with tailored temporal profile are
generated with a two-color femtosecond field (800+400nm) by varying both the intensity
ratio r and the relative phase φ between its two components. The pulses are then used
to ionize argon gas in the presence of a relatively weak IR field (∼1011 W/cm2). Three
quantum paths contribute to the generation of an electron wavepacket at a given energy
Eq. These interfere, leading to an energy-dependent asymmetric electron emission along
the direction of polarization of the light (ε̂) that is controlled by tuning the temporal
profile of the APT. Figure adapted from [50].

experiments provide a way to handle the photoemission dynamics. Namely, this

technique uses a tailored APT which one can customize by changing the CEP

of the IR field in the HHG process.

4.4 Principle of the coherent control experiment

The principle of the experiment is presented in Figure 4.3. Attosecond pulse

trains are generated via high harmonic generation with a two-color femtosecond

field (800+400nm). Depending on the intensity ratio r and the relative phase φ

between the two components of the field, attosecond pulses with tailored temporal

profile are produced. The pulses are then used to ionize an atomic target in the

presence of a relatively weak IR field (∼ 1011W/cm2). Three quantum paths

contribute to the generation of an electron wavepacket at a given energy Eq in the
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continuum: the direct transition by one XUV photon absorption (harmonic Hq)

and two transitions involving absorption of one XUV photon (harmonics Hq−1 and

Hq+1), and absorption or emission of one IR photon. These three paths interfere,

leading to an energy-dependent asymmetric electron emission along the direction

of polarization of the light as pictured in the filmstrip sketch shown in Figure 4.3

[26, 113]. Within the framework of second-order perturbation theory, it can be

shown that the asymmetric component Ia of the electron emission is related to the

spectral components of the attosecond pulses as [114, 115]:

Ia(q, τ) ∼ I0(q)cos [ωτ + ψ(q)] , (4.50)

with

I0(q) = |Mq|
[
|Mq−1|2 + |Mq+1|2 + 2|Mq−1||Mq+1|cos

(
φq−1
q − φqq+1 + ϕaat. + ϕeat.

)] 1
2 ,

(4.51)

and

ψ(q) = atan
(
|Mq−1|sin(φq−1

q + ϕaat.) + |Mq+1|sin(φqq+1 − ϕeat.)
|Mq−1|cos(φq−1

q + ϕaat.) + |Mq+1|cos(φqq+1 − ϕeat.)

)
. (4.52)

The one- and two-photon matrix elements Mq−1, Mq and Mq+1 are proportional to

the amplitude of the harmonics Hq−1, Hq, and Hq+1, respectively, φq−1
q = φq−1 − φq

and φqq+1 = φq−φq+1 are the relative spectral phases between consecutive harmonics,

ϕaat. and ϕeat. are small (hundreds of mradians) atomic phases associated to the

ionization pathways, ω is the angular frequency of the 800-nm field, and τ is

the relative time delay between the APT and IR field. By tuning the spectral

components of the APT, the photoelectron emission pattern can then be controlled,

as indicated by Equation 4.50.

Our experiment bears a similarity with the recent study reported by Cheng et

al., where a sequence of three attosecond pulses combined with a relatively weak

IR field is used as an efficient means for controlling the photoemission from atoms

[112] through interferences between the temporally-delayed electron wavepackets.

Our experiment demonstrates a reverse approach to control the emission that
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Figure 4.4: Schematic view of the experimental setup. It combines a femtosecond laser
system, an attosecond XUV pump-IR probe Mach-Zehnder interferometer, a velocity-map
imaging system (VMI), and an XUV spectrometer. Attosecond pulse trains are generated
with a linearly-polarized two-color field (800+400nm) formed with a collinear optical
system (O.S.). The attosecond pulses are then used to ionize argon gas in the presence of
the IR field. Both the energy and angular distributions of the photoelectron emission are
captured by the VMI system. The asymmetric component of the electron emission along
the direction of polarization of the light ε̂ is deduced from the electron yields measured
on either side (up and down) of the polarization vector. BS: 80/20 beam splitter, MX1,2
and MI1,3: mirrors, LX and LI: lenses, RM: recombination mirror, TM: toroidal mirror,
FG: flat-field grating.

consists in directly tuning the spectral components of the attosecond pulse in

the Fourier domain.

4.5 Experimental setup

The experiment was performed at the ASAP (Auburn Source of Attosecond Pulses)

laboratory. A schematic view of the experimental setup is shown in Figure 4.4.

It combines a Ti:Sapphire laser delivering linearly-polarized 35-fs, 800-nm pulses

at a 10kHz repetition rate, a stabilized XUV-IR Mach-Zehnder interferometer, a

velocity-map imaging system, and an XUV spectrometer [116]. APTs made of both
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odd and even harmonics were generated with a linearly-polarized two-color (800- and

400-nm) field via high harmonic generation [93, 117] in one arm of the interferometer.

The two-color field was created in a collinear geometry using a β-barium-borate

(BBO) crystal, a calcite plate, and a zeroth-order half-wave plate (at 800 nm) [114].

The duration of the 400-nm pulse was not measured directly, but is expected to

be somewhat longer than the 800-nm pulse. The relative intensity (r = I400/I800)

between the two colors was adjusted by tuning the phase matching conditions in

the BBO while maintaining the total intensity relatively constant. A few-degree

rotation of the BBO crystal along its axis perpendicular to the polarization of the

incoming light allowed for adjusting the relative intensity in between 0.5% and 3%.

The relative phase φ between the two colors, on the other hand, was controlled

with a pair of fused-silica wedges. The absolute phase between the 400- and 800-nm

fields was also not measured directly but was instead inferred from theoretical

calculations as described later. The resulting linearly polarized two-color field was

focused onto a 2-mm windowless gas cell filled with 10 Torr of argon. The peak

intensity at the interaction region was estimated to be ∼ 2× 1014W/cm2 from the

cut-off energy of the high harmonics produced. APTs with an average duration of

10-20 fs were then formed by filtering out the harmonics below the 11th order with

an ultra-thin Al foil. A replica of the IR (without the 400 nm) was sent into the

other arm of the interferometer, whose total length could be changed to vary the

time delay between the APT and the IR pulses. Both beams were focused, co-axially

recombined, and finally sent into a vacuum chamber containing an effusive argon

gas jet. At the focal point, the IR intensity is estimated to be below 1011 W/cm2.

A home-built velocity map imaging system was used to capture the photoelectron

emission [57]. The three-dimensional photoelectron momentum distributions were

then reconstructed using the DAVIS algorithm [62].



4. Electron Choreography at the Attosecond Timescale 97

2 4 6 8 10 12 14

APT-IR Delay [fs]

14

15

16

17

18

19

E
le

c
tr

o
n

 E
n

e
rg

y
 [

H
H

G
]

2 4 6 8 10 12 14

APT-IR Delay [fs]

2 4 6 8 10 12 14

APT-IR Delay [fs]

-5

-2.5

0

2.5

5

-5

0

5

A
s
y
m

m
e

tr
y
 [

%
]

2 4 6 8 10 12 14

APT-IR Delay [fs]

14

15

16

17

18

19

E
le

c
tr

o
n

 E
n

e
rg

y
 [

H
H

G
]

2 4 6 8 10 12 14

APT-IR Delay [fs]

2 4 6 8 10 12 14

APT-IR Delay [fs]

-15

-5

5

15
-15

0

15

A
s
y
m

m
e

tr
y
 [

%
]

d r 3% 20° e r 3% 40° f r 3% 90°

E14 E15 E16 E17 E18 E19 E14 E15 E16 E17 E18 E19 E14 E15 E16 E17 E18 E19

a r 0.5% 20° b r 0.5% 40° c r 0.5% 70°

E14 E15 E16 E17 E18 E19 E14 E15 E16 E17 E18 E19 E14 E15 E16 E17 E18 E19

Figure 4.5: Density plot of the asymmetric component of the photoelectron emission
[defined as (Yup − Ydown)/(Yup + Ydown), where Y is the electron yield] as a function of
the time delay between the APT and IR fields and the photoelectron energy, for different
intensity ratio r and relative phase φ between the two colors of the HHG driving field.
For illustrative purposes, the asymmetric components for electron energies corresponding
to HHG orders H14 to H19 at the time delay indicated by the dashed line are shown in
the top panels.

4.6 Results

4.6.1 Attosecond control of the electron emission

Figures 4.5.(a-f) show the measured asymmetric component of the photoelectron

emission [defined as (Yup − Ydown)/(Yup + Ydown), where Y is the electron yield] in

a density plot as a function of the time delay τ between the APT and IR field

and the photoelectron energy. These measurements were performed with APTs

generated with two-color driving fields having distinct intensity ratio r and relative

phase φ between the 400-nm and 800-nm components. At the electron energy

associated to a given harmonic order, the asymmetric component oscillates with τ
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at the frequency ω of the 800-nm IR field (T ' 2.7fs), as indicated by Equation

4.50. The phase of the oscillation, on the other hand, varies with the photoelectron

energy, giving rise to unique emission patterns. It can be observed that the emission

pattern strongly depends on both r and φ. At low intensity ratio (r ∼ 0.5%) and

for a relative phase φ close to 20◦ (Figure 4.4.a), the asymmetric emission exhibits

a checkerboard-like pattern, revealing that electrons with energy associated to

odd and even HHG orders are emitted in opposite directions, respectively. The

asymmetry is stronger for the most energetic electrons, though. At φ ∼ 40◦, a more

consistent checkerboard-like pattern is observed as the asymmetry is nearly constant

over the whole photoelectron energy range (Figure 4.5.b). As the phase between the

two components of the driving field is further increased, such a checkerboard-like

pattern gradually fades. At φ ∼ 70◦, electrons with energy associated to HHG

orders H14, H15, and H16 are roughly emitted in the same direction (Figure 4.5.c).

The dependence of the emission pattern on φ is even more pronounced at a higher

intensity ratio between the two colors. Comparing Figures 4.5.d, 4.5.e, and 4.5.f, it

can be seen that the emission pattern smoothly evolves from a checkerboard-like

to a stripe pattern, which indicates that the photoelectrons are emitted in the

same direction for a given APT-IR delay. Considered together, these measurements

provide good evidence that the photoelectron emission can be manipulated by

shaping the temporal profile of the two-color HHG driving field.

4.6.2 Spectral components of the attosecond pulses

To reveal the mechanisms responsible for the coherent control observed in Fig. 4.5,

we have retrieved the average spectral components (amplitudes, phases) of the

attosecond pulses used in the experiments. The spectra of the APTs were directly

measured with both the VMI and XUV spectrometers in the absence of IR field.

The relative spectral phases between consecutive harmonics, on the other hand, were

determined by solving the system of coupled equations Eqs.(2) with the iPROOF

procedure described in Ref. [114]. The spectral components and the reconstructed

temporal profiles of the APTs used in the measurements shown in Fig. 4.5(a-f) are
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Figure 4.6: Average spectral components [spectra (blue) and relative phases between
consecutive harmonics (red)], and average temporal profile (inset plots) of the attosecond
pulses in the train retrieved from Fig. 4.5(a-f).

plotted in Fig. 4.6(a-f), respectively. At low intensity ratio (r∼0.5%), it can be

seen that neither the shape of the spectrum nor the temporal profile of the APT

vary much with the phase difference φ between the two colors of the driving field,

which indicates that the control of the electron emission is achieved almost uniquely

by tuning the spectral phases of the APT. Indeed, as shown in Figures 4.6(a-c),

the relative phases between consecutive harmonics strongly depends on φ. For

φ ∼ 20◦ and 40◦, large relative phase shifts are observed over the whole harmonic

range. At φ ∼ 70◦, the phase shifts decrease, especially for lower harmonics (13th

to 17th) where the relative phases are nearly constant. At higher intensity ratio

(r∼3%), the situation changes as both the spectrum and the relative phases (and

consequently the temporal profile) of the APT strongly depends on φ. In that

case, the emission pattern is thus determined by both the relative amplitude and
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Figure 4.7: Calculated relative phase between consecutive odd and even harmonics (a,c)
and ratio between the HHG rates generated by each half-cycle of the driving field (b,d).
Calculations were made for I800 = 2× 1014W/cm2 and for various intensity ratios r and
relative phases φ between the 400- and 800-nm components of the two-color driving field.

phase of the harmonics as predicted by Equation 4.50.

4.6.3 Relative phase between odd and even harmonics

To better understand the observed dependence of the relative phases between

odd and even harmonics on the temporal shape of the two-color driving field, we

performed theoretical calculations of the HHG process within the Strong Field

Approximation (SFA) theory [11, 118], which has proved to be successful at

qualitatively reproducing the characteristics of the XUV radiation (amplitude, phase,

emission time, ...) generated with single- and multi-color fields [93, 99, 100, 108].

Calculations were made for I800 = 2× 1014W/cm2 and for various intensity ratios r

and relative phases φ between the 400- and 800-nm components of the two-color

driving field. Both the harmonic emission rate Anq and the emission time tne,q from

the short trajectory were calculated for each half-cycle of the driving fields (labelled
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n with n=0,1). The temporal profile Eq(t) of the electric field for the harmonic

radiation of order q was then reconstructed by adding both contributions coherently:

Eq(t) =
1∑

n=0
(−1)nAnq cos

(
ωq(t− tne,q − nT/2)

)
= Aqcos(ωqt+ ϕq) (4.53)

where Aq, ϕq, and ωq are the amplitude, spectral phase, and angular frequency of

the harmonic of order q, respectively, and T is the period of the 800-nm component

of the driving field. The calculated relative phase between consecutive odd and even

harmonics ∆ϕ = ϕq+1 − ϕq for different ratios r and relative phases φ between the

two components of the HHG driving field are plotted in Figures 4.7(a,c) as a function

of the harmonic order. Our calculations qualitatively reproduce the relatively large

phase shifts observed experimentally as well as their dependence with r and φ. At

low ratio (r = 0.5%), the phase shifts are maximum for φ ∼ 40◦, and decrease as φ

tends to 0 or 90◦. The same dependence is observed at r = 3%, even though the

phase shifts are overall smaller, with a maximum obtained at φ ∼ 20◦. The origin of

the phase shifts lies in the relative strength of the harmonic emission rates produced

by each half-cycle of the driving field, quantified by the ratio A1
q/A

0
q (see Figures

4.7(b,d)). The relative phase shifts are maximum for a ratio close to one, which

corresponds to the case where both half-cycles contribute equally to the harmonic

generation. In that case, two attosecond pulses are emitted per optical cycle. It

is worth noting that in the limit of equal emission rates (A0
q ' A1

q), which could

be achieved with a very weak perturbative second harmonic field, Equation 4.53

reduces to Eq(t) ∝ sin(ωq[t− (t0e,q + t1e,q)/2]− qπ/2), predicting a relative phase shift

between odd and even harmonics close to π/2 as it has been observed in previous

studies [26, 115, 119]. On the other hand, when one half-cycle of the driving field

contributes predominantly to the HHG emission process, leading to the generation

of one main pulse per optical cycle, the relative phase shifts are nearly constant as

shown in Fig. 4.7(c) for the cases φ =70◦ and 90◦. Note that the mean value of the

phase shifts indicates which half-cycle contributes the most to the emission: the

average phase shift lies in the range [−π,0] ([0,π]) when the first (second) half-cycle

contributes predominantly. At even higher ratio (r > 10%), we observe that the
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HHG emission is predominantly produced by one half-cycle regardless of φ and that

the relative phase between odd and even harmonics remains nearly constant [93].

Based on the results of our SFA calculations, we have found that the tunability

of the APT is optimized for an intensity ratio between 0.1 and 5%.

4.7 Computational Algorithm

In this section, the algorithm used to model our HHG spectrum and quantum

orbits is explained. Although the three-step recollision model is enough to es-

timate the general behavior and maximum harmonic cutoff of the spectrum i.e.

Emax = Ip + 3.17Up, for a truly quantitative approach, some computation is

required. The primary job of the algorithm is to calculate the time-dependent

electric dipole and its Fourier transform. The intuitive physical description for this

dipole D(t) is that the driving laser causes the electron density in the generation gas

to move, and the oscillation dynamics of the charge density generates new harmonic

frequencies. A suitable model is based on the SFA with the saddlepoint method

as described earlier in this chapter. You can obtain a picture for the trajectories

of the ionization/recombination using a discrete-time Fourier transform approach

on the SFA results - which is accomplished by using a Gabor transformation in

this algorithm. Another more precise way is to use the quantum orbits approach

in the time domain. Solving the quantum orbits consists of taking the action

integrals, Equation 4.30 and 4.31, applying the saddlepoint method to them, and

finding numerical solutions to the trajectories.

We implemented an algorithm, developed in-house for LabVIEW by Dr. Laurent,

which computes the time-dependent electric dipole, returns the HHG spectrum, and

numerically solves the quantum orbits problem for the long and short trajectories.

The steps in the algorithm include a calculation of the saddlepoints ps using

Equation 4.40 or 4.45, calculating the dipole matrix elements d(ps) and d∗(ps) using

Equation 4.48, and then the action term S(ps, t, t′) as well as other constituent

factors of the dipole. To obtain the spectrum requires more than just taking the

FFT of D(t). This is because the electric dipole is driven by a laser field with
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Figure 4.8: Results of the SFA and Quantum Orbits algorithm for two-color HHG. In
each sub-figure, the HHG spectrum (solid blue) is displayed.
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an envelope - it will not be the same in the middle as it was at the start of the

pulse. By performing a type of discrete-time Fourier Transform called the Gabor

transform, one can see how the spectrum changes over time even as the laser pulse

does. We use a Gaussian shaped Gabor window to compute the D(t), and then

performs the FFT, shifting the window in steps of the IR photon optical cycle.

What comes from this is how harmonics are generated as a function of time. Solving

the quantum orbits is carried out by a numerical version of solving the Equations

4.41 and 4.42 or Equations 4.46 and 4.47.

The results in the algorithm are displayed in Figure 4.8. The spectrum and

Quantum Orbits for each of the six cases of Figure 4.6 are provided. We can focus

on several noticeable features: the HHG spectrum cutoff, the complexion of the

Gabor transform analysis, and the shapes of the Quantum Orbits overlaid on the

Gabor colormap. As can be expected, when higher intensities UV component are

present, the cutoff is extended to higher harmonics. Next we can see by looking at

the Gabor analysis that the lower harmonics are produced throughout the phase

of the driving field, but the presence of higher harmonics both vary at different

recombination times, and reach a cutoff (i.e. drastic reduction past H45). In

considering the Quamtum Orbits (short return times dashed, long return times

solid), let us compare the correlated data back in Figure 4.6 to the present data here

in Figure 4.8. Namely for given r and φ compare the harmonic strength and average

temporal profile of the attosecond pulse trains in Figure 4.6 to the relative heights

and shapes of the return times in Figure 4.8. When the strength of the UV is low,

as in Figures 4.6.a, 4.6.c, and 4.6.e, the strength of the even harmonics is also very

small and the temporal profile shows attosecond structure with peaks at twice the

optical cycle. Looking over Figures 4.8.a, 4.8.c, and 4.8.e, the neighboring half-cycles

show a consistency of relative heights of the Quantum Orbit return times as well

as Gabor transform density. As expected, the presence of stronger UV intensity

produces a temporal profile with peaks once per optical cycle. In a special case,

consider how in Figure 4.6.f the temporal profile has the smoothest once per optical

cycle structure, where every other half-cycle peak has vanished. Correspondingly in
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4.8.f. the density represented by the Gabor cycle is diminished every other half-cycle

as well. The quantum orbits of the vanishing pulse still appear, but can be ignored.

4.8 Conclusions

In conclusion, we have shown that the photoelectron emission produced from atoms

by absorption of an APT made of odd and even harmonics in the presence of a

relatively weak IR field (∼ 1011 W/cm2) can be coherently controlled by tailoring the

temporal profile of the APT. Emission patterns where photoelectrons are emitted in

the same direction or, conversely, are emitted in opposite directions depending on

their energy can be obtained by tuning one or both spectral components (amplitude,

phase) of the pulse. From these patterns, we have also shown that APTs generated

with a two-color HHG driving field exhibit a high temporal tunability, which can

be reasonably well predicted within the Strong Field Approximation (SFA) theory.

Our work shows that attosecond pulse shaping for coherent control of quantum

phenomena is steadily becoming a reality. We expect that this approach can be

applied to control more complex quantum systems, thus offering new capabilities

for the growing field of attochemistry.
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5.1 Introduction to Photoionization Delays

The interaction of light and matter is one of the most fundamental processes in

nature. One example, photoionization, has been earnestly studied for decades with

synchrotron radiation [120], and recently attosecond pulses have been employed

106
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[24, 121–123]. During photoionization with an attosecond pulse, a bound-state

electron in the target system absorbs a photon and jumps free to a continuum

state. If this interaction is also dressed by an ultrashort IR or UV laser pulse,

an additional photon is emitted or absorbed initiating a continuum-continuum

transition. When the delay between the attosecond pulse and dressing pulse is

changed, a pump-probe measurement can be carried out to interrogate the physics

in the time domain. In the past, the time for such events as ionization and photon

absorption/emission were regarded as practically instantaneous. Nevertheless, with

the development of attosecond time-resolved measurements, the importance of

the shortest duration events has gained considerable interest. Attosecond pump-

probe experiments are currently the most precise techniques for measuring in the

temporal domain of electronic events.

In recent years, attosecond science has experimentally verified that delays

in photoemission attributed to ionization are in the range of tens to hundreds of

attoseconds. Developing ways to reliably measure the photoionization delays remains

a challenging area that is still maturing, though. In attosecond measurements,

photoionization of the target followed by absorption or emission of a probe photon

produces an electron wave packet (EWP) which imbibes a phase contribution from

each transition. Figure 5.1 is a simple depiction of each step. One phase (delay)

taken by the electron comes from the photoionization. This phase represents the

group delay of the EWP as it scatters through the potential of its parent atom.

This has been named the Wigner delay[23, 124–126], and the zero of this time

starts with the arrival of the ionizing radiation. Another delay occurs due to the

continuum-continuum transition which is caused by emission/absorption of the

dressing laser photon. This delay is dependent on the kinetic energy of the EWP

after photoionization, and the wavelength of the probe photon. Although exact

calculations for these delays is theoretically burdensome to calculate, the Wigner

delay has a simple form for hydrogenic systems, and the continuum-continuum delay

can be easily approximated [24, 127, 128]. The Wigner delay and continuum-

continuum delay together make up the atomic phase of the EWP. The total
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phase of the EWP also contains a copy of the spectral phase of the from the

attosecond pulse. Thus we can say that the EWP photoemission is like a replica

of the attosecond pulse that also holds information from the photoemission. We

distinguish photoionization as a process that results in photoemission which contains

a distribution of EWP final states.
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Figure 5.1: The photoemission process. In the first frame, ionizing harmonic photons are
absorbed beginning at the arrival of the attosecond pulse. Next, as the electrons escape
via a bound-continuum transition, they collect a scattering phase-shift (which includes
the Wigner delay) as they escape the ionic core. Finally, the dressing field contributes a
phase due to absorption or emission called the continuum-continuum delay.

In this chapter, a novel experimental procedure is presented whose purpose is

to isolate the differential delay between the continuum-continuum absorption and

emission for a given EWP kinetic energy. We develop a theoretical description

and follow with a study on the transitions of outer shell (3p) electrons of an argon

target gas. For the theoretical process, We will first show from first principles a

foundational description of the interactions of atoms with electromagnetic radiation

in Section 5.2. This will include the dipole selection rules that help predict the

transitions that occur, and the perturbation theory for the relevant one and two-

photon transitions. In Section 5.3 several successful measurements that isolated

the atomic delay are introduced. Next in Section 5.4, the two-photon two-color

experiments we conduct observing RABBITT sidebands and First Order/Second
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Order Interferences will be described in detail. The experimental techniques rely on

established attosecond pump-probe methods. In Section 5.5 the analysis conducted

on the data will be covered. Then finally, we draw our conclusions in 5.6.

5.2 Interaction of Atoms with Electromagnetic
Radiation

A quantum mechanical description can tell us about the accessible states of an atom

when it absorbs or emits a photon. The quantum selection rules show us the allowed

and forbidden transitions, and propensity rules can intuitively tell us which allowed

transitions are dominant[90, 129]. When we use perturbation theory to describe

light-matter interactions we can link the theoretical description to experiment. The

studies we conduct involve one and two-photon transitions, and transition matrix

elements from perturbation theory provide a simple way to piece together the

description of the physics. What follows is a fairly standard explanation of these

concepts. An accessible derivation for the selection rules and transition matrix

elements can be found in Bransden’s and Joachain’s book [130]. As we progress

toward the context of attosecond physics with laser-assisted ionization, we make

reference to and unify the theoretical notations and conventions of [121, 127].

5.2.1 One and Two-Photon Interactions

We can begin our description with the time dependent Schrödinger equation. We

assume our system is a hydrogenic one, and employ the single-active electron

(SAE) approximation

j~
∂

∂t
Ψ(r, t) = H(t)Ψ(r, t) (5.1)

where we use j to represent the imaginary unit defined by j =
√
−1, Ψ(r, t) is the

time-dependent wavefunction, andH(t) is the Hamiltonian. For the hydrogenic atom

in the presence of an electric field, the Hamiltonian H(t) contains a unperturbed part

H0(t), as well as one for the interaction with electromagnetic radiation Hint(t). The
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radiation interaction is in terms of the field’s vector potential A and momentum

p. It satisfies the Coulomb gauge in the form

H(t) =
(
−j~

2

2m∇
2 − Ze2

4πε0r

)
+
(
e

m
A · p+ e2

2mA
2
)

(5.2)

where ~ is Planck’s constant, ε0 is the permittivity of free space, m and e are

electron mass and charge, and Z is the nuclear charge of the atom (Z = +1 for

neutral system). In the perturbative regime, the A2 term is neglected, and the

interaction term coming from the second set of parentheses can be written with

knowledge of the quantum mechanical momentum operator, p = −j~ e
m
∇

Hint(t) = −j~ e
m
A · ∇. (5.3)

For a linearly polarized monochromatic plane wave, the vector potential can be

expressed in the form

A = A0exp(jk · r)ε̂ (5.4)

where ε̂ is the light polarization. Obtaining the perturbative transitions for such

a system requires the evaluation of matrix elements of the form

Mif = 〈f |Hint|i〉 , (5.5)

where we have begun to use bra-ket notation. When in the presence of elec-

tromagnetic radiation, there is a probability for atoms to absorb a photon and

make a transition to a quantized bound state or free continuum state. Transition

probabilities are quantified using the transition matrix elements which have encoded

within them spectral phase information of the light responsible for the transition as

well as phases of the atomic physics. Our matrix element can be rewritten with

the expressions obtained from Equations 5.3 - 5.5.

Mif = ε̂ · 〈f |exp(jk · r)∇|i〉 (5.6)

In the case where the wavelength of the radiation is large in comparison to the spatial

dimensions of the wave function, remembering k ∝ 1/λ, the dipole approximation

can be made where exp(jk · r) ≈ 1, therefore the matrix element becomes

Mif = ε̂ · 〈f |∇|i〉 . (5.7)
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The momentum operator is defined with the nabla operator ∇, and has in it’s defi-

nition the velocity ṙ. The velocity is equal to the quantum mechanical commutator

(j~)−1[r, H0] where we have specified H0 since we are in a perturbative regime.

With these substitutions, the dipole approximation for Mif becomes

Mif = (εf − εi)m
~2 ε̂ · 〈f |r|i〉 . (5.8)

One can see the transition frequency between the two states ωif = (εf − εi)/~.

Quite often in the literature the dipole operator D appears. This gives us a more

intuitive form that clearly displays the nature of the transition.

Mif = ε̂ · 〈f |D|i〉 . (5.9)

When the conditions are present for two-photon transitions, intermediate states,

sometimes called virtual states, are accessed. In a second order transition, where

we have dropped the constants tacked on the front of Equations 5.9, the two-

photon matrix element appears as

Mif = 〈f |D2(ε−H0)−1D1|i〉 . (5.10)

The resolvent operator (the energy and Hamiltonian sandwiched between the Dipole

operators) can be expanded using the property of the identity matrix [131]

R̂ =
∑∫
κ

|κ〉 〈κ|
(ε− εκ)

, (5.11)

where the energy εκ is that of the virtual intermediate state with momentum

κ. With this notation, the subscript κ denotes the various possible intermediate

transitions between the initial and final states. Equation 5.10 can be rewritten as

Mif ∝
∑∫
κ

〈f |D2 |κ〉 〈κ|D1 |i〉
ε− εκ

(5.12)

The conspicuous looking operator ∑∫ in Equation 5.12 indicates the sum over

all accessible states, not just the quantized states (sum), but all those in the

continuum (integral).
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5.2.2 The Dipole Selection Rules

Not all atomic transitions are accessible. The quantum selection rules tell us

which of them are allowed, and which are forbidden. Applying these rules provides

foresight in knowing which states we can expect to observe. The selection rules

can be mathematically demonstrated to depend on the odd and even symmetries

of the atomic wavefunctions. Looking back at Equation 5.8 one will see that

the dipole operator contains the expectation of the position. We consider the

restriction to linear polarization of the light. A common convention for linearly

polarized light is polarization in the z-direction i.e. ε̂ = ẑ. We can convert z

to spherical polar coordinates.

z =
(4π

3

)1/2
r × Y1,0(θ, φ) (5.13)

This can be substituted into the integral Equation 5.8. It can also be separated

by its radial and angular components

ẑ · 〈f |z|i〉 =
(4π

3

)1/2 ∫
Rnf ,lf (r)Rni,li(r)r3dr

×
∫
Ylf ,mf (θ, φ)Y1,0(θ, φ)Yli,mi(θ, φ)dΩ

(5.14)

where Rn,l(r) is the radial part of the Hydrogenic wavefunction, and Yl,m is the

spherical harmonic. It is common to read about how the selection rules stem from

symmetry arguments, and it is simple to follow logical and mathematical reasoning

behind this statement. The most significant selection rule to remember, with regards

to transitions due to linearly polarized light, is that the change in orbital angular

momentum l for a one photon transition must be ∆l = ±1. The Laporte rule

states that dipole transitions connect states of opposite parity for centrosymmetric

atoms and molecules. The symmetry of a hydrogenic wavefunction can be tested

by applying the parity operator, defined by its action on kets in position space

P̂ |r〉 = |−r〉. To test the behavior of Hydrogenic wavefunctions under parity

transformation, note that P̂ [Rn,l(r)Yl,m(θ, φ)] = Rn,l(r)Yl,m(π − θ, φ + π) which

can also be stated ψn,l,m(r, θ, φ) → (−1)lψn,l,m(r, θ, φ). So the eigenvalue of the

parity operator is +1 for even functions, and −1 for odd functions. Therefore the
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parity of the integral depends on the orbital angular momentum, and it indicates

the even/odd symmetry. Consider also that the integrals of odd functions over all

space are zero, and those which are even are nonzero. There are three spherical

harmonics in the angular integrand of Equation 5.14, and to be even, the two

representing initial and final states must have opposite symmetry so the overall

product is an even function. This comes from the fact that the product of two

odd or two even functions is even, and the product of an odd function with an

even function is odd. Also recalling that a conservation of total angular momentum

is required, and photons carry spin angular momentum of 1, this is the required

change in the orbital angular momentum.

Another rule for the case we’re in pertains to the angular momentum magnetic

number. Observe that ∆m = 0. Let us recall that Spherical Harmonics can

be expressed in terms of products of the Associated Legendre Polynomials and

complex exponentials as

Yl,m(θ, φ) = Nl,mPl,m(cosθ)ejmφ. (5.15)

If we define the angular integral Iang where Iang =
∫
Ylf ,mf (θ, φ)Y1,0(θ, φ)Yli,mi(θ, φ)dΩ,

the integral of spherical polar coordinates can be expressed anew

Iang =
∫
Plf ,mf (cosθ)P1,0(cosθ)Pli,mi(cosθ)sin(θ)dθ ×

∫
e−jmfφejmiφdφ. (5.16)

There is an easy observation that the integral over φ will be zero unless ∆m = 0,

which is a special case for linearly polarized light. This concludes the explanation

for the selection rules mentioned, and additional cases of polarization are found

in [130]. In Figure 5.2, an application of these principles to the system under our

study is shown. If we consider the possibility of two-photon transitions beginning

from the Argon 3p shell, there are several angular momentum channels that can

take place. For the p shell, li = 1 and mi = 0,±1. With the first transition

∆l = ±1 and ∆m = 0. This constrains intermediate states to be accessible for

angular momentum λ = 0(s) or λ = 2(d). With the absorption or emission of

another photon, the rules are applied once more.
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L= 3; m
f
 = 0, ± 1L= 1; m

f
 = 0, ± 1

λ = 2; μ= 0, ± 1λ = 0; μ= 0, ± 1

l
i
 = 1; m

i
 = 0, ± 1

Figure 5.2: Application of the selection rules to p shell electrons with several angular
momentum channels. A first transition takes place (absorption of a harmonic photon,
purple) ∆l = ±1 and ∆m = 0 so that intermediate states with angular momentum
λ = 0(s) or λ = 2(d) are accessible. With the absorption or emission of a probe photon
(red) the rules are applied again.

5.2.3 Formalism of Two-Photon Two-Color AttosecondMea-
surements

In most attosecond pump-probe experiments, only one and two-photon transitions

take place. Recalling to section 5.2.1, the transitions are represented by matrix

elements like that of Equation 5.12. To more easily wield the matrix elements, we

consider them in their complex variable form [81]. The complex magnitude-phase

representation of a matrix element from initial state |i〉 to a final state |f〉

Mif = |Mif |ejθif (5.17a)

θif = arg[Mif ] (5.17b)

where |Mif | is the amplitude of the transition, and θif is the associated phase.

A degeneracy of quantum paths starting at the same initial state, and ending at

the same final state, will interfere with each other. To represent this, you have

to take the sum of these coherent paths and square [131]. More generally, with

an angular distribution of the photoemission, one observes

P =
∑
i

∣∣∣∣∣∣
∑
f

MifYlf ,mf (Θ,Φ)ejδlf
∣∣∣∣∣∣
2

. (5.18)
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The variables of the final state spherical harmonics Ylf ,mf (Θ,Φ) are that of the

measurement detection angles Θ and Φ. Also, the radial phase shifts δlf are

taken into account for states of different angular momentum. In the next section,

a demonstration of how to wield the matrix elements of the form of Equation

5.17 is shown.

5.2.4 Transition Matrix Element Formulation.

In this section, a theoretical description of the interferences in our measurements is

presented in terms of a transition matrix element formalism. The interferences arise

from multiple channels that start from initial state with quantum numbers (ni, li,mi)

and populate a final EWP energy state with momentum and energy (k, ε). We make

use of the work by Dahlström [127] and the notation of Laurent [114] which makes

the work of Toma and Muller [131], as seen in Equation 5.19, more transparent. We

mainly consider the case of linearly polarized (ẑ) light with photoemission along the

polarization axis. The matrix elements for one-photon direct (d) and two-photon

continuum-continuum cc transitions are written with atomic units as [121]

Md(kẑ, ε, τ) = −jEΩ 〈k|z|i〉 (5.19)

and,

Ma/e
cc (kẑ, ε, τ) = −jEωEΩa/e lim

ε→0+

∑∫
κ

〈k|z|κ〉 〈κ|z|i〉
εi + Ωa/e − εκ + jε

(5.20)

where |i〉 is the initial bound state, |κ〉 is the intermediate EWP continuum state

reached by absorption of the XUV photon Ω, |k〉 is the final continuum state, and

Eω and EΩ are the field representations of the probe pulse photon and attosecond

pulse XUV photon respectively. We can separate the angular part and the radial

part of the wavefunctions as

〈~r|i〉 = Yli,mi(r̂)Rni,li(r) (5.21)

〈~r|k〉 ∝
∑
L,M

iLe−iηL(k)Y ∗L,M(k̂)YL,M(k̂)Rk,L(r) (5.22)
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An explicit formulation of the matrix elements in Equations 1.19 and 1.20 come from

Equations 47 and 48 of [127]. We keep the case of linear polarization with mi = 0.

Md(kẑ, ε, τ) =(8π)3/2
√

2
EΩ

∑
L

(−j)L
√

2L+ 1ejηL(k)

× 〈YL,0|Y1,0|Yli,0〉T
(1)
L,li

(k)

=|Md|ejθd

(5.23)

and,

Ma/e
cc (kẑ, ε, τ) =(8π)3/2

√
2

EωEΩa/e
∑
L

(−j)L
√

2L+ 1ejηL(k)

×
∑
λ

〈YL,0|Y1,0|Yλ,0〉 〈Yλ,0|Y1,0|Yli,0〉

× T (2)
L,λ,li

(k;κ)

=|Ma/e
cc |ejθ

a/e
cc

(5.24)

Where the radial part of the one and two-photon transitions are respectively

T
(1)
L,li

(k) = 〈Rk,L|r|Rni,li〉 (5.25)

and,

T
(2)
L,λ,li

(k;κ) = 〈Rk,L|r|ρκ,λ〉 . (5.26)

As seen with the appearance of ρκ,λ(r), a large theoretical leap has been taken

between Equations 5.20, 5.24, and 5.26 which is disclosed in Equations 6 and 7

of [127]. Instead of performing a more complicated integral, the radial amplitude

T
(2)
L,λ,li

(k;κ) is obtained with the first order perturbed wavefunction ρκ,λ(r) satisfies

[Hλ− εκ]ρκ,λ(r) = −rRni,li(r). We use the asymptotic approximation which reduces

the radial parts of the wavefunctions to simple analytical forms as

lim
r→∞

Rk,L(r) = Nk

r
sin(kr + Φk,L(r))

= Nk

2jr
(
ej(kr+Φκ,λ(r)) − e−j(kr+Φκ,λ(r))

) (5.27)

lim
r→∞

ρκ,λ(r) ≈ −
πNκ

r
ej(kr+Φκ,λ(r)) (5.28)
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In Equation 5.27 we have the asymptotic radial part for the continuum EWP, and

Equation 5.28 is the outgoing wavepacket in an intermediate state after absorption

of the XUV harmonic photon.The equations have amplitude and phase terms which

have been expressed in a compact way, Nk =
√

2/πk and Φk,L(r) = Zln(2kr)/k +

ηL−πL/2. We identify the scattering phase-shift, to which we attribute the Wigner

delay, ηL = σL + δL. This is a sum of two terms - the Coulombic phase-shift

σL and the deviation from hydrogenic behavior of the target δL (for hydrogenic

systems δL = 0). The integral is carried out as described from Equations 18

to 20 of [127]. The two photon matrix element (distinguished for absorption or

emission with a/e) is finally written as

Ma/e
cc (kẑ, ε, τ) ≈− 2π2

3 (8π)3/2EωEΩa/eNkNκ

× 1
|k − κ|2

exp
[
−πZ2

(1
κ
− 1
k

)]

× (2κ)(jZ/κ)

(2k)(jZ/k)
Γ[2 + jZ(1/κ− 1/k)]

(κ− k)jZ(1/κ−1/k)

×
∑

L=li,li±2
YL,mi(k̂)

∑
λa/e=li±1

〈
YL,mi

∣∣∣∣Y1,0

∣∣∣∣Yλa/ei ,mi

〉
×
〈
Yλa/e,mi

∣∣∣Y1,0

∣∣∣Yli,mi〉 〈Rκ,λa/e

∣∣∣r∣∣∣Rni,li

〉
j−λ

a/e

ejηλ
a/e

(5.29)

This matrix element has the phase

arg[Ma/e
cc ] = π + arg[YL,mi(k̂)] + φXUVΩa/e ± φω + ηλa/e + φccΩa/e −

λa/eπ

2 . (5.30)

In Equation 5.30, we account for all possible phase terms, including those of

subtle artifacts (i.e. through Euler identities j−k = e−jkπ/2, and − 1 = ejπ). It is

standard practice to drop the trivial phase terms from the spherical harmonics

in the following development of a practical formalism. The continuum-continuum

phase is readily discernible from Equation 5.29

φccΩa/e = arg
[

(2κ)(jZ/κ)

(2k)(jZ/k)
Γ[2 + jZ(1/κ− 1/k)]

(κ− k)jZ(1/κ−1/k)

]
. (5.31)

We mention now, and will recall later, that we consider an angle-integrated

photoelectron spectrum in which we observe particular dominant transitions. In
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the following passage, the transition matrix elements are expressed as modular

components which can be used by applying rules of complex number arithmetic.

Let us consider a scheme where three quantum paths lead to the same final EWP

continuum state. Figure 5.3 can be seen for reference. For the three matrix elements

we have one describing a direct transition made by absorption of Ω, another for

absorption of Ωa and absorption of ω, and lastly one occurring with absorption

of Ωe and emission of ω. It is possible for the probe photons to be absorbed or

emitted before Ωa or Ωe are absorbed, but these are insignificant contributions

to the photoemission. We express the fields as

Ẽω = ejωτ (5.32a)

ẼΩ = ejφ
XUV
Ω (5.32b)

ẼΩa = ejφ
XUV
Ωa (5.32c)

ẼΩe = ejφ
XUV
Ωe (5.32d)

We also have equations to represent the transition matrix elements. Equation

5.29 is greatly simplified when the matrix elements are written in the complex

magnitude and phase representation

Md(kẑ, ε) = ẼΩM̃d, (5.33a)

Ma
cc(kẑ, ε, τ) = ẼωẼΩaM̃

a
cc, (5.33b)

M e
cc(kẑ, ε, τ) = Ẽ∗ωẼΩeM̃

e
cc. (5.33c)

The phases of the matrix elements are then

arg[Md] = φXUVΩ − Lπ

2 + φat.Ω , (5.34a)

arg[Ma
cc] = φXUVΩa + ωτ − λaπ

2 + φat.Ωa , (5.34b)

arg[M e
cc] = φXUVΩe − ωτ − λeπ

2 + φat.Ωe , (5.34c)

where we have the atomic phase for the direct transition φat.Ω = ηL, the contiuum-

continuum transition with absorption of the probe photon φat.Ωa = ηλa + φcc,aΩa , and

one with emission of the probe photon φat.Ωe = ηλe + φcc,eΩe . Each atomic phase
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Figure 5.3: Energy diagram for experiment with an odd-harmonics APT dressed by UV
pulse. We have three processes that constribute to the photoemission. There is a first,
describing a direct transition made by absorption of Ω, a second with absorption of Ωa

and absorption of ωUV , and lastly one occurring with absorption of Ωe and emission of
ωUV .

contains the scattering phase-shift (Wigner phase), but only the atomic phase

for two-photon transitions holds a continuum-continuum phase for absorption or

emission of the probe photon.

For a given EWP energy, the photoemission probability is expressed as the

square of the summation of the coherent paths. For simplicity, only states with

mi = 0 will be considered, but the argumentation will hold for other values. For

three degenerate quantum paths

P (kẑ, ε, τ) = |Md(kẑ, ε) +Ma
cc(kẑ, ε, τ) +M e

cc(kẑ, ε, τ)|2

= |Md|2 + |Ma
cc|2 + |M e

cc|2 + (M∗
dM

a
cc +M∗

dM
e
cc +M e∗

ccM
a
cc + c.c.).

(5.35)

This can be rewritten as the sum of three terms

P (kẑ, ε, τ) = I0(kẑ, ε) + Iω(kẑ, ε, τ) + I2ω(kẑ, ε, τ). (5.36)
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We pay special interest to the Iω(kẑ, ε, τ) term. This modulates according to

Iω(kẑ, ε, τ) = 2|Md| (|Ma
cc|cos(arg[M∗

dM
a
cc]) + |M e

cc|cos(arg[M∗
dM

e
cc])) (5.37)

The phases of the cosine terms on the right hand side are

arg[M∗
dM

a
cc] = ωτ + (φXUVΩa − φXUVΩ ) + (ηλa − ηL) + φcc,aΩa (5.38a)

arg[M∗
dM

e
cc] = ωτ + (φXUVΩ − φXUVΩe ) + (ηL − ηλe)− φcc,eΩe (5.38b)

Using the convention of [114], we can distinguish the relative harmonic phases

and atomic phases with ∆φXUVΩa = φXUVΩa − φXUVΩ and ∆φXUVΩe = φXUVΩ − φXUVΩe

whereas ∆φat.a = ηλa − ηL + φcc,aΩa and ∆φat.e = ηλe − ηL + φcc,eΩe . These are for the

special case of Argon with dominant 3p → εd transitions (λ = 2). This leads us

to rewriting the equation for Iω(kẑ, ε, τ) as

Iω(kẑ, ε, τ) =2|Md||Ma
cc|cos(ωτ + ∆φXUVΩa + ∆φat.a )

+ 2|Md||M e
cc|cos(ωτ + ∆φXUVΩe −∆φat.e )

(5.39)

or in a more compact way,

Iω(kẑ, ε, τ) = Aεcos(ωτ + Ψε). (5.40)

The phase Ψε comes from the equation before last is shown now as

Ψε = atan
(
|Ma

cc|sin(∆φXUVΩa + ∆φat.a ) + |M e
cc|sin(∆φXUVΩe −∆φat.e )

|Ma
cc|cos(∆φXUVΩa + ∆φat.a ) + |M e

cc|cos(∆φXUVΩe −∆φat.e )

)
. (5.41)

In similar circumstances where two-photon transitions interfere at a sideband,

there are two processes that contribute to the photoemission. This is depicted

in Figure 5.4. The first transition occurs by absorption of Ωa and absorption

of ω. The second ocurrs with absorption of Ωe and emission of ω. The pho-

toemission probability is

P (kẑ, ε, τ) = |Ma
cc(kẑ, ε, τ) +M e

cc(kẑ, ε, τ)|2

= |Ma
cc|2 + |Ma

cc|2 +M e∗
ccM

a
cc +Ma∗

ccM
e
cc.

(5.42)

We then have only one oscillating term that modulates at twice the probe

frequency I2ω(kẑ, ε, τ) with definition

I2ω(kẑ, ε, τ) = 2|M e
cc||Ma

cc|cos(arg[M e∗
ccM

a
cc]). (5.43)
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Figure 5.4: Energy diagram for experiment with an odd-harmonics APT dressed by IR
pulse. There are two processes that contribute to the photoemission. There is a first,
with absorption of Ωa and absorption of ωIR, and a second occurring with absorption of
Ωe and emission of ωIR. We show two sidebands (dashed black) at 2q and 2q + 2 which
will be referred to later for our scheme.

We also have an oscillation at twice the probe frequency in Equation 5.35 which is

shown in detail in [26, 114, 115]. The phase for this RABBITT sideband is

arg[M e∗
ccM

a
cc] = 2ωτ + (φXUVΩa − φXUVΩe ) + (ηλa − ηλe) + (φcc,aΩa − φ

cc,e
Ωa ). (5.44)

We take an interlude at this point to see how others have measured the atomic phase

delays which have been mentioned earlier. The formalism in the above section, and

the measurements that are reported below, lay the foundation for us to apply the

theory, and set criterion which guide our experiments and analysis.
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5.3 Successful Techniques to Isolate the Atomic
Phase

Three milestone studies [24, 122, 123] served a didactic role to inspire our mea-

surements. Their experiments, which carried out by the RABBITT methodology,

focused on the isolation of the atomic phase so they could extract the Wigner delay.

From Equations 5.41 to 5.43, the sideband of a RABBITT spectrogram modulates as

I2ω(τ) = α + βcos(2ωIR(τ + τXUV + τat.)), (5.45)

where τ is the controlled pump-probe delay, the spectral delay of the harmonics

contributing to the sideband is defined with τXUV = (φXUVΩa −φXUVΩe )/2ωIR, and the

atomic phase accounts for the delay from the interaction of the harmonic photon

and probe photon as τat. = (ηλa− ηλe +φcc,aΩa −φ
cc,e
Ωa )/2ωIR. The common strategy of

these experiments is to cancel out the ambiguous pump-probe delay as well as the

XUV spectral phase. When the atomic delay is all that’s left, i.e. τat. = τW + τ cc,

the Wigner delay can be extracted, since τ cc can be calculated from the accurate

analytical approximation of Equation 5.31. Although we work on the extraction

of the continuum-continuum delay in our work, we can appropriate several of the

strategies that will be presented in this section to our experiment.

We consider a first study conducted by Kathrin Klünder et.al. [24] who extracted

the difference in single photon ionization between neighboring subshells, 3s and 3p

for Argon. Their attosecond harmonics had high enough energy to reach into the

deeper 3s shell. There was also small enough bandwidth with just four harmonics

(H21 to H27), to avoid overlapping in the photoelectron spectra which were obtained

simultaneously in an attosecond pump-probe technique. They made differential

measurements by subtracting the phases of two neighboring sidebands. The delay

from the attosecond chirp and pump-probe delay were therefore removed from the

total phase. Additionally, in order to isolate the Wigner time from the atomic

delay, the continuum-continuum delays were calculated. The calculations were made

assuming the 3s→ εp channel in the lower shell, and the 3p→ εd channel which

dominates the much weaker 3p→ εd in the higher shell [132]. At the three sidebands
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Figure 5.5: Data by Klünder for the Wigner delay differences in Argon across the 3s
and 3p shells (diamonds) plotted against calculations (solid black). For comparison, the
one-photon delays (red dashed) and continuum-continuum (dash-dotted blue) are plotted.
Figure adapted from [24]

they found a ionization delays (includes Wigner delay and continuum-continuum

delay) of −40± 10 as at SB22, and −110± 10 as at SB24 and −80± 30 as SB26 -

behavior that is displayed in Figure 5.5 (diamonds with error bars). Using these

values they could calculate the continuum-continuum delays and obtain the Wigner

delays of 140 as at 34 eV, and −20 as at 37 eV and 40 eV.

Another instructive study was performed by Palatchi et.al. [122]. Several

pairwise measurements were performed with Helium as a reference gas for Neon,

Argon, and Krypton to isolate an "effective" Wigner delay. In angle-resolved

measurements, i.e. detection with VMI or COLTRIMS geometry, multiple angular

momentum channels are degenerate in the spectrum. When the data is integrated

over the detection angle, these contributions are commingled so that the angular

momentum dependent Wigner delay is an effective quantity over all emission angles.

By subtracting the Helium spectrum, the attochirp was canceled. Furthermore, the

simplicity of the Helium system allows for the calculation and subtraction of its
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Figure 5.6: Comparison of the effective Wigner delay from experiment and theory for
neon, argon and krypton versus photoelectron kinetic energy. The TDSE-SAE, Diag
(diagrammatic), and RPAE calculations are from sources external to the author’s paper.
Calculations labelled with a ‘A’ in the legend are angle-integrated. Red arrows mark the
starting energy region of Helium doubly excited states. Figure adapted from [122]

atomic phase leaving only the paired gas atomic phase left. Their measurements

showed remarkable similarity to theoretical calculations which can be seen in Figure

5.6. In this case, the pairs of gases were measured sequentially, and the authors did

not utilize active stability to reset the pump-probe delay initial conditions (although

it could have been done). Because of an unknown constant phase added, the variation

of delay with respect to EWP energy, rather than absolute delay, was reported.

In a third study, which bears similarity to our procedure, Guenot et. al. [123]
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Figure 5.7: Differences of the atomic delay between Ar and He (blue solid), Ar and Ne
(red dashed), and Ne and He (green dashed–dotted) as a function of photon energy. The
open symbols and green dotted curve are reconstructed delay differences between Ne and
He from the difference between Ar and He and Ne and He delays. The data is manually
shifted energies for visibility. Figure adapted from [123]

compare the photoemission time delays across different atomic systems. Sequential

measurements were performed so that, even though the exact same APT was

not guaranteed (as in the simultaneous measurements like that by Klünder), the

APT was nearly identical if the measurements were performed in quick succession.

Additionally, by taking sequential measurements, the initial conditions of the pump-

probe delay had to be reproduced with active control and stabilization. This is

possible as long as one carefully counts the cycles of delay, and the beamline optics

or pump-probe characteristics are not altered. As seen in Figure 5.7, the differential

delays between Argon and Helium, Argon and Neon, and Neon and Helium were

obtained to be about 80 as, 70 as, and 20 as respectively.
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5.4 Complementary Attosecond Measurements

5.4.1 Experimental Setup

Our experiments were performed at the Auburn Source of Attosecond Pulses (ASAP)

laboratory. The schematic of the experimental setup can be seen in [116] and [50]

as well as in earlier chapters of this dissertation. It combines a Ti:Sapphire laser

delivering linearly-polarized 35-fs, 800-nm pulses at a 10 kHz repetition rate, a

stabilized XUV-IR Mach–Zehnder interferometer, VMI, and an XUV spectrometer.

APTs made of both odd and even harmonics can be generated with a linearly-

polarized two-color (800- and 400-nm) field via high harmonic generation in one

arm of the interferometer. A beamsplitter directs part of the laser power to a

collinear geometry that, when in use, generates a two-color HHG driving field

using a β-barium-borate (BBO) crystal, a calcite plate, and a zeroth-order half-

wave plate (at 800 nm). The duration of the 400-nm pulse was not measured

directly, but is expected to be slightly longer than the 800-nm pulse. The linearly

polarized one or two-color field is focused into a 2-mm gas cell filled with about

10 Torr of argon. The peak intensity at the interaction region is estimated to be

2 × 1014W/cm2 from the cut-off energy of the high harmonics produced. APTs

with an average duration of 10 to 20 fs are formed by filtering out the harmonics

below the 11th order with an ultra-thin Al foil.

The other portion of the IR laser power is sent into the other arm of the

interferometer, whose total length can be controlled to vary the time delay between

the APT and the probe pulses. We also use an optical train for second harmonic

generation to convert the IR to a UV probe field. The optics include a BBO, an

IR filter to remove any residual IR field, and a half-wave plate to reorient the

polarization vertically. I installed these optics on a micrometer stage to move them

in and out of the beam path for efficient experiment transitions. We realized the

effects of dispersion and reflection losses, which are more problematic at shorter

wavelengths. We replaced the gold-coated retroreflector in the beam path with a

silver one which has better reflection efficiency over a wider range of wavelengths.
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Additionally, I replaced the entrance window of 4-mm thickness to 1-mm thick

to reduce the Group Delay Dispersion on the pulse. Both beams were focused,

co-axially recombined, and finally sent into a vacuum chamber containing an effusive

argon gas jet. At the focal point, the probe intensity is estimated to be below

1011W/cm2. Our home-built VMI system was used to capture the photoelectron

emission. The three-dimensional photoelectron momentum distributions were then

reconstructed using the DAVIS algorithm [62].

5.4.2 Measurements

In our measurements, we implement two kinds of attosecond pump-probe method-

ologies. The measurements from each are complementary in that we require them

both to isolate the continuum-continuum delays from the atomic phase. We use

the traditional RABBITT scheme where an APT composed of odd harmonics of

the fundamental IR laser is spatially and temporally overlapped with a probe of

the fundamental field at an atomic target. The photoelectron spectrogram we

collected for the RABBITT trace is seen in Figure 5.8. In the energy domain, peaks

of photoelectrons from the one-photon absorption of odd harmonic photons are

observed at an energy spacing of 2ωIR. Additionally, sidebands are accessed when

the EWPs also absorb or emit an IR photon. This results in a degenerate spectrum

at the same sideband continuum state. As the pump-probe delay is changed, the

interference modulates at twice the IR frequency.

We also implement a variant of the above scheme that resembles that of [133].

We still have an APT of odd harmonics of the fundamental IR laser. But we now

take the UV second harmonic of the IR fundamental as the probe. The peaks from

one-photon absorption of odd harmonics are still seen, but sidebands no longer

appear. The trace involving this FSI is shown in Figure 5.9. When EWPs absorb

or emit a UV photon the energy spans across the energy spacing of the peaks so

that the one and two photon transitions all appear at the odd orders. This results

in a degenerate spectrum which has components that modulate at ωUV (2ωIR) and

2ωUV (4ωIR). We note that between these two processes, the modulation at ωUV
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Figure 5.8: Spectrogram for the experiment with an odd-harmonics APT dressed by IR
pulse. Photoelectron peaks appear at odd order from the absorption of one XUV photon.
Sideband peaks due to two-photon transitions appear at even order, and modulate at twice
the IR frequency. A modulation at odd order is due to the depletion of the one-photon
paths, conserving the global photoemission.

dominates. This interference involves one less photon and is therefore more probable

than the other with transitions that both result from two-photon interactions.

The energies of our harmonic comb are sufficient for one-photon ionization of

the Argon 3p electrons. The photon energy range of our five harmonics (H13 to

H21) is between 20.1 eV to 29.5 eV, which for the 3p ionization potential of 15.76

eV corresponds to EWP kinetic energies of 4.4 eV to 13.7 eV. We performed the

experiments in quick succession so that the characteristics of the APT would be

preserved. Only by doing so can we assume that the APT is nearly identical [122].

We made it a practice to begin with the UV-FSI experiment first, because finding

the temporal overlap is more difficult in that configuration. In the RABBITT

configuration, though, we use the fundamental IR to find the temporal overlap of

the beamline. On the other hand, when we use the UV probe we are forced to use

the BBO in the HHG arm to aid us. Because we have to rotate the BBO to switch

back to a one-color driving field (for odd harmonics) we lose information on the
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Figure 5.9: Spectrogram for the experiment with an odd-harmonics APT dressed by
UV pulse. The degenerate paths of the EWPs all coincide at the odd orders.

optical path length. It is much easier to take the UV-FSI measurement, switch to

RABBITT, and even if our calibration is off, scan for temporal overlap again.

5.5 Analysis

5.5.1 Transition Matrix Formalism for Measurements

The angle-resolved photoelectron spectra in attosecond measurements will generally

display an anisotropy, coming from the presence of several degenerate angular

momentum transition channels[26, 122, 133, 134]. When the measurement is angle-

integrated, we should therefore refer to an effective Wigner time for all emission

angles [122]. The continuum-continuum delay, on the other hand, is universal for an

EWP at a given kinetic energy, and given laser wavelength. Therefore, a differential

measurement disposes of the group delay of the attosecond pulse (attochirp), pump-

probe delay, and effective Wigner delay. We isolate the continuum-continuum

absorption versus emission delay as

∆τ cc,IR = (φcc,+IRΩ + φcc,−IRΩ )
2ωIR

. (5.46)
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Although we have an addition sign here, the absorption and emission delays are

opposite in sign. We can interpret the above equation as the difference in magnitude

of delay from absorption versus emission starting from an intermediate EWP kinetic

energy. We consider our two measurements, where in one we use an APT composed

of odd harmonics dressed by the fundamental (IR) laser pulse, and a second

measurement with a practically identical APT dressed by the second harmonic (UV

pulse) of the fundamental. In the first measurement, three neighboring harmonics

2q − 1, 2q + 1,and 2q + 3 contribute to two neighboring sidebands 2q and 2q + 2 as

seen in Figure 5.4. In the lower sideband SB1 (order 2q), we have

ISB1(kẑ, ε, τ) = 2|M e
2q+1||Ma

2q−1|cos(ΦSB1) (5.47a)

ΦSB1 = 2ωIRτ + φXUV2q−1 − φXUV2q+1 + η2q−1 − η2q+1 + φcc,+IR2q−1 − φ
cc,−IR
2q+1 + φ0, (5.47b)

where φ0 is an ambiguous starting pump-probe phase in the IR-RABBITT with

respect to the UV-FSI measurement. For the upper sideband SB2 (order 2q+2)

we have amplitude and phase

ISB2(kẑ, ε, τ) = 2|M e
2q+3||Ma

2q+1|cos(ΦSB2), (5.48a)

ΦSB2 = 2ωIRτ + φXUV2q+1 − φXUV2q+3 + η2q+1 − η2q+3 + φcc,+IR2q+1 − φ
cc,−IR
2q+3 + φ0. (5.48b)

Returning to the FSI equation where we use a UV probe, we make reference

to Figure 5.3 to substitute the appropriate harmonic order into the subscripts.

The FSI phase becomes

Ψε = atan
(
|Ma

2q−1|sin(∆φXUVΩa + ∆φat.a ) + |M e
2q+3|sin(∆φXUVΩe −∆φat.e )

|Ma
2q−1|cos(∆φXUVΩa + ∆φat.a ) + |M e

2q+3|cos(∆φXUVΩe −∆φat.e )

)
. (5.49)

Then, the relative harmonic phases and atomic phases are ∆φXUVΩa = φXUV2q−1 − φXUV2q+1

and ∆φXUVΩe = φXUV2q+1 − φXUV2q+3 while the atomic phases are ∆φat.a = η2q−1 − η2q+1 +

φcc,+UV2q−1 and ∆φat.e = η2q+1 − η2q+3 + φcc,−UV2q+3 . We have differentiated between the

IR and UV continuum-continuum phases since cc transitions are smaller for shorter

wavelengths at a given EWP kinetic energy. In order to build a relation between

the IR and UV continuum-continuum phases, we can use

φcc,±IRΩ = φcc,±UVΩ + δcc,±Ω (5.50)
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where we can calculate each of these terms using Equation 5.31. We begin to

form a system of equations once we take the difference of the sidebands, and

compare this to the FSI with the substitutions ∆φaFSI = ∆φXUVΩa + ∆φat.a and

∆φeFSI = ∆φXUVΩe −∆φat.e . First, let us rewrite the sideband phases as

ΦSB1 = 2ωIRτ + ∆φaFSI − φ
cc,−IR
2q+1 + δcc,+2q−1 + φ0 (5.51a)

ΦSB2 = 2ωIRτ + ∆φeFSI + φcc,+IR2q+1 − δ
cc,−
2q+3 + φ0 (5.51b)

Then, as we take the difference of these equations, the pump-probe delay and

the ambiguous phase cancels out,

ΦSB2 − ΦSB1 = (∆φeFSI −∆φaFSI)− (δ2q−1
cc,+ + δ2q+3

cc,− ) + (φ2q+1
cc,+IR + φ2q+1

cc,−IR). (5.52)

And, with the FSI equation, we now have a system of two equations and two un-

knowns

Ψε = atan
(
|Ma

2q−1|sin(∆φaFSI) + |M e
2q+3|sin(∆φeFSI)

|Ma
2q−1|cos(∆φaFSI) + |M e

2q+3|cos(∆φeFSI)

)
. (5.53)

The form of this equation can be solved by iPROOF [115]. If we calculate the

terms ∆φeFSI and ∆φaFSI with the iPROOF algorithm, we can thus extract the

differential continuum-continuum delay.

5.5.2 The Continuum-Continuum Delays

We can calculate the continuum-continuum delays from an analytical form, for

which we refer the reader to [24, 127] for thorough derivations. Briefly, our equation

for the phase due to absorption of a probe photon is

φcc,aΩa = arg
[

(2κa)(jZ/κa)

(2k)(jZ/k)
Γ[2 + jZ(1/κa − 1/k)]

(κa − k)jZ(1/κa−1/k)

]
. (5.54)

We use atomic units for the calculation, with important conversions including the

atomic unit of energy, the hartree, with electron volts Eh = 27.211386 [eV] as well

as the atomic unit time period in seconds Tat. = 2.418884× 10−17 [s] (about 24.2

[as]). We define the final momentum as k =
√

2(Ωa + Ip + ω) and the intermediate

momentum with κa =
√

2(Ωa + Ip). Only small changes need to be made for

emission, with final momentum equivalently expressed as k =
√

2(Ωe + Ip − ω),
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and intermediate momentum is κe =
√

2(Ωe + Ip). There is also an alternative to

way to write Equation 5.54, presented by Klünder

φcc,aΩa = arg
[(

j

κa − k

)jz (2κa)j/κa

(2k)j/k Γ(2 + jz)
]
, (5.55)

where z = 1/κa−1/k. Note that the above equation may appear slightly different to

the one reported in [24]. A typo was brought forward by [127] that is included here.

Calculations for the phase and delay are made using the asymptotic approxi-

mation, Equation 5.54, and displayed in Figure 5.10. The phase for absorption is

positive while the phase for emission is negative. We draw attention to the fact

that we are plotting the phase versus the final EWP kinetic energy. in general,

transitions higher in energy have smaller magnitude. This is seen in the behavior of

both curves - at higher EWP kinetic energy, phase approaches zero. Also this is

displayed in the absorption which is a transition from a lower intermediate energy,

thus taking longer in magnitude than the emission which comes from a higher

intermediate energy. Furthermore, although [127] shows in their Figure 9 that

phase and delay magnitude is shorter for shorter wavelengths, our calculations for

the UV involve a coupling energy of ωUV rather than 2ωUV . Our two equations

to calculate the delays for the IR and UV are

τ cc,IR =
(
φcc,−IRΩe − φcc,+IRΩa

)
/2ωIR, (5.56a)

τ cc,UV =
(
φcc,−UVΩe − φcc,+IRΩa

)
/ωUV , (5.56b)

where Equation 5.56.a is for the RABBITT (coupling energy of twice the probe

frequency) and Equation 5.56.b is for the FSI (coupling energy of the probe energy).

The asymptotic approximation slightly overestimates the magnitude of the phase,

at low EWP energies, but converges toward exact calculations at higher energy

[127]. Overall, it is a good qualitative model. When we make the calculations,

we do so with atomic units.

If we recall Equation 5.46, we can see that it is more practical to calculate

and plot the delays with respect to the intermediate EWP kinetic energy. We

note an interesting behavior of the curves of Figure 5.11.a with comparison to
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Figure 5.10: Calculations of the Continuum-continuum phases and delays at final EWP
kinetic energy. The results can be compared to [127]. The positive/negative curves are
for absorption/emission. The blue is for the UV and the red is for the IR. The dashed
lines represent the delays of Equations 5.56.a and 5.56.b. The UV phase and delays are
longer in this case because the coupling energy is ωUV (for the FSI) rather than 2ωUV
(for RABBITT).

those in 5.10.a. The absorption/emission is still positive/negative. But now, we

consider delays departing from an intermediate EWP kinetic energy state to a

higher EWP final energy with absorption, and a drop to a lower final energy with

emission. This means that the absorption, being across a higher energy band

in this instance, takes less time.

Finally, we consider the results. We refer the reader to [115] for a disclosure

on the iPROOF algorithm, but with the obtained phases, we have used Equation

5.52, and 5.46 to calculate the delays of absorption and emission from a given

intermediate kinetic energy. We note that iPROOF was originally designed to treat

the case of an IR fundamental probe and an XUV spectrum with odd and even

harmonics. We thus had to trick the algorithm by treating the UV probe as the

fundamental, and the IR odd harmonics as the odd and even harmonics of the UV.

Our data is presented in Figure 5.11.b at harmonic orders H15, H17, and H19. We

note that the error stems from the uncertainty in the width of the five harmonic

pulses in our APT (H13 - H21). These errors, as well as the FSI phases ∆φaFSI and



5. Probing Temporal Aspects of Laser-Assisted Photoionization 134

Figure 5.11: Calculations of the Continuum-continuum phases at intermediate EWP
kinetic energies for our experiments. We use the same color code as in Figure 5.10, and the
dashed black lines are the calculations for Equation 5.46. The black diamonds represent
our data with error bars that come from uncertainties as described in the text.

∆φeFSI are both obtained from iPROOF. We are excited that this measurement is, to

our knowledge, the first experimental validation of the continuum-continuum delays.

From the asymptotic approximation, I calculate that the delay magnitude

differences should be -17.5 as at H15, -8.7 as at H17, and -5.1 as at H19. Our delays

obtained from the experiment are, −7.4± 24.1 as for H15, 10.6± 24.5 as for H17,

and −9.7 ± 23.8 as for H19. A first source of our error comes from the dynamic

stability of our active stabilization system which stabilizes and controls the delay of

the interferometer. In [116] we have found this to be about 6 as. We also account for

the error from the sideband modulations. We have a measurement of about 29.38

fs for the RABBITT, which is roughly 22.04 oscillations of the interference. In the

Fourier domain, our interference signal is thus not a pure frequency f0. I estimate

the deviation by using the frequency fdev. at the half-width at half-maximum of the

frequency peak. Next, I estimate the difference in absolute delay of what we assume

is the actual interference frequency f0 compared to the deviated frequency fdev.

From 22.035× (1/f0− 1/fdev.) I use the value of about 7.4 as. Since each of the four

sidebands is the same length, I use this error for every instance a sideband appears

in the calculations. Another source of error comes from the FSI terms. Because we
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have modulations from both one and two-photon quantum paths overlapping, this

is a more complex situation. The iPROOF algorithm performs the analysis across

the width of the pulse, and the error is obtained from this set of values. Finally,

in our analysis we have use theoretical values which come from the asymptotic

approximation. We already know that this approximation begins to break down

at lower energies, but it still provides us with good qualitative behaviour. At

this point, we await results from theoretical calculations so that we can better

estimate the continuum-continuum delays. We do not have a designated value for

this error, but we can speculate that it may be in the form of a shift subject to

the qualitative nature of the approximation used.

Surely, one of the biggest reasons our data may depart from perfect agreement

is that the asymptotic approximation breaks down close to ionization threshold.

Additionally, it may be possible that increased error may arise from the fact that the

APT is not identical, but nearly identical in the sequential measurements. We may

have a few more sources of error due to things such as spectrometer calibrations,

but I am confident that the dominant forms of error are accounted for. Although

we currently have no external measurements to compare our continuum-continuum

results with, we can consider the results for the Wigner-like delay by Klünder

as a standard of comparison. It is, after all, a related experiment of the other

part of the atomic delay. Our measurement, like Klünder’s, displays a qualitative

agreement with the physical models.

5.6 Conclusion

In conclusion, we have measured the temporal aspects of a part of the atomic

delay, the continuum-continuum delay, for the first time. We used complementary

measurements to isolate it in a differential way. We anticipate that this work will

deliver new insights for the attosecond community. These results may also serve as

data to compare to theoretical work that is made with more exact calculations. We

make the observation that it should be rewarding to repeat this experiment using

Helium, for which theoretical support can be made with more precision.
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What follows is a summary of the work and scholarly activities presented in

this dissertation. I conclude with my personal outlook for the directions of attosecond

science. It is my hope that in drawing the main thoughts together in one place, and

sharing a personal perspective, that future readers will draw some inspiration.

6.1 Summary

The accomplishments and scholarly pursuits recorded in this dissertation sweep

territories branching across several areas in the field of attosecond science. Part

of the reason for this is that, in the startup of a new research line, opportunities

to apply forward thinking were taken as each individual stage of the experimental

setup was developed. For example, even though plenty of algorithm techniques

exist for the inversion of PADs, in a work led by Geoffrey Harrison, the faster and

higher resolution DAVIS algorithm was developed. The project I led to design and

implement an active stabilization scheme was also another project that produced

136
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and shared as a novel scientific contribution. So, the first few years of our group

have been spent efficiently in that a new attosecond research line was developed

while research was carried out in the process.

Chapter 1 is organized so that the reader may be imbued with the customary

knowledge required in the attosecond community, while also being prepared for the

studies that were undertaken in photoemission coherent control and fundamental

light-matter interactions in atomic physics. In Chapter 2, a detailed description

of the attosecond beamline is presented, providing as much practical information

and details as possible about our experimental capabilities at the given time of

these experiments. In Chapter 3, I took space to recount a novel technique for

active stabilization of our pump-probe scheme that meets and exceeds some of

the highest standards for precision and control possible for comparable setups. In

Chapter 4, I recall a study of the control of photoemission. Finally, in Chapter

5, I present the theoretical motivation and experimental results that displays a

promising outlook for a new method that can allow the extraction of fundamental

atomic physics involved in light-matter interaction.

6.2 Outlook

Attosecond science has reached a stage of maturity where the community has

realized that parametric studies are as important as pump-probe experiments that

simply control the delay between APTs or SAPs and the probe field. We have

found ways to tailor the harmonic spectrum by altering the harmonic generation

with steps before, during, and after HHG. We have studied all phases of matter -

gas, liquid, solid, and plasma. We have studied inorganic, organic, and biological

materials. We have a variety of methods including attosecond streaking, RABBITT,

Attosecond lighthouse, Attosecond time-slit, stereo ATI, etc. We have found that

we can study ultrafast electronic shakeup, Auger Decay, the Fano resonance, Wigner

delays, timescales of continuum-continuum transitions, and self probing in High

Harmonic spectroscopy. And, quite recently, we have obtained the means both
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to produce zeptosecond pulses, and even carry out attosecond-pump/attosecond-

probe experiments. Our past and present have been brilliant, and our future

looks bright as well.

For most of the attosecond community, the year 2020 has been a year of

far reaching efforts as never before (despite the relentless COVID-19 pandemic

and economic uncertainties). I believe that many eureka moments are in store

for industrial applications and controlling the processes and outcomes in basic

atomic physics and chemistry. It seems reasonable that future studies involving

attosecond pump-attosecond probe techniques should be capable of penetrating

far into the inner shell regions of the types of systems which have already been

studied as well as into the 100-eV range of experiments [135–137]. Even with the

current ultrafast methodologies widely in use, perhaps new ways for interrogation

wait to be discovered as well. Perhaps we can also study transient processes

which are not themselves induced by the attosecond pulses - one example being

phase change of materials. Still, even now, the attosecond science has more than

enough open frontier to explore.



If I have seen further, it is by standing on the
shoulders of Giants.

— Sir Isaac Newton in a letter to Robert Hooke
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