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Abstract

Transient Absorption Spectroscopy with Isolated Attosecond Pulses

by

Marie Justine Bell

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Stephen R. Leone, Co-Chair
Professor Daniel M. Neumark, Co-Chair

Ultrashort pulses with durations less than one femtosecond advance understanding of chemistry
and physics by facilitating time-resolved measurements on the timescale of electronic motion.
A very pragmatic type of experiment incorporating isolated attosecond (10−18 s) pulses is
transient absorption measurements that utilize the broad bandwidth of attosecond pulses. In
these measurements the dispersed spectrum of the isolated attosecond pulse is recorded after
the attosecond pulse and a time-delayed optical pulse pass through an experimental target
of interest. This thesis focuses on the development of an attosecond transient absorption
spectrometer with the ultimate goal of using the spectrometer to measure atomic and
molecular dynamics. Two experimental studies are presented: one focusing on the behavior of
helium atoms bathed in a strong near-infrared optical field, and one focusing on measurement
of the lifetimes of autoionizing states in xenon.

Measurement of the absorption spectrum of atomic helium bathed in a near-infrared
(780 nm) field exhibits new features when the attosecond pulse and the optical pulse are
overlapped in the gas target. The features near the 1s2p transition at 21.21 eV are identified
as intermediates in two-photon transitions to reach nearby s and d helium excited states
that are inaccessible via one photon transitions from the 1s2 ground state of He. Initial
measurements identified three intermediate states, and further experiments investigated the
behavior of the states as the near-infrared field intensity is increased.

Attosecond time-resolved measurement of ultrashort lifetimes of autoionizing states is
also investigated. The 5s5p66p and 5s5p67p autoionizing states of xenon are visible in the
extreme-ultraviolet absorption spectrum of Xe as Fano resonances. The Fano resonances are
suppressed by a time-delayed near-infrared pulse and recover with a time-constant that is
related to the lifetime of the state. The studies here identified key parameters for time-resolved
measurements of the autoionization lifetime, including spectral resolution of the attosecond
transient absorption spectrometer.
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Chapter 1

Introduction to attosecond
spectroscopy

1.1 Introduction
Time-resolved spectroscopy, the utilization of short bursts of light to measure chemical

dynamics, is a powerful tool for understanding the fundamentals of chemical processes. This
technique of using short pulses of light to analyze the behavior of a sample after excitation
has a rich scientific history. For example, the femtosecond dynamics of molecules and atoms
have been studied for well over two decades. The Nobel prize winning work of Zewail has
been noted for advancing the understanding of quantum chemistry by elucidating transition
states in chemical reactions [1]. A key component of these measurements is the ability to
collect information on the natural timescale of chemical processes.

Recently, developments in laser technology have introduced the capability to produce pulses
of radiation that are shorter than 1 fs in duration [2]. Application of sub-femtosecond pulses to
chemical dynamics permits real-time measurements of energetics and populations of electronic
states as a function of time because electronic dynamics take place on a few-femtosecond to
sub-femtosecond timescale. Measurements of fundamental chemical and physical processes,
including valence and inner-valence ionization, strong field ionization, and lifetimes of highly
excited states [3], have yielded interesting results; for example, electronic coherences [4] or
sub-femtosecond delays in ionization [5]. This work focuses on the powerful opportunities
that exist for measuring of lifetimes and energetics of highly excited states in addition to
monitoring optical modification of optical properties of materials with unprecedented time
resolution.

1.2 Attosecond science
Vibrational periods of molecules are typically on the femtosecond and picosecond timescale,

consequently time-resolved spectroscopy with femtosecond pulses has provided valuable insight
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into the motions of nuclei over the course of chemical reactions. Dynamics occurring on the
attosecond and few-femtosecond timescale are typically motions of electrons [6–10]. Time-
resolved measurements on the attosecond timescale can probe short-lived states (with lifetimes
that range from sub-femtosecond to tens of femtoseconds) that decay via autoionization or
Auger decay [8, 11]. Attosecond measurements may also probe fundamental processes, for
example measuring the length of time an electron needs to escape from an atom or surface
in photoionization or field ionization [5, 9, 12]. A rich topic in femtosecond spectroscopy is
coherent phenomena like vibrational wave packets. The analogous scenario on the attosecond
timescale is coherent superpositions of electronic states [4, 10]. Over the past decade efforts
have been directed toward incorporating more complicated molecular or solid state targets
and toward testing common assumptions of ionization and absorption.

Auger relaxation and, more generally, autoionization relaxation processes are driven by
configuration interaction and occur on sub-femtosecond to picosecond timescales. Atomic
autoionization processes are driven by electron-electron interactions, but molecular autoion-
ization may be mediated by vibronic or rotational couplings in addition to electron-electron
interactions. Real-time measurements of autoionization and Auger decay elucidate electronic
reorganization after ionization, by determining how quickly electrons rearrange following a
sudden ionization. Influential measurements of ultrashort lifetimes with attosecond time
resolution include measurement of Auger decay in core-excited atomic krypton [8, 11]. Auger
emission mirrors the lifetime of the core-excited state, so the lifetime was determined by mea-
suring the emission time of Auger electrons with photoelectron streaking. Subsequent efforts
utilizing photoelectron streaking and transient absorption spectroscopy include measuring
the lifetimes of autoionizing states of helium [13] and argon [3], respectively. Attosecond
experiments on molecular species have the power to examine dynamics where lifetimes de-
termined from frequency domain measurements of spectral linewidths may be limited by
complex lineshapes with overlapping features and contributions from multiple vibrational
states [14]. Additionally, attosecond experiments with molecular targets may probe the
competition between electronic and nuclear coupling in relaxation pathways (for example,
relaxation of superexcited states of molecules). Uniquely molecular relaxation mechanisms
may also be studied in core-excited molecular and loosely bound dimer targets (for example
Ne2 or XeF2). For example, the core-excited states may relax via interatomic Coulombic
decay, where the core-hole lifetime decreases (relative to the isolated atom core-hole lifetime)
because the double ionization potential is reduced when the holes are localized on two separate
nuclei [15–18]. Measurement of core-hole lifetimes in molecules that decay via interatomic
Coulombic decay can provide valuable parameters for understanding energy transfer and
electronic correlation in molecules.

Photoionization is a fundamental component of spectroscopy and several experiments
(performed in the research groups of Anne L’Huillier and Ferenc Krausz) have focused on
measuring relative time delays between emission times of electrons from different atomic
subshells. For example, a sub-femtosecond delay in electron emission has been measured
for electrons emitted from the 2p orbital of gas phase neon relative to the 2s orbital [5].
Experimental and theoretical [19–21] work focusing on short delays in photoemission can



1.2. ATTOSECOND SCIENCE 3

provide measurements of the Wigner time delay: the delay in arrival time of the attosecond
pulse induced by the presence of the atom [22, 23]. The delays measured in these experiments
answer fundamental questions: When exactly an electron escapes from atom? And when
processes, in this case ionization events, can be considered to occur simultaneously? Another
interesting feature of measuring sub-femtosecond photoionization delays is the impact of the
optical laser field, typically used in attosecond pump-probe experiments, on the measured
time delays. The interpretation of time delays in neon photoionization and subsequent work
utilizing attosecond pulse trains to measure relative time delays between ionization of electrons
from 3p and 3s orbitals of atomic argon [24], is informed by theoretical calculations that
incorporate the effect of the near-infrared (NIR) streaking field on the electrons’ trajectories
[19–21]. The Wigner time is produced by the incident attosecond pulse scattering off the
atom; therefore, measurements of sub-femtosecond Wigner time delays provide a valuable
bench mark for scattering theories. Measurements of this kind are also practically important
as the Wigner time can be thought of as the propagation time of the scattered pulse and,
as such, is a measure of energy transfer time [25]. Experiments on solid state targets have
measured the delay between emission from Fermi-level and 4f core orbitals of a tungsten
crystal, and theoretical work has identified the contribution to the delay resulting from the
time necessary for electrons to escape from the surface [26–28].

Several experiments (performed in the research groups of Ursula Keller and Ferenc
Krausz) have investigated atomic and molecular dynamics driven by a strong laser field
(∼ 1012 − 1014 W/cm2). A NIR laser has an optical period of 2.6 fs, therefore dynamics
driven by the instantaneous oscillations of the laser field occur on the few-femtosecond to
sub-femtosecond timescale. In 2007, an influential experiment measuring the yield of doubly
ionized neon cation produced from field ionization of singly ionized neon cation revealed a
step like character in Ne2+ yield [8, 29]. The results experimentally verified that the field
ionization rate depends on the instantaneous field strength. Additional work has focused on
determining whether field ionization adiabatically follows the laser field or if electrons are
ionized after some time delay. Angular streaking measurements (that utilize an elliptically
polarized streaking field instead of the typical linearly polarized streaking field) of strong field
ionization of helium atoms measured an almost instantaneous ionization and placed an upper
limit of 12 as on the tunneling time [9, 12]. Similar to measurements of Wigner time delays,
measurement of tunneling time delays requires consideration of subtle effects including field
induced Stark shifts and multielectron dynamics. Changes to the tunneling offset angles (the
angular offset caused by escaping electrons interacting with the cation Coulomb potential) as
a function of field intensity in gas phase argon are attributed to induced dipole and Stark
shift effects [30]. These experiments suggest further avenues to study multielectron dynamics
in more complex systems, including larger more polarizable molecules and targets where
multiple field ionization events may take place.

Femtosecond and picosecond time-resolved measurements of strong field ionization of
gas phase xenon [31] and krypton [32, 33] measured quantum state distributions and hole
orbital alignment effects. Subsequent transient absorption measurements and theoretical
studies of strong field ionization of gas phase krypton with isolated attosecond pulses have
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revealed not only alignment effects, but also superpositions of atomic states [4, 34, 35]. The
electronic coherence can only be directly measured with attosecond time-resolved techniques.
Kinematically complete measurements of hole localization in core-ionized molecular nitrogen
inferred, but not directly probed, electronic coherence [36]. Examining the coherence generated
during strong field double ionization may provide insight into competition between sequential
and non-sequential double ionization [37]. Turning toward more complex molecular targets,
measurements of coherent electronic superpositions may allow vibronic dephasing effects or
additional losses of coherence to be studied. Direct measurements of electronic coherences
and dephasing may elucidate interactions of electronic correlations and nuclear dynamics. A
technical challenge of generating coherent superpositions via field ionization, is the requirement
that the NIR ionization pulse be short enough to create electronic states in phase. Practically,
few-femtosecond and even single-optical-cycle pulses are necessary [38].

Attosecond science is an emerging field focused on measuring fundamental parameters of
light-matter, electron-electron, and electron-nuclear interactions with sub-femtosecond time
resolution. A significant portion of experiments with attosecond time resolution in the past
decade have focused on proof of principle measurements on atomic species, but current efforts
are shifting toward investigations of molecular dynamics with attosecond time resolution.

1.3 Attosecond pulse generation
Production of pulses with durations in the sub-femtosecond regime requires radiation

in the extreme ultraviolet range of the electromagnetic energy spectrum, because the pulse
duration cannot be smaller than the optical period of the radiation [39]. For example 300 nm
radiation has an optical period of 1 fs, so to make pulses shorter than 1 fs radiation of a higher
frequency must be used. Additionally, considering the time-energy Fourier transform pair,
a sub-femtosecond pulse necessarily needs a broad spectral bandwidth–a transform-limited
pulse 1 fs in duration requires a 1.8 eV spectral bandwidth [40]. Traditional laser gain
media do not allow the production of broadband radiation in the desired energy range. High
harmonic generation from optical pulses is currently the only source for generating radiation
with the appropriate characteristics for isolated attosecond pulses. Future developments in
free-electron laser sources, which currently are limited to few-femtosecond durations at the
shortest, may expand the possibility of high photon flux attosecond light sources.

1.3.1 High harmonic generation
In the process of high harmonic generation, a strong laser field is converted to a high

harmonic in a non-linear medium, most commonly a noble gas in a cell, jet, or capillary
(molecular gas phase targets and solid-state targets may also be used, but are less common).
High harmonic generation can be explained in terms of a semi-classical model proposed by
Corkum [41]. The laser field at the focus of the laser is comparable to the Coulomb potential
that binds electrons to the atoms. At an extremum of the oscillating laser field, the potential
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that binds an electron to the atom is suppressed, allowing an electron to tunnel-ionize. The
nascent electron is now a charged particle in an oscillating electric field, and, as such, it is
accelerated away from the parent cation. As the laser field reverses, the electron is accelerated
back toward the parent cation, and when the field is zero, the electron may recombine. As the
electron was accelerated in the laser field, its kinetic energy increased; therefore recombination
requires that energy be emitted, possibly in the form of a photon. The energy of the radiation
emitted will correspond to the kinetic energy the electron gained as it was accelerated by the
laser field and the ionization potential of the parent atom:

~ω = Ip + 3.17Up (1.1)

where Ip is the ionization potential of the parent atom and Up is the pondermotive energy of
an electron in a electromagnetic field defined as:

Up = e2E2
0

4meω2
0

(1.2)

where e is the elementary unit of charge, E0 is the electric field strength in V/m, me is the
mass of an electron and ω0 is the angular frequency of the laser field.

The recombination may happen at every zero crossing of the electric field, yielding a train
of attosecond pulses separated in time by the half-period of the driving laser field and with a
spectrum corresponding to a series of peaks whose energy is an odd harmonic of the driving
laser frequency. A full quantum mechanical model of high harmonic generation has been
developed [42].

Attosecond pulse trains have permitted measurements of ultrafast molecular dissociation
[43, 44], precision measurements of aligned molecules [45], and condensed phase targets [46] on
femto- and picosecond timescales, but for resolving dynamics on the sub- and few-femtosecond
timescale, in real time, single isolated attosecond pulses are advantageous.
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Figure 1.1: The semi-classical mechanism for high harmonic generation (HHG). A strong
few-cycle laser field suppresses the coulomb binding potential of an atom, allowing an electron
(shown in green) to tunnel-ionize in step 1. This electron is accelerated in the field in step
2. Finally, in step 3, the electron can recombine with the parent cation releasing a burst of
photons.

1.3.2 Isolated attosecond pulses
Intensity gating

Isolated attosecond pluses were first demonstrated in 2001 [2]. This advancement was
achieved by selecting a single attosecond pulse with the highest photon energy from a train of
attosecond pulses produced by high harmonic generation. Intensity gating utilizes the scaling
of high harmonic photon energy with the driving laser intensity: The single attosecond pulse
is selected by utilizing a high pass filter such that only one attosecond pulse in the pulse
train has sufficiently high photon energy to pass through the metallic high pass filter. This
technique requires very short pulses, so that the difference in laser intensity between each
successive half-cycle is large. Practically, the pulse duration of the driving laser should be
5 fs or less for NIR pulses; single optical cycle driving laser pulses are the state-of-the-art
implementation of this method [38]. High harmonic generation is controlled by the driving
laser field so precision control of the laser electric field (in contrast to the laser intensity
envelope) is necessary to generate isolated attosecond pulses by this method. Stabilization of
the electric field waveform and control of the pulse duration are prerequisites for isolated
attosecond pulse production via intensity gating. Finally, this method is limited to using the
so-called cut-off region of HHG. Typical experimental photon energies may be over 70 eV or
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over 100 eV if zirconium or silicon filters, respectively, are used.

Polarization gating

Controlling the polarization of the driving field was proposed in 1994 [47–49] to limit
or gate harmonic generation to one half-cycle. Polarization gating exploits the suppression
of harmonic generation by a circularly polarized field, by creating two circularly polarized
pulses that are only overlapped for one optical half-cycle. The polarization of the total field
at pulse overlap is linear, so harmonic recombination is allowed. Effectively, the pulse is
partially circularly polarized. The so-called gate width (τg) where harmonic production is
allowed can be estimated from:

τg = ε
ξth

ln(2)
t2p
Td

(1.3)

where ε is the ellipticity of the laser pulses (ε = 1 for circularly polarized light), ξth is the
threshold ellipticity for suppression of harmonic recombination, tp is the input pulse duration,
and Td is the delay introduced between the two counter-rotating pulses. This condition was
experimentally achieved in 2003 [50] by using birefringent quartz plates. The plates are
designed to produce two counter-rotating circularly polarized pulses that are time delayed so
that the pulses overlap for only one optical half-cycle [50]. This technique is advantageous
because it opens up broader ranges of spectrum for use with attosecond pulse generation for
use in experiments, for example, around 20 or 40 eV.

Double optical gating

Double optical gating (DOG) [51–53], is an evolution of polarization gating, utilizing the
same techniques, but it further relaxes the generating conditions by overlapping the second
harmonic of the driving field with the driving field itself. Adding the second harmonic breaks
the symmetry of the electric field and as a result recombination resulting in emission of light
only occurs once per optical cycle. The addition of a β-barium borate (BBO; β−BaB2O4) for
second harmonic generation to the high harmonic generation scheme produces significant gains
in efficiency because the high harmonic production needs to be gated to only one optical cycle,
instead of one optical half-cycle. Thus, the delay between the two counter-rotating pulses
may be shorter and, therefore, for a given input pulse DOG will result in less preionization of
the high harmonic generating gas on the leading edge of the pulse before harmonic generation
is permitted, compared to polarization gating alone. Another key advantage of DOG is the
ability to generate a supercontinuum spectrum of the attosecond pulse, see for example Figure
1.2. This allows certain spectral energy ranges for experiments to be selected by means of
filters [54].
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Figure 1.2: Extreme ultraviolet spectrum recorded using double optical gating (DOG). The
spectrum of high harmonic generation utilizing DOG to create isolated attosecond pulses.
The supercontinuum XUV spectrum is generated by focusing the optical DOG field into a
gas cell filled with 2 Torr argon gas. An Aluminum filter (200 nm thick) reflects the residual
optical light.

Future attosecond light sources

Free-electron laser based sources are a possible source for high photon flux attosecond
pulses, but current free-electron lasers can only produce few-femtosecond pulses with durations
shorter than 10 fs. New pulse production methods including spatial selection [55] and slicing
techniques [56–58] are currently being developed to produce sub-femtosecond pulse durations.
Challenges like timing jitter (currently 30− 100 fs RMS) are an experimental limitation.

1.3.3 Photoelectron streaking
To measure the duration of attosecond pulses photoelectron streaking [59] is typically used;

autocorrelation methods typically used with femtosecond optical pulses require non-linear
crystals, which do not exist in the XUV photon energy range [39]. In this technique the
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attosecond pulse is superimposed with a near-infrared pulse (typically at an intensity of
approximately 1012 W/cm2) with a variable time delay in the interaction region of a time-
of-flight spectrometer. The attosecond pulse ionizes typically a noble gas target, creating
what is assumed to be an electron wave packet replica of the attosecond pulse. If the
photoelectrons detected are indeed a wave packet replica of the attosecond pulse, ionization
must be instantaneous and ionization must be unaffected by the presence of a strong laser
field.

Figure 1.3: The mechanism of photoelectron streaking. An isolated attosecond pulse (in
purple) is overlapped with a NIR optical field (in red). The nascent photoelectrons feel a
shift in momentum from the oscillating NIR field. The shift in momentum (p) is measured
by the photoelectron time-of-flight as a shift in kinetic energy ( p2

2me
) where me is the mass of

an electron.

The photoelectrons that are produced experience a time-dependent shift in momentum
from the time-varying electric field of the optical pulse, as diagrammed in Figure 1.3. The
shift in momentum (∆p) for electrons ionized at time ti is given by:

∆p(ti) = −e
∫ ∞
ti

El(t)dt (1.4)

where e is the charge of an electron, and El(t) is the time-dependent electric field [59]. A
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measured spectrogram is shown in Figure 1.4. The pulse duration is retrieved from the
spectrogram via frequency resolved optical gating for compete reconstruction of attosecond
bursts (FROGCRAB) [60–62] with an iterative algorithm like the principle components
generalized projection algorithm (PCGPA) [63]. A key assumption in this methodology is
that the central momentum of the electron wave packet that is liberated from the ionized
target can describe the election wave packet. Practically, this means that the momentum
spread of the wave packet is small compared to the central momentum of the wave packet.
Measurements of high kinetic energy electrons (for example Auger electrons from gas phase
krypton released with a kinetic energy of 40 eV and an energy spread of a few eV) fulfill the
condition, but this is not necessarily the case for lower kinetic energy electrons.

Figure 1.4: Streaking spectrogram recorded with neon gas (Ip = 21.56 eV ) as the photoion-
ization target. Photoelectrons ionized by the attosecond pulse (in the absence of the NIR
field) have kinetic energies centered around 15 eV; as the NIR pulse begins to overlap the
attosecond pulse, the measured kinetic energies of the photoelectrons shifts.

Recent developments (2010) of new methods for determination of the attosecond pulse
duration include the phase retrieval by omega oscillation filtering (PROOF) [64] method,
which attempts to determine attosecond pulse duration without needing the so-called central
momentum approximation. The method again uses a spectrogram generated in the same
manner as FROGCRAB, but the analysis is different. The spectrogram is Fourier filtered at
the dressing laser frequency to produce a spectrogram of the “one omega component”. The
spectral phase of the attosecond pulse is then extracted from either the phase or the intensity



1.4. ATTOSECOND SPECTROSCOPY 11

of the one omega component depending on conditions.
Efforts focusing on elucidating any effect a strong field may have on the ionization events

measured in photoelectron streaking are a current area of research [19].

1.4 Attosecond spectroscopy

1.4.1 Photoelectron and photoion measurements
Photoelectron streaking has been used to measure the emission time of electrons following

excitation by extreme-ultraviolet attosecond pulses. For example, time-resolved measurements
of Auger decay were made in 2003 by Drescher et al. [11] The experimental procedure is
very similar to the procedure for measuring attosecond pulse durations. However, unlike
the photoelectrons liberated in FROGCRAB streaking measurements of attosecond pulse
durations, the ionization event is not instantaneous; the electron wave packet is released over
several optical cycles. This means parts of the electron wave packet (emitted at separate
times) may acquire the same shift in momentum. There are multiple ways electrons may
end up in the same final state. As a result, the measured photoelectron spectrogram will
have a structure indicative of interference; namely, sidebands separated in energy by one NIR
photon from the main photoelectron line. Drescher et al. used isolated attosecond pules (with
central energy of 93 eV) to ionize core electrons from the 3d subshell of gas phase krypton.
The highly excited Kr+ may emit a subsequent Auger electron after a time delay. From the
resulting data the lifetime of the 3d5/2 core hole states was determined to be 7.9 fs, agreeing
with a value obtained from experimentally measured linewidths [65]. Similar measurements of
autoionizing states in atomic helium have also been performed [13]. Additional information on
ultrafast decay can be achieved by incorporating more sophisticated measurement techniques;
for example, velocity map imaging [13], which provides the opportunity for measuring angular
distributions of emitted electrons in addition to electron kinetic energies. The tunneling time
is obtained for excited electrons produced after Ne gas was irradiated by a 250 as duration
91 eV attosecond pulse [29]. The attosecond pulse could simultaneously remove a core electron
from the neon atom and excite an electron to an unfilled orbital. A 5.5 fs 750 nm NIR
laser pulse, overlapped with the attosecond pulse with a variable time delay, tunnel ionized
the excited electrons. The tunneling rate is determined from the amount of Ne2+ cations
measured as a function of delay between the attosecond and NIR laser pulses. Notably, the
yield of the Ne2+ cations increased in steps corresponding to the sub-femtosecond oscillations
of the NIR field.

1.4.2 Transient absorption spectroscopy
Absorption spectroscopy is a convenient application of isolated attosecond pulses, because

the broad bandwidth of attosecond pulses can be utilized to monitor several excitations at
one time. In this technique, an attosecond pulse is superimposed on a sample (most simply a
gas cell) with a NIR probe pulse with a variable time delay. Recording the dispersed spectra
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of attosecond pulses after interaction with a target allows multiple bound states of atoms or
molecules to be monitored simultaneously. The appearance of new spectral features (transient
absorptions) or disappearance of field-free spectral features (bleaches) in the transmitted
spectra as a function of pump-probe delay indicate which transitions take place.

Transient absorption spectroscopy has a rich history for interrogating chemical dynamics
beginning with flash photolysis measurements [66]. Recent developments allow experiments to
be performed on the timescale of nuclear [1, 67] and even electronic [4, 8, 68] motion. Ultrafast
absorption experiments have yielded insight into fundamental chemical and biological processes
that depend on light-matter interaction; for example reactions of retinal isomerization [69] and
energy transfer during photosynthesis [70]. Femtosecond transient absorption spectroscopy
with ultraviolet, visible, and NIR pulses is well established [71], but only relatively recently
have femtosecond [72] and sub-femtosecond [3, 4, 73, 74] transient absorption measurements
in the XUV range of the spectrum become possible.

An advantage of the technique is that the spectral resolution is not limited by the time
bandwidth product. The time resolution of transient absorption pump-probe measurements
results from the delay between the pump and probe pulses, and their cross correlation. The
spectral resolution is determined from a completely separate event in the spectrometer. The
spectrometer resolution is dependent on the geometry, grating, and sensitivity of the recording
device. Because the time resolution and the spectral resolution are not correlated the spectra
may be acquired with arbitrary resolution [75, 76].

The initial attosecond transient absorption measurements used a strong 7× 1014 W/cm2

750 nm NIR pulse with a duration of less than 4 fs to ionize valence 4p electrons of atomic
krypton, and probe the ionization process using attosecond pulses with an approximately
150 as duration centered at 80 eV to excite electrons from the 3d subshell of Kr+ to the
vacant 4p holes produced during field ionization. The measurements revealed that strong
field ionization yielded Kr+ with vacancies in the 4p1/2 and 4p3/2 orbitals produced in a
coherent superposition. Additional work has focused on measuring ultrafast decay pathways
in gas phase atomic argon [3]. These experiments suggest a diverse spectrum of future
experiments incorporating broadband excitation, much like the excitation of vibrational
wave packets utilized in some femtosecond spectroscopy techniques. Attosecond transient
absorption spectroscopy has recently been extended to solid state targets [73].

1.4.3 Interpretation of spectra
To interpret transient absorption measurements it is useful to consider the atomic response

to an electromagnetic field. The incident field induces a dipole oscillation in the absorption
target, similar to the Drude model of an electrons driven by an electromagnetic field [71, 75–
77]. The dipole will ring and radiate at a particular frequency corresponding to the atomic
or molecular transitions excited. The radiated field is the so-called induced polarization field.
The incident driving field and the radiated field are detected together. The out of phase
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component of the radiated field corresponds to absorption, as shown:

s(ω) = 4πω
cn(ω)Im[

+∞∫
−∞

E(t)∗P (t) dt
+∞∫
−∞
|E(t)|2 dt

] (1.5)

Where s(ω) is the absorption signal at frequency ω, c is the speed of light in vacuum, n(ω)
is the index of refraction, P (t) is the time-dependent polarization, and E(t) is the incident
electric field [77]. The polarization and the electric field can be written as:

E(t) = 2E0(t)cos(ωt) = E0(t)[Exp(iωt) + Exp(−iωt)] (1.6)

P (t) = 2P0(t)cos(ωt+ φ) = P0(t)[Exp(iωt+ iφ) + Exp(−iωt− iφ)] (1.7)
The φ phase term is included in P (t), because the polarization may have any phase with
respect to the incident electric field. E0(t) and P0(t) are the time-dependent field and
polarization envelopes. Equation 1.7 can be rewritten as:

P (t) = [P0(t)cos(φ)]cos(ωt) + [P0(t)sin(φ)]sin(ωt) (1.8)

When E(t)∗ is multiplied by P (t) only the sin(ωt) terms will be imaginary, and so only
the sin(ωt) terms will survive in s(ω). In transient absorption spectroscopy the induced
polarization will sample not only dynamics at the instant the polarization is excited, but
also dynamics occurring at all times after until the polarization has decayed. This can lead
to the counterintuitive result that the polarization induced by an attosecond pulse may be
altered by a subsequent NIR pulse, which can change the radiated field and as a result the
transmission of the attosecond pulse [76]. Linear absorption corresponds to the first-order (in
electric field) polarization, while techniques like Raman spectroscopy and four-wave mixing
correspond to third-order (in electric field) polarization [71, 77].

1.4.4 Dressed absorption: He in a strong field
Attosecond pump-probe measurements typically utilize a strong optical laser pulse in

addition to the attosecond pulse. The strong optical pulse can then induce certain structure
in the experimental target, for example, resulting in electromagnetic induced transparency
and Autler-Townes splitting. The ability of a strong 780 nm laser pulse to couple the 1s2p
and 1s3p states of helium to the nearby s and d excited states is studied in detail in Chapters
3 and 4.

1.4.5 Probing short-lived electronic states: Xe autoionization
Autoionizing electrons are electrons emitted in a decay pathway induced by configuration

interaction of excited states that are higher in energy than the ionization potential. These
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states have short lifetimes–on the order of picoseconds to less than a femtosecond. Chapter
5 will focus on two autoionization resonances (the 5s5p66p and the 5s5p67p) visible as a
Fano resonance in the absorption spectrum of gas phase xenon. The measurements elucidate
several experimental requirements and allow direct measurement of the lifetimes of the states.
The ultimate goal of these experiments is to understand lifetime recovery in a relatively
simple atomic system, and to apply the experimental and analytical insight to measurements
of more complicated molecular targets.
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Chapter 2

Experimental principles and details

2.1 Experimental overview
Few-cycle laser pulses (with a central wavelength of 780 nm) are used to make isolated

attosecond pulses via high harmonic generation with double optical gating. The attosec-
ond pulses are used for time-resolved photoelectron spectroscopy and transient absorption
spectroscopy with attosecond time resolution.

2.2 Attosecond spectroscopy instrument

2.2.1 Laser system
The layout on the optical table is shown in Figure 2.1. Few-femtosecond laser pulses are

generated with the output of a commercial titanium:sapphire chirped-pulse amplifier system
(FemtoPower HE by Femtolasers Inc.) which has a pulse duration of 20− 25 fs, and a pulse
energy of 2 mJ at a 1 kHz repetition rate. The laser system has the capability to produce
waveform controlled pulses, where the offset between the oscillations of the carrier frequency
and the pulse envelope is locked.

Laser oscillator

The laser oscillator (Rainbow by Femtolasers Inc.) is a confocal cavity, with a tita-
nium:sapphire crystal as the lasing medium. The crystal is pumped by a 532 nm, 3.0 W
continuous wave laser (Verdi V6 by Coherent Inc.). Typical continuous wave power of the
oscillator is 420 mW, and mode locked power is 180 mW. While mode locked, the oscillator
operates at 78.58 MHz with a nominal pulse duration of less than 10 fs. The oscillator incor-
porates dispersive mirrors (both intra- and extra-cavity) to optimize the pulse compression.
The bandwidth of the laser pulse extends from 650 nm to 1100 nm. The pulses are directed
into a periodically-poled lithium niobate (PPLN) crystal for difference frequency generation
of light at approximately 1040 nm. The overlapping portion of the fundamental spectrum and
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Figure 2.1: The output of the commercial chirp-pulse amplifier (25 fs, 2 mJ per pulse, 1 kHz)
is directed into a 300 µm inner diameter 1 m long hollow fiber waveguide(filled with 2 bar
neon gas) for spectral broadening. The resulting pulse travels to a chirped mirror compressor,
which compensates the significant positive dispersion imparted into the pulse. The pulse
then is sent to the interferometer, which controls delay between the attosecond pulse and
optical pulse, and finally focused by an f = 50 cm spherical mirror into the HHG cell.

the difference frequency light are transmitted through a dichroic mirror to a fast photodiode,
while the remaining light is sent to the multipass amplifier.

Fast loop

The transmitted light is used for the first stage of carrier-envelope phase control, the fast
loop. The Fourier transform of the signal from the fast photodiode has peaks corresponding
to the repetition rate (frep) of the oscillator as well as peaks from the beating between the
difference frequency light and the fundamental spectrum of the oscillator. The beating is
at the carrier-offset frequency (fceo), because the fundamental spectrum of the laser is a
frequency comb with peaks separated by frep and offset from zero by fceo and the difference
frequency spectrum has no offset frequency [39, 78]. The signal from the fast photodiode is
sent through a band-pass filter that transmits frequencies close to fceo. The filtered signal at
fceo and a signal at frep (measured with a separate photodiode) are sent to homemade phase
locking electronics (from JILA) to stabilize fceo relative to frep.

The locking electronics have been described in detail previously [78–80]. A phase detector
compares fceo to frep and the phase difference is sent to a proportional-integral-derivative
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control loop to produce an error signal. A fast summing device combines the error signal
with the error signal from the second stage of carrier-envelope phase control. The total error
signal is sent to an acoustic optical modulator that modulates the pump laser power to lock
fceo relative to frep. The modulations in pump laser power change the ratio of the index of
refraction for the carrier wave to the index of refraction for the envelope and allow fceo to be
stabilized relative to frep.

Multipass amplifier

The oscillator pulse train is sent through a stretcher before entering the titanium:sapphire
multipass-amplifier cavity, pumped by a neodymium-doped yttrium lithium fluoride solid
state laser (527 nm; 200 ns; 17− 19 W). The multipass cavity has total of ten passes. The
gain after four passes is ∼ 10, 000. After the fourth pass a single pulse from the oscillator
pulse train is selected by a Pockels cell that is triggered (at a 1 KHz repetition rate) to
only pass a pulse with a consistent carrier-envelope phase. The selected pulse is sent though
an acousto-optic programmable dispersive filter (Dazzler by FastLite), which allows a user-
specified spectral phase to be added to the laser pulses for optimum pulse compression [81].
The selected pulse is further amplified by the subsequent six passes in the amplifier cavity.
The final power after the ten passes is ∼ 2.5 W. After the amplifier, the pulse is compressed
with a grating compressor. The resulting output has a pulse energy of 2 mJ at 1 KHz and a
pulse duration of 20− 25 fs.

Slow loop

A portion of the laser pulse is picked off by a fused silica plate and directed to an f to
2f interferometer for the second stage of carrier-envelope phase control (the slow loop). In
the f to 2f a continuum spectrum is generated by focusing the pulse into a sapphire plate,
and the white light is frequency doubled by a β-barium borate (BBO) crystal. Both the
fundamental spectrum and the second harmonic are sent into a spectrometer. Fringes in
the spectrum are visible in the high frequency portion of the spectrum that correspond to
the carrier-envelope phase. The fundamental white light spectrum has a spectral phase of
φWL(ω) + φCEP and the second harmonic has a spectral phase of φSH(ω) + 2φCEP (where
φWL and φSH(ω) are the spectral phases, excluding carrier-envelope phases, of the white
light and second harmonic, respectively). The combined spectral intensity will have a term
that is proportional to the cosine of φCEP [39, 78]. The spectral fringes are recorded by a
charged coupled device (CCD) camera at a rate of ∼ 30 Hz coupled to a PC for control by a
Labview proportional-integral-derivative control loop. The feedback signal from the second
stage of carrier-envelope phase control is combined with the signal from the first stage by a
fast summing device and sent to the acoustic optical modulator.
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Few-cycle pulse generation

Few-cycle pulses are generated from the 20− 25 fs output of the laser amplifier. The laser
pulses are focused by an f = 2 m focusing mirror into a 1 m long, 300 µm inner diameter
hollow-core fiber filled with 2 bar neon gas to produce a supercontinuum via self-phase
modulation [68, 82]. The focusing optics are chosen so that the focal spot of the near-infrared
(NIR) laser (twice the beam waist) at the entrance of the fiber is approximately 64% of the
inner diameter of the fiber, to ensure best transmission [83]. The intense laser pulses cause a
time-varying index of refraction in the neon gas, resulting in a non-constant instantaneous
phase that introduces new frequencies into the laser spectrum [84]. The stainless steel fiber
enclosure is designed so that the entrance and exit windows (1 mm thick fused silica windows
coated on both faces with a broad-band anti-reflective coating) are approximately 40 cm
from the entrance and exit of the fiber; at this distance the beam diameter is large enough
to prevent high order phase effects occurring in the windows. The pulse spectrum recorded
directly after the laser and after the hollow fiber is shown in Figure 2.2(a-b).

Daily optimization of the fiber is performed by adjusting the micrometers at either end
of the fiber enclosure so that the output of the fiber has a Bessel mode when observed on
a card as shown in Figure 2.2(c), and so that the fiber transmission is approximately 60%.
Less frequent optimization of the fiber involves moving the mirror on a translation stage
(see Figure 2.1), which will translate the focal position at the entrance of the fiber. The
second order phase terms applied by the Dazzler in the laser amplifier may also be adjusted
to optimize the output of the fiber.

The transmission of the fiber is highly sensitive to the beam pointing, so the beam path
from the femtosecond laser is actively stabilized using a stabilization apparatus from MRC
systems (Germany) with two quadrant photodiodes and two actuated mirrors to monitor and
correct beam pointing fluctuations. Monitoring and stabilizing the position at two points on
the beam path allows a constant beam path to be maintained throughout the day.

Following the fiber, the beam is recollimated with an f = 2 m focusing mirror and
directed to a set of chirped mirrors in order to compress the pulse before entering the compact
interferometer. The chirped mirrors introduce negative dispersion to the pulse, to not only
compensate the positive dispersion from the spectral broadening in the hollow fiber, but also
to compensate any positive dispersion added by the optics and optical path length before
harmonic generation in the vacuum [85].

Pump and probe pulse separation

The interferometer (pictured in Figure 2.3) utilizes annular hole mirrors to spatially
separate the beam into two parts for pump-probe measurements [54]. The inner portion
of the beam is the HHG driving pulse and has a pulse duration of 7 fs, while the outer
ring is used as the optical pulse in the attosecond pump-probe measurements and has a
pulse duration of 12 fs when optimally compressed. The difference in pulse duration is a
consequence of spectral broadening by a hollow-core fiber, which is less efficient and less
consistent near the edges of the beam [86]. Spatial separation of the inner and outer portions
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Figure 2.2: Spectra of laser before and after hollow core fiber. (a) Spectrum recorded after
laser amplifier system. The black trace is the average of five spectra each integrated for
100 ms, the gray area is the ± one standard deviation. (b) Spectrum recorded after hollow
core fiber. The black trace is the average of five spectra each integrated for 100 ms, the gray
area is ± one standard deviation. (c) Photograph of beam spot after transmission through
hollow fiber. The beam is attenuated with an OD = 3 metallic neutral density filter, and a
laser goggle (filter style 070 by Sperion) is placed in front of the camera.

of the beam results in one spatially chirped pulse that is difficult to compress. The pulse
durations measured with SPIDER [87] are plotted in Figures 2.4-5.

At the exit of the interferometer the harmonic driving pulse and the optical pulse are not
compressed. The harmonic driving pulse will be compressed after transmission through the
1 mm thick fused silica window that is the entrance to the vacuum. The optical pulse will be
compressed after transmission though the window and an additional annular piece of fused
silica mounted in the vacuum after the HHG cell. This ensures that the optical pulse has a
long pulse duration (and low intensity) when it passes through the HHG cell, so that it will
not interfere with harmonic generation. Due to the difference in group-delay dispersion at
the HHG cell, the optical pulse arrives at the cell ∼ 1 − 2 ps before the harmonic driving



2.2. ATTOSECOND SPECTROSCOPY INSTRUMENT 20

HMQP 1QP 2

HM

ND

ND

FSFS

FS

FS

Delay Stage

Optical 
Probe
Arm

DOG Arm 

Figure 2.3: Interferometer. Hole mirrors (HM) separate and recombine the pump and probe
arms. The quartz plates (QP1 and QP2) are used for double optical gating. The fused silica
(FS) is inserted for best pulse compression. Metallic neutral density filters (ND) control
the intensity of the optical arm. The NIR beam enters at the upper right hand side of the
photograph and exits at the bottom left side. The long term drift of the interferometer is
actively stabilized with a homebuilt feedback loop to ∼ 50 as rms jitter over 24 hours.

pulse. Transmission through a final piece of fused silica applies sufficient positive dispersion
to the optical pulse so that it is compressed and overlapped in time with the attosecond high
harmonics [54].
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Figure 2.4: The spectrum and phase of the HHG driver pulse (left) and the temporal profile
and phase (right) retrieved from SPIDER measurements. The pulse duration is 7 fs.
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Figure 2.5: The spectrum and phase of the NIR optical pulse (left) and the temporal profile
and phase (right) retrieved from SPIDER measurements. The pulse duration is 12 fs.

2.2.2 Vacuum apparatus
A schematic for the vacuum apparatus is shown in Figure 2.6. High harmonic generation

takes place in the first vacuum chamber. The second chamber houses a mechanical iris, fitted
with motorized actuators, for alignment of the system. A charged coupled device (CCD)
camera is installed inside the iris chamber so that the beam pointing may be checked and
optimized in vacuum. The main interaction chamber contains the annular filters to select
the XUV spectrum, the XUV focusing optics, the interaction volume, and photoelectron
time-of-flight. The final chamber is the spectrometer with a concave grating and blacklit
X-Ray CCD camera to disperse and record the spectra of the attosecond pulse, respectively.
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Figure 2.6: Diagram of the experimental vacuum system. High harmonics are generated in the first chamber. A
mechanical iris in the second chamber is used for alignment. The residual NIR light is filtered using a metal filter in the
third chamber (main interaction chamber). A 2 in diameter spherical focusing mirror focuses the attosecond pulses and
the NIR pulses into the center of the main interaction chamber. A gas jet is installed for photoelectron time-of-flight
measurements or a gas cell is installed for absorption measurements. The photoelectron time-of-flight is installed 1.5 cm
from the center of the main chamber coming out of the page. The fourth chamber is a spectrometer for measuring the
spectrum of the attosecond pulse.
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2.2.3 DOG and harmonic generation
Double optical gating (DOG), the combination of two-color gating and polarization gating,

is used to make isolated attosecond pulses [51, 52, 88]. The total field of the pulse used
for harmonic generation has a time-dependent ellipticity and can be separated into two
orthogonal components: the driving field (Edrive), which generates harmonics and the gating
field (Egate), which suppresses harmonic production. The driving field and the gating field
are given by:

Edrive(t) = E0ε
[
e
−2ln( t−Td/2

tp
)2

+ e
−2ln( t+Td/2

tp
)2
]
cos(ω0t+ φce) (2.1)

and
Egate(t) = E0ε

[
e
−2ln( t−Td/2

tp
)2

+ e
−2ln( t+Td/2

tp
)2
]
sin(ω0 + φce)(−1)n (2.2)

where E0 is the field amplitude, ε is the ellipticity (ε = 1 for circularly polarized light), Td is
the time delay between the two counter-rotating pulses and an integer (n) multiple of the
optical period of the input pulse (2.6 fs), tp is the pulse duration of the input pulse, ω0 is the
carrier frequency of the input pulse, and φce is the carrier-envelope phase of the input pulse
[39, 51]. The time delay, Td between the two counter-rotating pulses can be estimated from:

Td = L( 1
veg
− 1
vog

) (2.3)

where L is the thickness of the first quartz plate, veg and vog are the group velocities of
the extraordinary and ordinary rays [39]. The driving and gating fields for the conditions
herein are plotted in Figure 2.7. The gate width, the time interval over which harmonic
recombination is permitted, is 1.8 fs, so only one attosecond pulse will be produced even if
the driving field is not phase stabilized [89]. This is in contrast to other isolated attosecond
pulse generation methods where the carrier-envelope phase of the pulse must be stabilized to
produce isolated attosecond pulses.

The optical axis of the second quartz plate is oriented parallel to the laser polarization
(45◦ relative to the two time delayed copies of the laser pulse). The second quartz plate
and the 150 µm thick type I β-barium borate (BBO) crystal together act as a zero-order
quarter-wave plate. This is possible because the BBO is a negative uniaxial crystal (the
extraordinary axis has a smaller index of refraction than the ordinary axis), while the quartz
plate is a positive uniaxial crystal (the extraordinary axis has the larger index of refraction).
The effect of the quarter-wave plate is to convert the extraordinary and ordinary pulses into
right- and left-circularly polarized pulses. The BBO also generates the second harmonic with
polarization parallel to the initial input pulse according to type I phase matching conditions
[39]. The BBO must be located inside the vacuum system because transmission through the
fused silica window at the entrance of the vacuum system would introduce different amounts
of dispersion to the ∼ 400 nm second harmonic and ∼ 800 nm fundamental pulses. The
phase matching angle of the BBO is adjusted on a daily basis to produce the most continuous
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Figure 2.7: The DOG fields for a 7 fs input pulse and 8 fs delay between the counter-rotating
pulses. The driving field (red solid) generates the attosecond pulses and the gating field
(black dashed) suppresses harmonic recombination. A 250 µm thick quartz plate produces
the delay between the counter-rotating pulses.

harmonic spectrum. The DOG optics are diagrammed in Figure 2.8. Because the BBO is
in-line with the beam axis of the optical beam, it is possible to generate 400 nm optical pulses
for use in streaking experiments, by introducing a half-wave plate to rotate the polarization
of the optical beam by 90◦, so that type I phase matching conditions produce 400 nm second
harmonic in the optical pulse with polarization parallel to the harmonic driving field [54].

An f = 50 cm spherical mirror focuses the DOG pulse in the harmonic generation cell.
The focal spot size (twice the beam waist) is approximately 70 µm and the estimated peak
intensity is up to 3.5× 1015 W/cm2. The cell consists of a stainless steel tube (inner diameter:
3.2 mm, wall thickness: 0.8 mm) with 0.5 mm holes drilled on opposite sides of the tube to
allow the beam to pass though. Teflon tape is wrapped around the cell, and drilled by the
focused laser beam to produce the smallest possible holes in the harmonic generation cell.
The harmonic cell can be retaped and redrilled in less than one hour, so retaping the cell
for consistent harmonic generation may be done as frequently as necessary (typically once a
month). Changes in the laser beam pointing may allow the laser to enlarge the apertures in
the Teflon tape. The harmonic cell is placed after the ∼3 mm long focus so that only the
short trajectories produce harmonics [68].

The typical harmonic spectra using argon (7 Torr) and krypton (2 Torr) as the harmonic
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Figure 2.8: The DOG optics for use in the current experiments. A 250 µm quartz plate
produces a delay between two orthogonally polarized pulses. A 480 µm quartz plate and
150 µm BBO act together as a quarter-wave plate to produce two counter-rotating circularly
polarized pulses.

generating gases are plotted in Figure 2.9 and Figure 2.10. The spectra for femtosecond pulse
trains of attosecond pulses have characteristically modulated spectra with peaks separated
by ∼ 3 eV corresponding to the optical half-period of the driving laser (1.3 fs), while the
spectra for isolated attosecond pulses are continuous. Aluminum and tin (both 200 nm thick)
metal filters are used to reflect the residual NIR light from the HHG driving pulse, and to
select the XUV spectrum. As shown in Figure 2.9, DOG supports attosecond pulses with a
broad spectral range (∼20 to 50 eV), but for experiments it may be desirable to select certain
energy ranges to excite certain atomic and molecular transitions. The filters are mounted
in annular 2 in diameter fused silica plates (1 mm or 2 mm thick) designed to transmit the
optical pulse through the fused silica, and the attosecond XUV pulse thorough the metal
foil. The fused silica imparts positive dispersion to the optical pulse and produces optimally
compressed pulses. Typical harmonic flux is ∼ 105 photons per laser pulse.
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Figure 2.9: Typical harmonic spectrum measured without double optical gating (red trace)
and with double optical gating (blue trace). The harmonic spectrum without double optical
gating is modulated with peaks separated by 3 eV, corresponding to a train of attosecond
pulses spaced in time by the optical half period of the driving laser (1.3 fs). The spectrum
recorded with double optical gating is continuous. Argon gas at a pressure of 7 Torr is the
harmonic generating medium. The residual NIR light from the HHG driving laser is filtered
from the XUV high harmonics with a 200 nm thick aluminum foil. The transmission of
the aluminum foil is plotted in gray [90]. The harmonic spectrum is measured from the
photoelectron spectrum of neon gas (Ip = 21.56 eV). The dip in the spectrum near 30 eV
corresponds to decreased reflectivity of the XUV focusing optic.
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Figure 2.10: Typical harmonic spectrum measured without double optical gating (red trace)
and with double optical gating (blue trace). Krypton gas at a pressure of 2 Torr is the
harmonic generating medium. The residual NIR light from the HHG driving laser is filtered
from the XUV high harmonics with a 200 nm thick tin foil. The transmission of the tin foil
is plotted in gray [90]. The harmonic spectrum is measured from the photoelectron spectrum
of argon gas (Ip = 15.76 eV).
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2.2.4 Photoelectron time-of-flight
The duration of attosecond pulses is determined using photoelectron streaking [59, 91],

which necessitates a method for determining momenta (or alternatively kinetic energies) of
photoelectrons. A field-free photoelectron time-of-flight (TOF) is used to measure the kinetic
energies of photoelectrons based on their arrival time at a detector. The technique requires
that the electrons be generated at a well-defined staring position and travel a known distance
to a detector [92]. The kinetic energy (KE) of the electron is given by:

KE = 1
2mev

2
e = 1

2me(
d

t
)2 (2.4)

where me is the mass of an electron, ve is the velocity of the electron, d is the distance the
electron travels to the detector, and t is the measured flight time. In the absence of the
optical streaking field the kinetic energies of the photoelectrons are given by:

KE = ~ω −BE (2.5)

where ~ω is the photon energy of the incident pulse and BE is the electron binding energy
[92]. The kinetic energies of photoelectrons ionized by an attosecond pulse will have a broad
distribution corresponding to the broad spectrum of the attosecond pulse. For the experiments
described here, electrons travel the 74.4 cm field-free flight tube from the interaction region to
a chevron micro-channel plate (MCP) detector (Jordon TOF Products, Inc.). The MCP has
a circular active area (diameter 40 mm) and a solid angle of 2.4× 10−5 sr. The micro-channel
plates are ceramic disks with 25 µm diameter channels, coated with a low work function
material. When incident electrons strike the plates, electrons propagate down the channel
towards an anode due to an applied electric field. For typical operation the grid in front of
the MCP is grounded, the front face of the first MCP plate is at +200 V, the rear face of the
first plate and the front face of the second plate is set to +1200 V, the rear face of the second
plate is set to +2200 V, and the anode at +2400 V. The negative voltage spike produced
from the incident electrons is capacitively coupled out and is sent to an analog constant
fraction discriminator (Fast ComTec) to limit timing errors (estimated as 3 ns) caused by
non-uniform pulse shapes. Timing jitter on the ns timescale is particularly important because
the flight time for photoelectrons with 50 eV of kinetic energy is approximately 180 ns. The
signal from the constant fraction discriminator is sent to a multichannel scaler card (Fast
ComTec) for computer acquisition. The bin width on the multichannel scaler is set to 1 ns
(the smallest bin width the scaler card supports).

A schematic for the TOF is shown in Figure 2.11. The TOF is installed in the center of the
main interaction chamber shown in Figure 2.6. In Figure 2.6, the TOF axis is perpendicular
to the page. A skimmer cone with a aperture diameter of 0.5 mm separates the TOF flight
tube from the main interaction chamber; this allows the TOF flight tube to maintain a lower
pressure than the main interaction chamber during experimental measurements. Typical
pressures are 5 × 10−5 Torr and 1 × 10−6 Torr, in the main interaction chamber and the
time-of-flight chamber, respectively. The flight tube of the TOF is shielded with mu-metal
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(a material with a high magnetic permeability), to prevent stray fields (for example, from
the geomagnetic field or fields from stainless steel vacuum components) from altering the
flight time of the electrons. Brass apertures inside the flight tube prevent low kinetic energy
secondary electrons (released when photoelectrons with high kinetic energies strike the metal
flight tube) from reaching the detector. Brass components are used because they do not have
a magnetic field.

The effusive gas jet used in experiments is a 50 µm inner diameter capillary. The small
aperture jet allows high target densities (∼ 1013 molecules/cm3) near the exit of the jet,
without deteriorating the vacuum conditions of the main chamber. The target density drops
off rapidly, which limits ionization of the target gas by the attosecond pulse to a small
fraction of the NIR focal volume. This is necessary for photoelectron streaking measurements,
which rely on the instantaneous NIR field strength, because spatial averaging effects and
the so-called Gouy phase slip across the focus are detrimental to accurate measurements
[8, 93]. The homemade jets are constructed by affixing a steel capillary inside a 1

4 in to 1
16 in

Swagelok reducing union with expoxy. Care is taken to ensure that the capillaries are aligned
parallel relative to the Swagelok fittings. Silver epoxy, applied to the jets after the epoxy
has set and cured, ensures that the capillaries have electrical connectivity to the body of the
jet. Gas jets are tested for leaks and blockages with compressed gas prior to installation. A
photograph of the jets is shown in Figure 2.12.

A typical kinetic energy spectrum is shown in Figure 2.13, where the raw TOF spectrum
is converted to kinetic energy using Equation 2.4, and multiplying by the Jacobian given
below:

−d√me

2
√

2
×KE−3/2 (2.6)

Typically, spectra are acquired for 3× 104 laser pulses (or 30 seconds of integration time at
1 kHz repetition rate). The integration time may be increased to 60 seconds or decreased to
20 seconds depending on conditions including harmonic efficiency and atomic or molecular
ionization cross section. The experimental resolution is 1% for photoelectrons with 50 eV of
kinetic energy. The resolution (∆E

E
) for time of flight measurements is given by:

∆E
E

= 2∆T
T

(2.7)

where ∆T is the time resolution (in this case 1 ns from the bin width of the multichannel
scaler card), and T is the measured flight time.

Time-of-flight alignment

For typical alignment (with all vacuum chambers vented to atmospheric pressure), the
beam path of the NIR laser (attenuated with an OD 2 metallic neutral density filter) is set
at the center of the BBO in the HHG chamber and the iris in the vacuum. The focus at the
interaction region along the beam axis is found using the plasma generated at the focus. A
translation stage under the spherical focusing mirror is adjusted until the focus is centered



2.2. ATTOSECOND SPECTROSCOPY INSTRUMENT 30

under the TOF skimmer. Motorized actuators on the spherical mirror mount are used to
align a low power NIR beam in the axis perpendicular to the beam axis. The placement is
found by observing (with a dentist’s mirror, flashlight, and IR viewer) the scattered NIR
light on the skimmer aperture and adjusting the mirror pointing until the scattered light
symmetrically illuminates the aperture (see Figure 2.14). The skimmer aperture must appear
centered below the TOF flight tube and circular to the viewer while aligning or the alignment
will be off center. The alignment along the beam axis and perpendicular to the beam axis
must be iterated until the focus is consistently centered. Once the beam has been aligned
to the cone, the beam is lowered using the vertical actuator on the focusing mirror until
the scattered NIR light on the cone is no longer observed. The gas jet is then aligned into
the focus using an XYZ translation stage fitted with micrometers, until the tip of the jet is
illuminated with scattered NIR light. Finally, the jet is translated perpendicular to the beam
axis, until no scattered light is seen.



2.2. ATTOSECOND SPECTROSCOPY INSTRUMENT 31

turbo pumpion guage

12 in conflat

6 in cross

mu 
metal

0.5 mm aperture 
knife edged skimmer

MCP detector

4 in OD stainless 
steel tube

(wall = 0.1 in thick) 

Figure 2.11: Schematic of photoelectron time-of-flight. The TOF has a 74.4 cm field-free
flight tube, shielded from stray fields by a mu-metal tube (blue) that has been degaussed
prior to installation. The aperture to the TOF flight tube is a 0.5 mm diameter skimmer.
Brass apertures (yellow) limit the transmission of stray secondary electrons. An ion gauge
and two turbo pumps (each 200 l

s) are installed on the 6 in cross to ensure that low pressure is
maintained near the detector. The TOF is attached to the main interaction chamber via the
12 in conflat flange. To prevent the incoming and outgoing beams from being superimposed
the TOF is offset from the center of the chamber by 1.5 cm.
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Figure 2.12: Gas jets for photoelectron (a) and transient absorption (b) measurements. Gas
exits the effusive jet through a 50 µm capillary. The gas cell for absorption spectroscopy is a
1 mm stainless steel tube with half millimeter holes drilled. The holes are covered by scotch
tape and drilled with the laser. Molecular targets with halogen atoms may react with the
tape or adhesive and, as a result, will preclude the use of scotch tape on the absorption cell.



2.2. ATTOSECOND SPECTROSCOPY INSTRUMENT 33

0 500 1000 1500 2000 2500 3000 35000

0.5

1

Time of Flight (ns)N
or

m
al

iz
ed

 In
te

ns
ity

0 10 20 30 40 50 60
0

0.5

1

Electron Kinetic Energy (eV)N
or

m
ar

liz
ed

 In
te

ns
ity

(a)

(b)

Figure 2.13: Typical raw (a) time of flight spectra for neon gas ionized by an attosecond
pulse. The same time of flight data converted to electron kinetic energies (b). A 200 nm thick
aluminum filter is used to reflect the residual NIR light. Spectra are recorded for 3 × 104

laser pulses.
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Figure 2.14: For correct alignment the cone should be symmetrically illuminated.
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2.2.5 XUV optics
The XUV focusing optics are 2 in diameter, f = 25 cm super polished mirror substrates

(Gooch and Housego) coated with multilayer coatings by either the Center for X-Ray Optics
(CXRO at Lawrence Berkeley National Lab) or NTT Advanced Technologies (Japan). The
multilayer coatings consist of alternating layers of materials with differing indices of refraction,
for example alternating layers of molybdenum and silicon [94, 95]. The thickness of each
bilayer (d) corresponds to the Bragg diffraction law at normal incidence:

d = λ

2 (2.8)

where λ is the wavelength reflected. As the number of bilayers increases the reflectivity of
the coating increases, but the bandwidth the coating reflects becomes more narrow. The
bandwidth (∆E) of a multilayer mirror with a central reflectivity of E can be estimated as:

∆E
E

= 1
N

(2.9)

where N is the number of bilayers [96, 97]. For attosecond pulses, typical coatings of
10− 20 bilayers are used in order to produce broadband reflectivity. The reflectivity of the
molybdenum/silicon multilayer coating obtained from the CXRO is plotted in Figure 2.15.
The reflectivity and spectral phase of the molybdenum/silicon and the ruthenium/silicon
multilayer coatings obtained from NTT Advanced Technologies are plotted in Figure 2.16
and Figure 2.17, respectively. Recent developments focusing on aperiodic multilayer mirrors
designed to apply user-defined spectral phases to the attosecond pulses can produce nearly
transform-limited attosecond pulses [97–99].
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Figure 2.15: Reflectivity of molybdenum/silicon multilayer mirror coated by the CXRO. The
reflectivity is centered at 45 eV, and a bilayer period of 14.8 nm is used. The reflectivity
measurement is provided by the CXRO.
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Figure 2.16: Reflectivity (black) and spectral phase (red) of molybdenum/silicon multilayer
mirror coated by NTT Advanced Technologies. The reflectivity is centered at 53 eV and the
coating has been optimized to impart minimal spectral phase to the attosecond pulse. The
reflectivity and phase measurements are provided by NTT Advanced Technologies.
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Figure 2.17: Reflectivity (black) and spectral phase (red) of ruthenium/silicon multilayer
mirror coated by NTT Advanced Technologies. The reflectivity is centered at 65 eV and
the coating has been optimized for broadband reflectivity and to impart minimal spectral
phase to the attosecond pulse. The reflectivity and phase measurements are provided by
NTT Advanced Technologies.
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2.2.6 Photoelectron streaking measurements
Photoelectron streaking is used to measure the attosecond pulse duration [8, 59, 60, 91].

For the measurements the NIR (peak intensity of 5× 1011 W/cm2) and attosecond pulse are
overlapped in the interaction region of the time-of-flight and the time delay scanned in 136 as
(0.02 µm) steps. Time-of-flight spectra at each delay step are integrated for 3×104 laser pulses.
The attosecond pulse ionizes the target and the nascent photoelectrons experience a shift in
momentum that corresponds to the time they were born into the continuum. Photoelectron
streaking traces measured with an aluminum filter and neon target gas, as well as a tin
filter and argon target gas, are shown in Figures 2.18 and 2.19, respectively. Also shown
are the retrieved pulse durations of 145 ± 10 as and 380 ± 10 as. The pulse durations are
retrieved using frequency resolved optical gating for complete reconstruction of attosecond
bursts (FROGCRAB) [60, 91] technique with the principle components generalized projection
algorithm (PCGPA) [100]. The pulse duration of the attosecond pulse transmitted through
the tin filter is longer then the pulse transmitted through the aluminum filter, because the
tin filter transmits a significantly narrowed spectrum.
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Figure 2.18: Photoelectron streaking spectrogram measured with aluminum filter limiting
spectral bandwidth, and neon target gas. FROGCRAB is used to retrieved the pulse duration
of 145± 10 as.
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Figure 2.19: Photoelectron streaking spectrogram measured with tin filter limiting spectral
bandwidth, and krypton target gas. FROGCRAB is used to retrieve the attosecond pulse
duration of 380± 10 as.
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2.2.7 Absorption spectrometer
A diagram of the home built spectrometer is shown in Figure 2.20. The attosecond

Sn filter 
300 nm X-ray CCD

Grating

f = 25 cm 
Ru/Si 

f = 25 cm
Mo/Si

Slit 
200 mm

Sn filter 
200 nm

Target Cell 
(1 mm)

From HHG

Figure 2.20: Diagram of spectrometer.

pulse is focused by a ruthenium/silicon multilayer mirror into the 1 mm long sample cell,
and recollected by a molybdenum/silicon multilayer mirror and directed into the absorption
spectrometer (both mirrors are coated by NNT Advanced Technologies). The distance
between the mirrors is optimized to produce a focused beam ∼ 31 cm in front of the spherical
aberration-corrected grating. However, the beam is still significantly astigmatic, with vertical
and horizontal foci separated by ∼ 1.5 cm. Before the spectrometer a 200 nm tin filter is
mounted in a gate valve (VAT), to prevent any scattered NIR light from reaching the X-Ray
CCD. A small amount of NIR light is transmitted though the filters, so a 200 µm slit is
installed in front of the grating. The slit width is significantly larger than the XUV spot size,
so it only serves to reduce the NIR background, because the NIR beam is approximately
20 times larger than the XUV beam. The grating (model 001-0464 from Hitatchi High
Technologies) has a groove density of 1200 grooves/mm, blaze angle of 3.2◦, blaze wavelength
of 60 nm, focal length of 50 cm, and is mounted at the manufacturer’s recommended angle of
51◦. Incident light (with wavelength λ) is diffracted according to:

Gmλ = sin(α) + sin(β) (2.10)

where G is the groove density, m is the diffraction order, α is the incident angle (51◦), and β
is the diffraction angle [101]. For 20 eV photons the angle β is 51◦. The focus in front of the
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grating and the X-Ray CCD camera are both located at a distance of 31 cm because the
tangential focus (ft) of the grating is given by [101]:

ft = fgrating sin(β) = 50 cm× sin(51◦) = 31 cm (2.11)

The efficiency of the grating with a very low blaze angle (less than 5◦) is roughly 50%
efficiency (as compared to a flat mirror) for wavelengths between 0.67λb and 1.82λb, where λb
is the blaze wavelength (60 nm) [101]. For the grating here the range is 40.2 nm (30.84 eV)
to 108 nm (11.48 eV). A flat mirrror mounted at a 51◦ angle will have an efficiency of
approximately 10%, so an estimated 5% of light will be directed to the X-Ray CCD camera
(Princeton Instruments Pixis-XO 400B) connected to a computer for data acquisition. The
X-Ray CCD is thermoelectrically cooled to −70 ◦C during experimental acquisition in order
to limit electrical noise. As a consequence, pressure in the spectrometer chamber must be
below 5× 10−6 Torr or condensation will form on the CCD chip. An X-Ray CCD camera is
used to detect the diffracted light because the camera has an 8 µm pixel size, as compared
to an imaging MCP detector coupled to a phosphor screen, where the pixel size is typically
30 µm. Microchannel plates do, however, have the advantage of being less sensitive to NIR
background than the X-Ray CCD camera [102]. The X-Ray CCD camera reads out a two
dimensional data set, however most data is acquired by integrating over the non-diffracted
axis.

Typical spectra are recorded for 3 × 104 or 6 × 104 laser pulses. Figure 2.21 shows a
typical transmitted spectrum as a function of pixels, and energy (eV).

The spectra are calibrated using the absorption lines from atomic helium as plotted in
Figure 2.22 [103]. The optical density (OD) [71, 72] is calculated as:

OD(E) = −Log10[Itarget(E)
I0(E) ] (2.12)

where Itarget(E) is the spectral intensity at energy (E) measured with 1.6 Torr helium gas
and I0 is the spectral intensity at energy (E) measured without helium target gas. The
experimentally measured OD(E) is related to the atomic cross section (σ(E)) at energy, E,
by:

OD(E) = −Log10[Exp(−nσ(E)L) ∗
√

4ln2
π∆2 × Exp(−

4ln2 E2

2 )] (2.13)

where n is the target gas density, ∆ is the full width at half maximum of a Gaussian function
describing the experimental spectral resolution [72]. The energy calibration is plotted in
Figure 2.23. Tin filters, which have a band-pass of 18− 24 eV, are used because the second-
order diffraction of 40 eV photons will be superimposed on the first-order diffraction of
20 eV photons if the higher energy photons are allowed to pass into the spectrometer. The
experimental resolution is 100 meV as measured using the absorption edge of neon at 21.56 eV,
as shown in Figure 2.24. The theoretical limit of resolution for the grating is given by the
resolving power (R):

R = λ

∆λ = Nd(sin(α) + sin(β))
λ

= W (sin(α) + sin(β))
λ

(2.14)
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Figure 2.21: Typical spectrum of attosecond pulse, integrated for 6× 104 laser pulses.

where N is the number of grooves illuminated, d is the groove spacing, and W is the width
of grating that is illuminated [101]. Given the experimental geometry (angles β and α of
51◦), assuming W as a 0.5 mm diameter XUV spot on the grating, and wavelength of 62 nm
or 20 eV, the best resolution achievable at 20 eV is ∼ 5 meV. The considerably astigmatic
beam directed into the spectrometer is the likely source for the poor resolution.
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Figure 2.22: Absorption spectrum of helium used to calibrate the spectrum.
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Figure 2.24: Experimental resolution determined from neon absorption edge at 21.56 eV.
The absorption spectra of neon gas is recorded in the region of the ionization edge, and fit
with an error function, corresponding to a Gaussian with a 110± 10 meV full width at half
maximum.
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Chapter 3

Light-induced states in attosecond
transient absorption spectra of
laser-dressed helium

Portions of the content and figures of this chapter are reprinted or adapted from S. Chen,
M. J. Bell, A. R. Beck, H. Mashiko, M. Wu, A. N. Pfeiffer, M. Gaarde, D. M. Neumark,
S. R. Leone, and K. J. Schafer, Phys. Rev. A: At. Mol. Opt. Phys. 86, 063408 (2012).
Reproduced by permission of The American Physical Society.

3.1 Dressed absorption
Attosecond transient absorption spectroscopy provides numerous opportunities for the

design of experiments that take advantage of the complex interactions between an isolated
attosecond pulse (IAP), a strong laser field, and a target medium [3, 4, 76, 104]. Of particular
interest are nonlinear processes that combine the IAP and laser fields. Nonlinear coupling
schemes, such as those associated with laser-dressed absorption, are powerful tools in many
disciplines for creating state-selected populations and aligned molecules [105], modifying
optical properties of media (for example, causing transparency [106]), and processing quantum
information [107].

Initial computational studies by Gaarde and Schafer et al. [108] investigating the absorp-
tion of XUV attosecond pules (with energies between 20− 24 eV) by helium atoms bathed in
an electric field inspired experimental studies in the Leone and Neumark labs, which were
concurrent with continued theoretical studies by Chen, Gaarde, Schafer, and co-workers.
Gaarde and Schafer’s initial results exhibited additional structures in the XUV absorption
spectra in the range of 20− 24 eV and motivated further experimental and theoretical work
to examine the time evolution of the transient features.

This Chapter presents a joint experimental and theoretical study that focuses on the
time-resolved absorption of IAPs by helium atoms at energies between 20 and 24 eV in the
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presence of a delayed near-infrared (NIR) pulse. The experimental measurements of dressed
absorption were performed at the University of California, Berkeley and Lawrence Berkeley
National Lab, while the theoretical calculations were performed in the research group of
Gaarde and Schafer at Louisiana State University. The theoretical methods and calculations
are included here so that experimental measurements may be fully understood.

When the IAP and NIR pulses overlap, several new features in the transient absorption
spectra below the single ionization threshold are observed which are not associated with any
dipole-allowed extreme ultraviolet (XUV)–driven transition. Theoretical investigation reveals
that each of these light-induced structures (LISs) involves the transfer of population from the
ground 1s2 state to 1sns or 1snd states via resonant second-order processes requiring both
the XUV and the NIR fields. In our experiment, the broad bandwidth of the IAP allows the
simultaneous observation of all the LISs for each delay where the two fields are overlapped.
As the NIR intensity or the NIR-IAP delay is changed, the light-induced states are observed
to shift in energy and absorption strength, in agreement with the calculations.

Most previous absorption studies on laser-dressed He have been carried out with attosecond
pulse trains (APTs). Modification of the ionization probabilities [109, 110] and the absorption
[111, 112] as a function of NIR-APT delay has been observed for APTs overlapped in time
with NIR fields. Additional work with APTs has considered the sensitive dependence of the
ionization probability on the XUV wavelength chosen to resonantly excite specific 1snp states
of He [113, 114]. Recent work on transient IAP absorption in He focused on the sub-cycle
changes in the linear XUV absorption around the 1s3p and 1s4p dipole allowed states [115].
This is in contrast to the work reported here, where multiple, resonant second-order transitions
are observed and theoretically understood across the large bandwidth of the IAP.

3.2 Experimental and theoretical methods
The experimental setup is shown in Figure 3.1. The IAPs are generated in krypton gas

via double optical gating and spectrally limited to 20− 24 eV by a 200 nm thick Sn filter
[54, 88]. They are then are overlapped with a 12 fs, 780 nm NIR pulse in the absorption
cell of an attosecond transient absorption spectrometer with a variable time delay between
the pulses. In the absorption spectrometer, the NIR and IAP pulses are collinearly focused
by a Ru/Si multilayer mirror (f = 25 cm) in a 1 mm long target gas cell, filled with 20
Pa He. Transmitted XUV light is recollected by a Mo/Si multilayer mirror (f = 25 cm)
and directed through an additional 200 nm Sn filter and onto the entrance slit of the XUV
spectrometer. A gold-coated, aberration-corrected grating spectrally disperses the IAP onto
an X-Ray charge-coupled device (CCD) camera, where the transmitted spectrum is recorded.
The XUV spectrometer resolution is 100 meV, as determined from measurement of 1s2p and
1s3p He absorption lines.

The 400-as IAPs are characterized by photoelectron streaking [60, 116], while the NIR
pulse is measured by the spectral phase interferometry for direct electric field reconstruction
(SPIDER) method [87]. For streaking, Kr gas is ionized by the IAP and overlapped with the
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Figure 3.1: Experimental setup. Schematic of attosecond transient absorption instrument.
ND, neutral density filters; FS, fused silica; and QP, quartz plates. Optics for double optical
gating are shown in green. IR beam paths are shown in red. IAP is shown in purple.

NIR pulse, and a Ru-Si multilayer mirror is used to combine the two pulses. The principal
component generalized projections algorithm [60, 63] issued to reconstruct the pulses and,
upon convergence, the extracted duration is 380 ± 10 as. The XUV pulses are not transform-
limited—the spectral phase of the attosecond pulse varies by approximately one radian across
the pulse.

Transient absorption spectra are recorded as the average of five pump-probe scans, each
of which is acquired for 30,000 laser pulses at every pump-probe time delay point. Absolute
optical density (OD) spectra are constructed as:

OD = −Log[Isample(E)
I0(E) ] (3.1)

where Isample(E) is the measured spectral intensity of the IAP after it passes through the
1 mm long sample cell filled with 20 Pa He, and I0(E) is the spectral intensity of the IAP
after it passes through the empty sample cell. To obtain a broad overview of the onset and
evolution of the LISs, time delay scans over tens of femtoseconds are required. To that end,
delay steps of 1.3 fs (one-half NIR cycle) were used in the experiment.

The theoretical treatment of laser-dressed absorption is based on the semi-classical picture
of a quantum atom driven by a classical field [108, 117]. Chen, Gaarde, and Schafer calculate
the single-atom frequency-dependent response function:

S̃(ω) = 2Im[d̃(ω)Ẽ∗(ω)] (3.2)

where d̃(ω) is the Fourier transform of the dipole moment d(t), obtained by solving the
time-dependent Schrödinger equation (TDSE) using the full IAP + NIR electric field E(t)
in the single-active-electron approximation. Details of the method are given in Ref. [108].
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Calculating the response non-perturbatively is advantageous because the atom exchanges
energy with the light field over a large range of frequencies in many different orders of
nonlinearity. The calculations treat all of these processes on an equal footing. For positive
frequencies, S̃(ω) is the energy gained or lost per unit frequency by the atom, meaning that
positive or negative values of S̃(ω) represent absorption or emission at frequency ω. In this
work, we concentrate on absorption, which dominates the response.

The calculation of the energy exchange between the atom and the field requires a timescale
for the decay of the dipole initiated by the driving fields. In an experiment, dephasing
(collisional broadening, for example), spontaneous decay, and finite spectrometer resolution all
serve to define effective timescales for the dipole decay. In the calculations, these processes are
absent and a numerical dephasing time is provided instead, by multiplying a smooth window
function onto the calculated time-dependent dipole moment before Fourier transforming it to
obtain the response function. In the work presented here we are primarily interested in the
modification of the absorption by the NIR field, and using a dephasing time that is much
longer than the NIR pulse duration is, therefore, sufficient. The 65 fs dephasing time used in
this work gives a minimum spectral bandwidth of 20 meV. Doubling the dephasing time in
the calculations does not change any of the conclusions presented below.

A full theoretical treatment of transient absorption requires solving the Maxwell wave
equation (MWE) for the time propagation of the light fields through the atomic medium.
This is done using polarization and ionization source terms in the MWE that are obtained by
solving the single-atom TDSE [108]. Coupling the MWE and TDSE solvers in this fashion
requires much more numerical effort than the calculation of the single-atom response alone. A
calculation of the full propagated light fields for XUV and NIR pulses that are overlapped with
zero time delay and a pressure of 400 Pa shows that even though there is strong absorption,
the time structure of the IAP is remarkably robust and does not undergo reshaping, only
a small time shift of a few attoseconds. Repeating this calculation for several XUV-NIR
time delays near zero shows that the macroscopic absorption spectra obtained from the full
propagated light fields are similar in all their features to the single-atom results, scaled by
the density. This means that it is sufficient to calculate the single-atom response in order to
understand the experimental results.

3.2.1 Results
Figure 3.2 shows experimental measurements (left panels) of the transient absorption of

atomic He and compares them to theoretical calculations (right panels) of the frequency-
dependent response function, both versus the NIR-IAP delay. Measurements were made
using two NIR intensities estimated from in situ streaking shifts to be 1.6 × 1012 W/cm2

and 4.8× 1011 W/cm2 (Figures 3.2(a & c), respectively). The intensity of the NIR field is
controlled by a neutral density filter. Using the intensity profile of the NIR focus (measured
with a CCD) and XUV focal spot size (calculated as twice the beam waist with standard
Gaussian optical techniques) the NIR intensity is estimated to vary by 20% across the XUV
focal spot. The theoretical calculations were made for the same peak intensities using 12 fs
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transform-limited pulses with a central wavelength of 780 nm (Figures 3.2(b & d)). The delay
step in the calculations is 0.16 fs. The overall agreement between experiment and theory is
very good. Many of the features presenting only near zero delay are in notable accord, and
features visible over the whole range of time delays are also reproduced.
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Figure 3.2: Comparison of experimental (right hand side) and calculated (left hand side)
absorption spectra of helium atoms dressed by a 780 nm field. The top figures correspond to
measurements with peak NIR intensity of 1.6× 1012 W/cm2 and the lower row corresponds to
4.8× 1011 W/cm2. The theoretical plots use a small, nonzero value of the minimum response
to better mimic the experiment. The 1s2p resonance is at 21.21 eV and the 1s3p resonance is
at 23.09 eV.

In Figure 3.2, delay times of td > 10 fs correspond to the NIR pulse arriving well before
the IAP. Here, the absorption spectra comprise only resonant features due to excitation of
the 1snp states by first-order XUV processes, identical to the case when no NIR is present.
The NIR field is not strong enough to excite the atom out of its ground state. Because
the instrumental resolution in the experiment is much larger than the Doppler broadened
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linewidth, the measured absorption resonances are observed as peaks of the same area spread
over a larger spectral range. This implies that absorption of the XUV photons on resonance
is much higher than expected from measured optical densities. In contrast, the absorption
spectra are strongly modified when the XUV and NIR pulses overlap (-15 fs < td < 10 fs).
Most striking is the enhanced absorption at frequencies that cannot be assigned to any linear
XUV absorption process that reaches a field-free atomic state. Some of these LISs appear
at energies between 21.25 and 22.5 eV in Figure 3.2, energies that are distinct from the
XUV-driven dipole allowed transitions to the 1s2p and 1s3p states.

For delays of td < −15 fs the calculations show several delay-dependent sidebands around
the 1s2p absorption feature. These sidebands are due to perturbed free polarization decay
[118], caused by the modulation of the 1s2 − 1s2p coherence by the NIR pulse, which arrives
after the XUV has excited the system. The delay-dependent sidebands are spaced as the
reciprocal of the pump-probe delay, which is quite a bit smaller than the experimental
resolution for large delay times. Although the sidebands are not observed in the experimental
absorption spectra, the absorption strength appears to broaden and increase in this region;
the broadening is real, but the absorption increase could be due to detector saturation
on line center. Because of the finite spectrometer resolution, the limited number of XUV
photons, and the strong and narrow lines of the He, the line centers can appear as if there is
total absorption on some CCD camera pixels, with concurrent broadening of the features
to adjacent pixels due to the wings of the lines. These complications can make precise
comparison of the absolute intensities with theory difficult.

3.2.2 Asymmetry
The experimental absorption spectra are asymmetric with respect to pump-probe delay (i.e.

the absorption is greater for negative pump-probe delays). At negative pump-probe delays the
attosecond pulse arrives at the target before the NIR pulse. In this case the attosecond pulse
induces a polarization in the helium target that is subsequently perturbed by the NIR pulse.
As a result the absorption features have additional structure. The structure is analogous to
perturbed free induction decay observed in the femtosecond absorption measurements [118].
The additional structure appears as increased absorption due to the combined effects of the
limited spectral resolution and spectral flux.

This effect is illustrated in Figures 3.3 and 3.4. Where the transmission of a 1 mm long
cell filled with 1× 10−1 Torr He, has been calculated using the Doppler linewidth of the 1s2p
transition at room temperature (∼ 0.1 meV) and a literature value of oscillator strength [119].
The transmission is thresholded at 10−5 (to simulate the effect of absorption saturation), and
shown for two cases: infinitely fine resolution (black) and 100 meV resolution (red, found by
convolving the transmitted spectrum with a Gaussian that has a full width at half maximum
equal to 100 meV). The optical density is plotted below the transmission. In Figure 3.4,
the linewidth is assumed to be broadened to twice the Doppler linewidth. The transmitted
spectra and the optical density are calculated as in Figure 3.3 for both the cases of infinitely
fine resolution and 100 meV resolution. Comparing the bottom right of Figure 3.3 to the
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bottom right of Figure 3.4, the resolution limited optical density assuming a larger linewidth
is higher than the narrower linewidth.
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Figure 3.3: The transmission (top left) and optical density (bottom left) of a 1 mm long cell
filled with 1 × 10−1 Torr He, assuming infinitely fine resolution and a Doppler broadened
linewidth. The Doppler broadened peak appears wider than ∼ 0.1 meV due to saturation
effects. The transmission (top right) and optical density (bottom right) assuming 100 meV
resolution and a Doppler broadened linewidth.
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3.3 Interpretation
Figure 3.5 provides an intuitive interpretation of the light-induced structures near zero

delay in the transient absorption spectra. Line spectra for both NIR intensities, measured at
one pump-probe delay (-2.7 fs), are plotted in Figure 3.5(a), with dashed lines indicating peak
positions occurring in the 1.6× 1012 W/cm2 intensity spectrum. The position of the LISs
suggests the interpretation diagrammed in Figure 3.5(b), where we assume that the strongest
modification to the XUV absorption spectrum will be due to first-order NIR processes.
Resonant processes are possible if the combination of XUV and NIR fields can couple the
ground 1s2 state to 1sns or 1snd states. The LISs in the absorption spectrum are then
interpreted—in the frequency domain—as the intermediate states of processes that involve
the absorption or emission of an additional NIR photon. For example, the absorption feature
at 22 eV near zero delay indicates an intermediate state that couples the ground state to the
1s2s state. This “1s2s” LIS is located at approximately:

ωLIS ≈ ω1s2s − ω1s2 + ωNIR (3.3)

Similarly, LISs correlated to the 1s3d and 1s3s states are located approximately one NIR
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photon below these states at 21.6 and 21.25 eV, respectively. These experiments can thus be
thought of in analogy to stimulated Raman spectroscopy studies of atoms [120], but with
broadband NIR and XUV pulses. Typical stimulated Raman transitions are two-photon
processes where the difference between frequencies of Raman pump and probe pulses is chosen
to be resonant with a transition in the target media [121]. In the present case this resonance
condition is automatically satisfied in a relatively narrow band of XUV frequencies, picked
out of the broadband IAP continuum.

The case for this absorption mechanism can be strengthened by examining the calculations
presented in Figure 3.2 in more detail. A simple check is provided by repeating the calculations
in Figure 3.2 while using a TDSE time propagation routine that dynamically eliminates the
1s2s, 1s3d, and 1s3s states by projecting them out at each time step. As shown in Figure
3.6(a), this eliminates the LIS features and causes the 1s2p absorption line to become an
unshifted, delay-independent feature, in contrast to the full result in Figures 3.2(b) and 3.2(d).
This shows that the splitting and shifting of the 1s2p state are dominated by NIR-induced
couplings to the nearby ns and nd states. In addition, if the LISs are related to processes
that couple the ground state to dipole forbidden states, then the strength of the LISs should
be related to the population in those states at the end of the laser pulse. As an example,
Figure 3.6(b) compares the final population in the 1s2s state to the calculated integrated
absorption around 22.2 eV (the 1s2s LIS). This comparison is straightforward because S̃(ω)
is a probability per unit frequency, which means that the integrated response in a range of
frequencies ∆ω around the LIS can be directly compared to the population in a given bound
state at the end of the pulse. The calculations show that when (and only when) the 1s2s
LIS is observed, population is efficiently transferred to the 1s2s state after the pulses have
passed. Likewise, the delay-dependent final population in the 1s3d and 1s3s states follow the
strengths of the 1s3d and 1s3s LISs. Taken together, these results support the explanation
of the LISs outlined in Figure 3.5(b).

The second-order process that gives rise to the 1s2s LIS is the simplest example of the
proposed absorption mechanism. The transfer of population from the 1s2 ground state
to the 1s2s state is enabled by the presence of the nearby 1s2p state, which has a strong
dipole coupling to both states. Solving the TDSE using just these three states is thus
helpful for interpreting the absorption data shown in Figure 3.2, using the same laser
parameters as the full calculation: A peak Rabi frequency of 170 THz (0.7 eV) and a detuning,
∆1s2s = ωNIR − ω1s2s−1s2p, of 1 eV. Figure 3.6(c) shows that the three-level model (TLM)
reproduces the LIS around 22 eV quite well.

Figures 3.2 and 3.6 show that both the full calculations and the TLM calculations predict
sub-cycle oscillations in the absorption features when the two pulses are overlapped in time.
The modulations happen at twice the laser period and can be seen in both the absorption
strengths and the final populations for the 1snp, 1sns, and 1snd states. These sub-cycle
oscillations are not washed out even though the absorption probability is a time-integrated
measure. Using the language of a TLM, one can interpret these oscillations as driven by the
counter-rotating terms in the coupling between the 1snp and the 1sns or 1snd states (they are
absent in a TLM employing the rotating wave approximation [122]). These counter-rotating
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terms can be prominent when the NIR Rabi frequency is comparable to the photon energy as
in this case [123]. In a true three-level system one would expect these oscillations to be π/2
out of phase with the driving field because of the large detuning. Indeed, in Figures 3.6(c)
and 3.6(d) both the 1s2s LIS absorption and the 1s2s final population peak a quarter cycle
after the NIR electric field. In the full calculation, Figure 3.6(b), the timing is complicated
by the 1s2p state interacting with multiple 1sns and 1snd states, and the LIS absorption
does not necessarily peak at the same time as the s and d final-state populations. A full
description of these sub-cycle features is beyond the scope of this chapter, but the presence
of the sub-cycle features suggests a rich area for future experimental and theoretical study.

Returning to the experimental data in Figures 3.2(a), 3.2(c), and 3.5(a), as the NIR
intensity is increased, the strength of absorption of the 1s2s LIS near 22 eV increases
significantly, whereas those of the 1s3d and 1s3s LISs decrease slightly. This is observed in
the calculations in Figures 3.2(b) and 3.2(d) as well. Both the experimental and theoretical
results in Figure 3.2 also show that the central energy of the LISs can change with NIR
delay. The calculations suggest that this is due to the change in NIR intensity with delay.
This intensity dependence is studied further in Figure 3.5(c) which shows calculations of the
central energies of the 1s2s, 1s3d, and 1s3s LISs as a function of NIR intensity, at a delay of
-2.7 fs (solid lines). The experimental intensities are limited to the lower energy portion of
the intensity range studied in Figure 3.2(c). To better understand the changes in the LIS
absorption energy and strength, the full calculations in Figure 3.2(c) are compared to TLM
calculations constructed separately for each LIS as was done for the 1s2s LIS above. These
show that the changes are qualitatively explained by the degree of field detuning involved in
each LIS. For example, the 1s2s LIS, which has the largest detuning (1 eV) from the NIR
laser wavelength, is barely visible in low-intensity data, consistent with a resonant absorption
picture where transition strength decreases as detuning increases. The large detuning of the
1s2s LIS also explains why the NIR intensity has little effect on its energy. On the other hand,
the central energies of the 1s3d and 1s3s LISs have a much larger dependence on the NIR
intensity due to the smaller detunings involved. Note, however, that the intensity dependence
of the 1s3d and 1s3s LISs in the full calculation is much bigger than that predicted by the
TLM. The TLMs of these LISs break down because the 1s3d and 1s3s states are resonantly
coupled by the NIR field to states near threshold, and these additional couplings cannot be
ignored when calculating the position of the LISs. This sensitivity to the NIR intensity can
be exploited to make accurate measurements of the LIS properties, to control non-dipole
coupled-state populations, and to better understand the behavior of these states in a strong
NIR field.
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Figure 3.5: (a) Line spectra at a pump-probe delay of -2.7 fs for intensities 1.6× 1012 W/cm2

(black) and 4.8× 1011 W/cm2 (red). Error bars represent ± σ. (b) Schematic energy level
diagram for excitation of light-induced states. Line absorption spectrum measured with
overlapped NIR and IAP pulses is shown in black. Peaks in the absorption spectrum around
22, 21.6, and 21.25 eV clearly do not result from excitation to dipole-allowed 1snp levels.
LISs couple the ground state to 1sns and 1snd states via absorption of one XUV photon
(purple) and absorption or emission of one NIR photon (red). (c) Calculated positions of
1s2s, 1s3d, and 1s3s LISs vs NIR intensity for a delay of -2.7 fs. Full calculations (solid black
lines) are compared to three-level model calculations (dashed red lines).
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Figure 3.6: (a) Same as Figure 3.2(b) but with the 1s2s, 1s3s, and 1s3d states all subtracted
out during the time propagation. (b) Calculated integrated absorption probability around the
22.2-eV LIS in Figure 3.2(b) (black) and the final 1s2s population (red) vs the pump-probe
delay. (c) Three-level model of the response function S̃(ω) near the 1s2s LIS with the 1s2,
1s2p, and the 1s2s states included. The XUV and NIR pulses are the same as in the full
calculations in Figure 3.2(b). (d) The 1s2s population at the end of the pulses in the three
level model of part (c). Note that the units in panels (b) and (d) are the same, without any
modification of the original data.
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3.4 Conclusions
In summary, modifications of He atomic absorption spectra are observed in measurements

using IAPs in an attosecond transient absorption instrument. The dressed absorption features
include LISs, which can be interpreted in terms of second-order resonant transitions to
non-dipole coupled atomic states. These absorption features can be thought of in analogy to
stimulated Raman spectroscopy studies of atoms [120], and they are observed here in the
domain of attosecond spectroscopy. The use of broadband, coherent XUV radiation allows
the observation of LISs without specifically tuning to a two-photon transition as would be
required with narrowband XUV light. Because the resonance condition is automatically
satisfied regardless of the precise NIR frequency, this stimulated absorption technique can be
used to study the strong field coupling of excited states in systems more complicated than
the simple atomic system used in this study. Both experiment and theory indicate that the
properties of the observed LISs can be controlled by varying the NIR intensity and/or the
NIR-IAP delay.
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Chapter 4

Intensity dependence of light-induced
states observed in laser dressed
absorption of helium near the 1s2s
state

Transient absorption spectroscopy, the technique of recording a transmitted spectrum of
a laser pulse (probe pulse) as a function of delay time between the probe pulse and a second
pulse (pump pulse), has been successful in measuring multi-femtosecond molecular dynamics
for over two decades [75]. This technique is well suited to attosecond spectroscopy because
isolated attosecond pulses necessarily have large bandwidths that allow spectral features
over a broad range to be monitored. As examples, electronic coherence [4], modification of
optical properties of insulating materials [73], and lifetimes of autoionizing states [3] can be
measured with attosecond transient absorption spectroscopy.

Owing to the limited number of photons in isolated attosecond pulses, typical attosecond
pump-probe measurements incorporate a strong near-infrared (NIR) pulse (intensities of
1012 W/cm2 or higher) together with the attosecond pulse. The NIR laser pulse can induce
dynamics [4] or probe reaction products [29] (via field or multiphoton ionization), when
overlapped in time with the XUV attosecond pulse. An active area of research focuses on
elucidating the extent that the strong NIR field may be affecting measured dynamics. For
example, studies have focused on the necessary conditions for extracting field-free parameters
from experimental measurements. The strong NIR field can couple atomic and molecular
excited states resulting in a modified (“laser-dressed”) absorption spectrum. Autler-Townes
splittings, electromagnetically induced transparency [124, 125], and light-induced states [126]
have been measured with atoms in strong optical fields by femtosecond and attosecond XUV
pulses.

This chapter focuses on light-induced states (LISs) [126], transient absorption features
that occur when the attosecond and NIR pulses are overlapped in time and are not related
to the field-free absorption spectra. These features are observed in the attosecond transient
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absorption spectra of laser-dressed helium and are experimentally manipulated as a function
of NIR intensity on a few-femtosecond timescale.

Most previous studies of laser dressed helium have utilized attosecond pulse trains. Laser
dressed absorption has been used to control the ionization probability of helium by rescattering
[109, 111] and interference [110, 127] mechanisms. In the case of isolated attosecond pulses,
recent work has focused on sub-optical cycle features [74, 115] and the Raman-like two photon
mechanism [126] occurring in the absorption spectra discussed in this chapter.

4.1 Effect of NIR laser intensity on energies of LISs
Following the initial experiments presented in Chapter 3, a more in depth experimental

investigation was undertaken in the Leone and Neumark groups, to study the effect near-
infrared (NIR) laser intensity has on the energy locations of LIS.

The second-order transitions observed in the dressed absorption spectra of helium in
the range of the 1s2p transition are explored here with a broader range of NIR intensities
(5 ± 2) × 1010 to (1 ± 0.4) × 1013W/cm2) than utilized previously [126]. The larger
range of NIR intensities provides the opportunity to experimentally investigate the intensity
dependence of the LISs. The NIR dressing intensity has two effects on the LISs: 1) Additional
LISs appear as the dressing intensity increases. 2) The energies of the LISs may shift as the
dressing intensity increases. The LISs result from the NIR laser coupling of the 1s2p state to
the 1s3s, 1s3d, and 1s2s states of He. Both intensity dependent effects are related to the
coupling strength and the detuning of the laser from the transition energy. The transient
feature resulting from the 1s2p→ 1s2s (1s2s LIS) coupling is observed for intensities above
(1.5 ± 0.6)× 1011, while the transient features resulting from 1s2p→ 1s3s (1s3s LIS) and
1s2p→ 1s3d (1s3d LIS) are seen at intensities above (7.5 ± 3)× 1010. Above intensities of
(5 ± 2) × 1012 W/cm2 absorption features that possibly correspond to 1s4s, 1s4d, 1s5s, and
1s5d LISs are observed. For intensities between (7.5 ± 3) × 1010 and (1.5 ± 0.6) × 1012

W/cm2, the 1s3s and 1s3d LIS may shift in energy as the NIR intensity is increased. The
other absorption features are relatively stable.

4.2 Experimental
The attosecond transient absorption spectrometer has been described in detail earlier in

this work, and is diagrammed in Figure 4.1. Briefly, isolated attosecond pulses are generated
via high harmonic generation (HHG) with Double Optical Gating (DOG) [51, 52, 54] in a
cell filled with 2.7 hPa (2 Torr) krypton gas. The DOG optics are selected so that the HHG
gate width is 1.8 fs, which means that in the present case only one isolated attosecond pulse
will be generated when driving harmonic generation even though the driving pulse is not
carrier-envelope phase-stabilized [89].

An f = 25 cm Ru/Si multilayer mirror focuses the attosecond and NIR pulses into a 1
mm long absorption cell and an f = 25 cm Mo/Si multilayer mirror directs the transmitted
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Figure 4.1: Attosecond transient absorption instrument.

attosecond pulse onto an aberration-corrected, gold-coated grating (1200 grooves/mm). An
X-Ray CCD camera records the dispersed spectrum. The resulting spectral resolution is 100
meV. An interferometer incorporating an actively stabilized piezo transducer delay stage
controls the delay between the NIR and attosecond pulses. In the interferometer, an annular
hole mirror separates the incoming beam into an inner circular portion to drive HHG and
an outer ring that serves as the optical dressing field. A neutral density filter controls the
intensity of the NIR field.

Spectral interferometry for direct electric field reconstruction (SPIDER) [87] measurements
characterize the 12 fs long NIR pulse. The NIR pulses are longer than the 7 fs pulses that
drive HHG because the spectral broadening from the hollow-core fiber used for few-cycle pulse
generation is weaker near the edges of the beam. Photoelectron streaking [59] measurements
and the Frequency Resolved Optical Gating for Complete Reconstruction of Attosecond
Bursts (FROG-CRAB) technique with the Principle Components Generalized Projection
Algorithm (PCGPA) [91, 100, 116] characterize the attosecond pulse.

DOG produces attosecond pulses with a measured duration of 145 ± 10 as, when a 200
nm thick Al filter (band-pass of 18− 72 eV [90]) removes the residual NIR field. A 200 nm
thick Sn filter (band-pass of 15− 24 eV [90]) limits the XUV spectrum to energies to just
below the ionization potential of He and prevents second-order diffraction of ∼ 40− 50 eV
photons overlapping with first-order diffraction of ∼ 20− 25 eV photons on the CCD camera.
The resulting attosecond pulse covers the spectral range of 20− 24 eV and its duration is
380 ± 10 as, limited by the 24 eV high energy cut-off of the Sn filter. Material dispersion
from Sn filters used to select the bandwidth of the attosecond pulse in conjunction with phase
effects from the HHG process and the XUV multilayer mirror also contribute to the pulse
duration.

The absorption target cell is a ∼ 1 mm diameter cylindrical tube. The attosecond and
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NIR beams pass through apertures laser-drilled by the femtosecond NIR HHG driver pulse
prior to experiments. Gaussian beam propagation equations estimate the NIR beam diameter
(twice the beam waist) at the cell walls to be 300 µm, placing an upper limit on the aperture
diameter. Calibration of target gas densities uses the absorption continuum above the He
ionization potential at 24.58 eV; this procedure is similar to the methods used by Loh et al.
[72] to estimate target density of xenon in transient absorption measurements. Estimating
the target pressure using absorption above the ionization continuum limits any effect that the
relatively broad spectral resolution may have on estimating target density from much narrower
absorption lines (for example, at room temperature the Doppler broadened bandwidth of the
1s2p resonance is on the order of 0.1 meV, while the experimental resolution is 100 meV).
This calibration is performed using Xe as the HHG medium, since it has a harmonic cut-off
low enough to prevent second-order diffraction from overlapping first-order diffraction on
the CCD camera. An Al filter that, unlike the Sn filter, transmits photon energies above
the ionization potential of the He is used to block the residual NIR light. The NIR laser
intensity is estimated using the in situ streaking shift measured in photoelectron streaking
measurements. The 1/e2 width of the NIR beam is 90 ± 10 µm, measured by removing the
absorption cell and inserting a CCD camera into the focus in the interaction region. Gaussian
beam propagation estimates the 1/e2 width of the XUV beam at the focus as 15 ± 1 µm.

The absorption spectra in Section 4.3 use the transmitted spectra of the attosecond pulse
(without any He gas in the absorption cell) as a reference. Negative pump-probe delays
correspond to cases where the attosecond pulse arrives at the target cell before the NIR pulse.

4.3 Results
The energy levels of atomic He accessible by one photon of the attosecond pulse are

plotted in Figure 4.2(a). The transmitted spectra of the attosecond pulse with and without
the He target gas are plotted in Figure 4.2(b) and the absolute optical density, OD (ω), is
plotted in Figure 4.2(c). The absolute optical density is given by:

OD (ω) = − [If (ω) /Ii (ω)] (4.1)

where Ii (ω) is the initial spectra recorded without He target gas and If (ω) is the transmitted
spectrum with He target gas present. The target gas density is 1.6 ± 0.05 hPa.

Peaks in the absorption spectrum corresponding to the 1s2p, 1s3p, and 1s4p transitions
at 21.21, 23.09, and 23.74 eV [128] shown in Figure 4.2(a) are visible in the OD plotted in
Figure 4.2 (c).

The transient absorption spectra are given by:

OD (ω, t) = − [If (ω, t) /Ii (ω)] (4.2)

where Ii (ω) is the initial spectra recorded without He target gas and If (ω, t) is the transmitted
spectrum with He target gas present at pump-probe delay t. The target gas density is 1.6 ±
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Figure 4.2: States of helium accessible in experiments. (a) Atomic states of helium in the
range of the attosecond pulse. (b) Transmitted spectrum of helium and (c) OD calculated
from the spectrum in (b). Transitions from 1s2 ground state to 1s2p, 1s3p, and 1s4p states
are labeled in (c).

0.05 hPa. Figures 4.3-4.5 show transient absorption spectra plotted against pump-probe delay
time for NIR intensities ranging from (5.0 ± 2)× 1010 W/cm2 to (1 ± 0.4)× 1013 W/cm2.
This range of intensities, over two orders of magnitude, is more extensive than previously
studied [126] and allows the intensity dependence of transient features to be investigated.
Spectra were recorded for 1.5× 105 laser pulses at each time delay step, with He target gas
at a pressure of 1.6 ± 0.05 hPa.

The transient absorption spectrum recorded with the lowest NIR laser intensity, I0 =
(5.0 ± 2) × 1010 W/cm2, is plotted in Figure 4.3(a). For positive pump probe delays, the
NIR pulse arrives at the target before the attosecond pulse and only features that directly
correspond to the field-free absorption spectra in Figure 4.2 are visible. At zero pump-probe
delay, the attosecond pulse and the NIR pulse are overlapped in time in the gas target, and a
weak transient absorption feature is visible around 21.5 eV.

As the NIR intensity is increased, the transient features become more pronounced. Figures
4.3(b-c) show transient absorption spectra recorded at NIR intensities of 1.5 I0 and 3 I0,
respectively. In Figures 4.3(b-c) two transient features A and B, that are not due to the
field-free absorption spectra of He, are visible near 21.25 and 21.5 eV, respectively. Feature
B is well separated from the 1s2p absorption peak at 21.2 eV, while feature A begins to
emerge as a shoulder on the 1s2p absorption peak. The centroid of each feature, as a function
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of pump-probe delay, has been superimposed on top of the two dimensional pump-probe
experimental spectra in magenta to guide the eye. The absorption features shift in energy
across the pump-probe delay scan, so defining a feature by a particular energy is difficult,
but the centroids clearly identify the spectral features.

As in Figure 4.3(a), only absorption features corresponding to field-free absorption are
visible at large positive pump-probe delays. For negative pump-probe delays (the attosecond
XUV pulse arrives at the target before the NIR pulse) the spectra appear to be broadened
and increased in intensity. There is also an asymmetry; the absorption features at negative
pump-probe delays appear stronger. As described earlier in Chapter 3, the asymmetry
is attributed to the increased broadening of the helium absorption lines by the NIR laser
appearing as increased absorption due to detector saturation at the transition frequencies.
Figure 4.4(a-c) shows the transient absorption spectra recorded with NIR intensities of 30
I0, 100 I0, and 200 I0. In Figure 4.4(a), features A and B are visible, and a new feature, C,
near 22 eV appears. The 1s2p absorption line has split into a lower energy component at
21.00 eV and feature A. In Figures 4.4(b-c) two new features, E and F, near 22.2 and 22.4
eV, respectively, are visible near zero delay. Similar to the spectra plotted in Figure 4.3, the
absorption spectra plotted in Figure 4.4 are asymmetric with respect to pump-probe delay:
the absorption features are stronger for negative pump-probe delays.

Line spectra at zero fs delay are plotted in Figure 4.5. In the line spectra measured with
1.5 I0, 3 I0,, and 30 I0 (plotted in Figure 4.5 in teal, magenta, and green), the peaks A, B,
and the 1s2p peak may shift in energy. Comparing the spectra measured with 1.5 I0 to 3
I0, the 1s2p absorption feature broadens and shifts lower in energy and shoulder A begins
to separate from the 1s2p absorption peak as the intensity is increased. As the intensity
increases from 3 I0 to 30 I0, feature A and the lower energy component of 1s2p further split.
Feature B slightly increases in energy as the intensity is increased from 1.5 I0 to 3 I0 and
again, as the intensity is increased from 3 I0 to 30 I0. At intensities of 100 I0 and 200 I0, no
clear shifts in peak position are observed. The peak positions at zero fs delay are listed in
Table 4.1.

The origin of the new transient absorption features and the splitting of the 1s2p absorption
feature at the overlap of the XUV attosecond pulse and the NIR pulse will be discussed in
more detail in Section 4.4. The changes in the photon energies of the absorption features and
the variations with intensity necessary to observe the features will be discussed.
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Figure 4.3: Transient absorption spectra recorded with NIR intensity of I0 = (5.0 ± 2) ×
1010 W/cm2(a), 1.5 I0 (b), and 3 I0 (c). Features near zero femtosecond delay are labeled
according to the text and the centroid of each peak, as function of pump-probe delay, is
superimposed in magenta.
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Figure 4.5: Line spectra at zero femtosecond pump-probe delay recorded with NIR intensity
of 200 (red solid), 100 (black dashed), 30 (green dot-dashed), 3 (magenta solid), and 1.5 (teal
dashed) I0. 3 and 1.5 I0 have been scaled by a factor of 3. Features near zero femtosecond
delay are labeled according to the text. Vertical lines correspond to two-photon transitions
described in Section 4.4.

Peak position (eV)
Intensity 1s2p A B C D E

1.5 I0 21.20 21.25 21.50
3 I0 21.15 21.30 21.55
30 I0 21.00 21.35 21.65 21.95
100 I0 20.95 ∼ 21.3 ∼ 21.6 21.95 22.15 22.4
100 I0 20.95 ∼ 21.3 ∼ 21.6 21.95 22.15 22.4

Table 4.1: Positions of absorption features at zero pump-probe delay. The positions are taken
as the value of the centroids plotted in Figures 4.3 and 4.4 at 0 fs.
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4.4 Analysis and discussion
Near zero pump-probe delay, features in the absorption spectra that are not present

in the field-free absorption spectra occur (for example at 21.25 eV and 21.50 eV in Figure
4.3). Following the approach described previously [126], the absorption features near zero
femtoseconds pump-probe delay are interpreted as light-induced states (LISs) that are the
intermediate step in the Raman-like two photon transitions from the ground state of He to
1sns and 1snd excited states of He. The two photon pathway is shown by:

1s2 hνXUV→ 1s3s LIS(feature A) +hνNIR→ 1s3s
1s2 hνXUV→ 1s3d LIS(feature B) +hνNIR→ 1s3d
1s2 hνXUV→ 1s2s LIS(feature C) −hνNIR→ 1s2s
1s2 hνXUV→ 1s4s/d LIS(feature D) +hνNIR→ 1s4s/d
1s2 hνXUV→ 1s5s/d LIS(feature E) +hνNIR→ 1s5s/d

(4.3)

The energies of the LIS are approximately:

~ωA = ~ω1s3d LIS ≈ ~ω1s3d − ~ωNIR
~ωB = ~ω1s3s LIS ≈ ~ω1s3s − ~ωNIR
~ωC = ~ω1s2s LIS ≈ ~ω1s2s + ~ωNIR
~ωD = ~ω1s4s/d LIS ≈ ~ω1s4s/d − ~ωNIR
~ωE = ~ω1s5s/d LIS ≈ ~ω1s5s/d − ~ωNIR

(4.4)

Vertical lines plotted in Figure 4.5 correspond to the energies given by Equation 4.4. The
energy of the 1s2s LIS (feature C at 21.95 eV) is offset from the value given by Equation 4.4
(22.21 eV). The two photon transitions are diagrammed in Figure 4.6.

For example the absorption features A and B at 21.25 and 21.50 eV in Figure 4.4(a) result
from absorption of one photon from the XUV attosecond pulse and absorption of one photon
of NIR to reach, respectively, the 1s3s, and 1s3d states of He. Similarly, feature C at 21.95
eV in Figure 4.4(a) acts as the intermediate step in a two photon pathway connecting the
ground state to the 1s2s state by absorption of one XUV photon and emission of one NIR
photon. Features D and E in Figures 4.4(b-c), which were not previously observed in lower
intensity measurements, may be the intermediate step in a two photon absorption process to
reach the 1s4s and 1s4d (D) states and the 1s5s and 1s5d (E) states of He; analogous to the
mechanism producing features A and B.

The experimental resolution (0.1 eV) combined with the NIR laser bandwidth (0.3 eV)
prevents the 1s4s and 1s4d or the 1s5s and 1s5d LIS from being resolved. At intensities of
100 I0 and 200 I0, the absorption spectra become increasingly complex near zero delay with
broad absorption features, possibly due to multiplet splitting of the LISs. Multiplet splitting
of absorption features is predicted [122] and observed [125] for high-field dressed absorption
measurements of atomic xenon in the XUV spectral region. Due to the possibility of multiplet
splitting and increasing complexity of the absorption spectra, the assignments of the 1s4s/d
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and 1s5s/d LISs are tentative. Equations 4.3 and 4.4 are convenient for identifying the new
absorption features, but the equations do not directly identify which states of helium are
interacting.

Figure 4.6 compares the calculated positions of the 1s2s, 1s3d, and 1s3s LISs calculated
previously [126] with the experimentally observed features C, B, and A as a function of
field intensity. In the calculations the single atom frequency dependent response has been
calculated using the methods detailed in Ref. [108]. For intensities up to 30 I0, the positions
of features A and B are reasonably correlated to the calculated positions of the 1s3s and
1s3d LISs. At higher intensities there is a discrepancy between features A and B and the
calculated positions of the LISs. The inconsistency between the calculations and the current
experimental results (in addition to similar behavior observed in Ref. [74]) suggest an open
avenue for further study. With this in mind, the analysis will focus on why the energies of
the 1s3s and 1s3d LIS are sensitive to changes in the field intensity (at least for intensities
between 1.5 and 30 I0).

Further analysis of the positions of the LISs will utilize the dressed absorption perspective,
where a manifold of states that correspond to the emission and absorption of successive
NIR laser photons are coupled [129, 130]. When the energy difference between the field-
free transition frequency and the dressing frequency (~ω1s2p − ~ωNIR) is large compared to
the interaction between the coupled states, dressed absorption can be interpreted as two
photon transitions, similar to the Raman-like mechanism described previously [129]. The
advantage of this interpretation is that it explicitly takes into account which field-free states
are interacting and the frequency shifts of absorption features can be straightforwardly
interpreted without calculating the polarization field (as in prior XUV dressed absorption
calculations [76, 108, 122, 125]). The following model is less sophisticated than methods
of Chen, Gaarde, Schafer, and co-workers [108], where the time-dependent Schrödinger
equation for a quantum atom in a semi-classical electric field is solved. The non-perturbative
calculations by Chen, Gaarde, Schafer, and co-workers include effects that depend on the
electric field at many degrees of nonlinearity. However, the model described here can provide
insight into dressed absorption with a significantly smaller layout of computational resources.

The second-order perturbation theory correction to the energy of a state (En) in an
oscillating electric field is given by [129, 130]:

En = 1
4
∑
m6=n
{

∣∣∣−→E0 •
−−→
dnm

∣∣∣2
En − Em − ~ωNIR

+

∣∣∣−→E0 •
−−→
dnm

∣∣∣2
En − Em + ~ωNIR

} (4.5)

where −→E0 is the electric field vector, −−→dnm is the transition dipole for field-free states n and
m with energies En and Em, respectively. In the present case, the 1s2p state is coupled to
the 1s3s, 1s3d, and 1s2s states via one photon transitions, resulting in features A, B, and
C and a shifted 1s2p absorption peak. Features D and E in Figures 4.4(b-c) may result
from either the 1s2p or the 1s3p coupling to the 1s4s/d and 1s5s/d states via one photon
transitions. The 1s3p state is expected to have the larger contribution because the NIR
photon energy is close to resonance for the 1s3p→ 1s4s/d and 1s3p→ 1s5s/d transitions
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than for the 1s2p→ 1s4s/d and 1s2p→ 1s5s/d transitions and the transition dipoles for the
1s3p→ 1s4s/d and 1s3p→ 1s5s/d pathways are larger [119].

Equation 4.5 depends on the magnitude of −→E0 •
−−→
dnm and the energy difference between

the atomic transition and the photon energy of the dressing field (i.e. the detuning). The
detunings of the dressing laser frequency from the field-free atomic transition and the Rabi
frequencies (Ωr = −1

~
−→
E0 •

−−→
dnm) calculated at 30 I0 (1.5 × 1012 W/cm2) are listed in Table

4.2. These values correspond to the denominator and numerator terms in Equation 4.5. Also
listed in Table 4.2 are the En for the LIS calculated from Equation 4.5. For example, the
detuning for the 1s3s LIS, (feature A), is smaller than the Rabi frequency, therefor the En
calculated from Equation 4.5 is larger than the converse case. The central energy of the NIR
laser is 1.6 eV (390 THz), and the bandwidth is 0.3 eV (∼73 THz), so the 1s3s and 1s3d LISs
are resonant or near-resonant with the laser frequency. Transition dipoles are taken from Ref.
[119]. The field intensity used to calculate the parameters in Table 4.2 is 30 I0, because 30 I0
is the largest intensity where a shift in energy is observed in experimental results. The shifts
in Figure 4.6 calculated by Chen, Gaarde, Schafer, and co-workers [126], however, increase at
higher intensities.

From Table 4.2, the detunings for the 1s3s and 1s3d LIS (features A and B) are considerably
smaller than the detunings for the other LISs (features C, D, and E), therefore the 1s3s and
1s3d LIS are expected to appear at lower NIR field strengths. Direct comparison of the onset
intensities between the n = 4 and 5 LIS and the n = 2 and 3 LIS may be complicated because
the n = 4 and 5 LISs most likely result from coupling of the 1s3p state while the n = 2 and 3
LISs result from coupling of the 1s2p state.

Equation 4.5 yields the largest energy corrections for the 1s3s and 1s3d LIS (features
A and B). These are the states that are closest to resonance with the NIR coupling field,
and the states that may increase in energy as the field intensity increases at field intensities
up to 30 I0. Equation 4.5 overestimates the energy shifts, as compared to the results of
Chen, Gaarde, Schafer, and co-workers in Figure 4.6, but both the calculations of Chen,
Gaarde, Schafer, and co-workers and Equation 4.5 predict the smallest shift for the 1s2s LIS.
Equation 4.5 serves as a cursory gauge of relative tendency of LIS to shift in response to
field intensity. The coupling also results in the 1s2p absorption peak decreasing in energy
as the field intensity increases; however, due to the multiple couplings of the 1s2p state (for
example coupling to the 1s2s, 1s3s, and 1s3d states) the intensity dependence of the 1s2p
state is not straightforward to interpret.
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(blue open circles) and C (black filled squares) are plotted as a function of dressing intensity.
The calculated positions of the LISs from Ref. [126] are plotted for comparison.

RabiFrequency
LIS Feature Detuning at 30 I0 En

(1.5× 1012 W/cm2)
(THz) (eV) (THz) (eV) (THz) (eV)

1s3s A -26 -0.11 80 0.3 60 0.26
1s3d B -62 -0.26 130 0.55 75 0.31
1s2s C 240 1 220 0.9 25 0.11
1s4s/d C -240 -1 210 0.85 -25 -0.1
1s5s/d E -170 -0.7 80 0.3 -7 -0.03

Table 4.2: The detunings, Rabi frequencies, and En calculated from Equation (4.5). Both
frequency and energy units are given. The LISs that have the largest En have the largest
ratio of Rabi frequency to detuning. The transition dipoles are taken from Ref. [119].
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4.5 Conclusions and future outlook
Attosecond transient absorption spectroscopy is employed to measure the intensity de-

pendence of LISs in the absorption spectra of helium in the region of the 1s2p resonance at
21.21 eV. At intensities of (7.5 ± 3) × 1010 W/cm2 LISs resulting from coupling of 1s2p
to 1s3d and 1s3s states are observed, while the LIS resulting from the coupling of 1s2p
to 1s2s state is visible at intensities of (1.5 ± 0.6) × 1011 W/cm2. Above intensities of (5
± 2)× 1012 W/cm2 absorption features that likely correspond to 1s4s/d and 1s5s/d LISs are
observed. The 1s3s and 1s3d LISs may increase in energy as the NIR intensity is increases.
The difference in intensity response is attributed to the detuning of +240 THz (+1.0 eV)
for the 1s2p → 1s2s transition, compared to -62 THz or -26 THz (-0.26 or -0.11 eV) for
the 1s2p→ 1s3d and 1s2p→ 1s3s transitions. These considerations will be useful for the
preparation of state specific samples in future measurements, as well as future attosecond
pump-probe spectroscopy measurements, where the wavelength and intensities of the optical
pulses can be selected so that specific atomic and molecular states are affected more strongly
than others. For example, in attosecond transient absorption measurements of autoionization
lifetimes, the optical pulse can be selected to strongly couple an autoionization resonance to
other nearby states, or the optical pulse can be selected to favor a multiphoton ionization
process.

Several studies have focused on features in the absorption spectrum that oscillate on
timescales faster than the optical period of the NIR field [74, 112, 115, 126]. These sub-optical-
cycle features result from interference between one and multiple (two and three) photon
pathways to reach bound states either directly or via a bound intermediate state. Future
investigations of sub-cycle features can provide intriguing opportunities to study experimental
targets where there may be some nuclear dynamics that will curtail the interference on a
characteristic timescale. For example, the bound states of a dissociating molecule may shift
so that an intermediate or final state in the multiphoton pathway is no longer resonant or
near resonant with the field and the interference is suppressed.
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Chapter 5

Measurement of ultrashort lifetimes:
5s5p66p and 5s5p67p autoionizing states
of xenon

5.1 Ultrashort lifetime measurements
Time-resolved spectroscopy with isolated attosecond pulses has the potential to measure

ultrashort lifetimes [7–9, 11, 39]. Several previous works have focused on autoionization decay
mechanisms because autoionization is driven by electron-electron interactions, and occurs on
timescales ranging from picoseconds to attoseconds [131–134]. One of the earliest applications
of attosecond spectroscopy was measurement of ultrashort lifetimes of core-hole excited states
in atomic krypton that rapidly decay via an autoionization process, specifically Auger decay
[11]. Photoelectron streaking measurements determined the emission time of the ejected
Auger electrons. The dynamics of short-lived states may also be ascertained from absorption
spectroscopy measurements, where sharp resonances result from the two pathway interference
between direct ionization and ionization mediated by a short-lived state. Time-resolved
absorption measurements with isolated attosecond pulses demonstrated retrieval of lifetimes
of autoionizing 3s3p64p and 3s3p64p states of argon where one electron from the inner valence
3s orbital has been promoted to a 4p or 5p orbital [3]. In addition to determining lifetimes
of states, transient absorption studies of autoionizing states have observed multielectron
dynamics and strong field effects. Interesting experimental and theoretical work has focused
on changes to the autoionization lineshape of by coupling the autoionizing 2s2p and 2s2

states of helium at 60.15 and 62.06 eV using both attosecond and femtosecond trains of high
harmonics [124, 135, 136]. The Autler-Townes splitting of autoionizing states in atomic xenon
has been measured using femtosecond XUV absorption spectroscopy and theoretically studied
for isolated attosecond pulses [122, 125]. This chapter focuses on preliminary measurements
of the 5s5p66p and 5s5p67p autoionizing states of atomic xenon.
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5.1.1 Fano resonances
The line shape of atomic states below the ionization threshold has a characteristically

Lorentzian line shape and the lifetimes of the state corresponds to the resonance linewidth
by the uncertainty principle:

∆E∆t ≥ ~ (5.1)
where ∆E is the measured linewidth, ∆t is the lifetime of the state. For atomic states that lie
above the ionization potential, like the autoionization resonances mentioned, an asymmetric
and broader line shape can be observed. The lineshape becomes asymmetric due to the
possibility for two pathway interference between ionization channels: either direct ionization
to the continuum or excitation to a short-lived state followed by ionization. The linewdiths
are greater because the autoionization decay rates are faster than those due to fluorescence.
Autoionization lifetimes (on the order of attoseconds to picoseconds) are significantly shorter
than fluorescence lifetimes (hundreds of picoseconds to nanoseconds); and, as a consequence,
autoionizing states do not fluoresce significantly. The measured lifetime of the state is given
by:

1
τm

= 1
τai

+ 1
τf

(5.2)

where τm is the measured lifetime of the state, τai is the autoionization lifetime, and τf is
the fluorescence lifetime. The contribution of τf to the measured linewidths of autoionizing
resonances is small and may be neglected.

Fano [131, 132] described autoionizing states as an unobservable discrete state (φ) coupled
via configuration interaction to a set of continuum states (ψE′)

Φ = φ+ P
∫ VE′ψE′

E − E ′
(5.3)

where Φ is the modified observable state, and VE′ = 〈φ|H|ψE′〉 is the interaction between
the discrete and continuum states. The P indicates that the integral is the Cauchy principal
part. The spectral profile is given by:

I(ε) = (q + ε)2

1 + ε2
(5.4)

where q is the parameter that describes lineshape (or profile index), ε = E−Er−δE
1
2 Γ is the

reduced energy variable, E is the excitation energy, Er is the resonance energy, δE is the shift
in resonance energy due to configuration interaction, and Γ = 1/τai is the linewidth. The
Fano parameter q is given by:

q = 〈Φ|d|i〉
πV ∗E〈ψE|d|i〉

(5.5)

where d is the transition dipole operator and |i〉 is the initial state of the atom or molecule.
A rearrangement of q (with the substitution of Γ = 2π|VE|2) provides the result:

1
2πq

2 = |〈Φ|d|i〉|2
|〈ψE|d|i〉|2Γ (5.6)
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Equation 5.6 shows that the square of the Fano parameter is proportional to the ratio of the
transition probabilities to the modified discrete state Φ, and a range of continuum states
with a bandwidth equal to Γ. Representative plots of transition profile are plotted for several
values of q in Figure 5.1. For small values of q the line shape is a window resonance, so called

−10 −5 0 5 100

0.5

1

ε

−10 −5 0 5 100

0.5

1

1.5

ε

q = −1 q = 0 q = 1

q= −5 q = 5 q = 100

Figure 5.1: Spectral profile for representative values of q.

because the cross section on resonance is less than the surrounding areas. As q increases in size
the interaction between the admixture of continuum states and the discrete state decreases
and the resulting profile becomes a Lorentzian lineshape. For q = ± 1 the contributions from
both the direct ionization and indirect pathways are comparable and the spectral shape has
the largest interference.

5.1.2 Xe 5s5p66p and 5s5p67p autoionizing states
The absorption cross section of the 5s5p66p and 5s5p67p, are shown in Figure 5.2(a) [128].

The cross section was determined by electron energy loss measurements and converted to
optical absorption. The high resolution absorption cross section in the region of the 5s5p66p
state is plotted in Figure 5.2(b) [134]. The absorption spectra in Ref. [134] were acquired
by monitoring the transmission of synchrotron radiation (via the signal from a tungsten
photocathode) as the frequency is scanned across the autoionization resonance.

The high resolution measurements feature additional peaks in the vicinity of the autoion-
ization resonance identified in Figure 5.2(b), at least two of the peaks labeled 2, 3, and
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(a)

(b)

Figure 5.2: (a) The measured absorption cross section of Xe in the region of the 5s5p66p to
5s5p610p autoionizing states [128]. (b) High resolution measurement of the absorption cross
section in the region of 5s5p66p state with several peaks, at least two of which comprise a
spin-orbit pair [134]. Open circles indicate the value of the non-resonant cross section and
the bar represents one standard deviation.
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state q Er (eV) Γ (meV) τ (fs)
5s5p66p 0.23± 0.04 20.951 31.2± 0.08 22.1
5s5p67p 0.16± 0.04 22.226 13.02± 0.06 50.1

Table 5.1: Spectroscopic parameters for autoionization resonances measured in atomic Xe
from Refs. [133, 134].

4 are thought to be the spin-orbit pairs of the 5s5p66p state [137–140]. The 5s5p66p and
5s5p67p excited states of Xe are not well described by LS angular momentum coupling, and
instead are described by jj coupling. In the case of jj coupling the j for each electron is
coupled to produce a total J , in contrast to LS coupling where the total L and S from the
electrons is used to calculate a total J [141]. For one photon transitions from the 1S0 ground
state (well described by LS coupling) of Xe, selection rules dictate that ∆J = 0, ±1, for
linearly polarized light ∆MJ = 0, and Π, the parity of the state, must be odd (Π = −1). The
autoionizing states are described by (jc, je)J , where J is the total angular momentum, jc and
je are the angular momentum of the unpaired 5s (“core”) and 6p or 7p (“excited”) electrons,
respectively. The autoionizing states of Xe must have J = 1. The 5s electron may have
jc = 1/2 and the excited 6p or 7p electron may have either je = 1/2 or je = 3/2. The two
allowed configurations to produce J = 1 are (1/2, 1/2)1 and (1/2, 3/2)1. Respectively, the
(1/2, 3/2)1 and the (1/2, 1/2)1 states correlate to the singlet and triplet states that result from
LS coupling. High resolution measurements in the vicinity of the 5s5p67p are not available
at this time. As a consequence, measurement of the 5s5p66p and 5s5p67p lifetimes may be
complicated by the presence of multiple states, each with their own autoionization lifetime.
The spectroscopic parameters for the 5s5p66p and 5s5p67p autoionizing states are shown in
Table 5.1 [133, 134].

Figure 5.3 is an energy level diagram in the vicinity of the autoionization states.
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Figure 5.3: Energy level diagram for states of Xe near the 5s5p66p and 5s5p67p autoionizing
states [133, 134, 142, 143]. The states on the left hand side are accessible via one photon
from the XUV attosecond pulse. A time delayed near-infrared (NIR) pulse may couple
the autoionizing states to the states (with l = s & d) on the right hand side, that are not
accessible via one photon transitions from the ground state. The autoionizing states may be
ionized by one or two NIR photons to the 5s5p6 state of Xe+.

5.2 Experimental

5.2.1 Experimental details
The experimental system is similar to those described in previous works [54, 126] and

described in detail in Chapter 2. The output of a chirped-pulse amplifier, titanium:sapphire
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laser system (780 nm, 20 − 25 fs, 2 mJ/pulse, 1 kHz) is spectrally broadened in a 400 µm
inner diameter hollow core fiber filled with 2 bar Ne gas. The resulting pulse is directed to a
set of chirped mirrors to compress the output to 7 fs. The pulse is sent to an interferometer
to control the pump-probe delay. Hole mirrors in the interferometer separate the beam into
two portions: the inner circular beam will generate high harmonics, the outer ring shaped
beam is the optical pulse used in pump-probe experiments. The pulse duration of the inner
beam is 7 fs, the pulse duration of the outer beam is 12 fs.

Isolated attosecond pulses are generated using double optical gating and ∼ 2 Torr krypton
gas as the harmonic up conversion medium. A 200 nm thick tin filter spectrally limits
the attosecond pulse to a spectral range of 20 − 24 eV. The pulse duration as measured
by photoelectron streaking is ∼ 400 as. The attosecond and optical pulses are focused
into an absorption cell by a f = 50 cm spherical Ru/Si multilayer mirror (NTT Advance
Technologies). The 1 mm long static absorption cell holds Xe at a backing pressure of 5 Torr.
The transmitted XUV spectrum is recollected by a Mo/Si multilayer mirror (f = 50 cm; NTT
Advance Technologies) and directed through a 200 nm thick Sn filter to a 1200 grooves/mm,
gold-coated grating (Hitachi High Technologies model 001-0464). An X-Ray CCD camera
records the dispersed spectrum for computer acquisition. Prior to the measurements, a
spectrum is recorded with only the optical pulse focused into the absorption cell and no
attosecond pulse to determine if the optical pulse is capable of producing high harmonics in
the absorption cell. This spectrum is flat and at zero spectral intensity indicating that no
high harmonics are generated in the absorption cell.

5.2.2 Absorption spectra
Static transmitted spectra are shown below in Figure 5.4 and converted to optical density

in Figure 5.5. The optical density is computed as:

OD(E) = −Log
[
If (E)
Ii(E)

]
(5.7)

where If (E) is the measured spectrum with target gas in the absorption cell and Ii(E) is the
measured spectrum with no target gas in the absorption cell.

The absorption spectra have a background of absorption that corresponds to direct
ionization of Xe to Xe+. Features superimposed in the absorption spectra corresponding to
the 5s5p66p and 5s5p67p states identified before are clearly visible. However, the multiple
peaks identified in the high resolution absorption measurements of Ederer et al. [134] near
the 5s5p66p resonance are not resolved.

The experimental spectra are fit with the following parameterization [134] in Figure 5.6:

σ(E) = σc +
σaq

Γ
2 (E − Eres) + σa(q2 − 1)(Γ

2 )2

(E − Eres)2 + (Γ
2 )2 (5.8)

where σ(E), σc, and σa are the measured cross section, the continuum cross section, and the
cross section for continuum states interacting with autoionizing state, respectively. As before,
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Figure 5.4: Transmitted spectra in the region of the 5s5p66p and 5s5p67p autoionizing states
of atomic Xe. The autoionizing states have q values close to 0 and so appear as window
resonances. The dotted line is the spectrum recorded with no attosecond pulse, verifying
that the optical pulse cannot produce harmonic radiation in the absorption cell. The spectra
are recorded for a total of 3× 105 laser pulses.

q is the profile index, Γ is the linewidth, and Eres is the central frequency of the autoionization
resonance. The non-resonant background has been subtracted from the absorption spectrum.
The fit values of q for the 5s5p66p and 5s5p67p states are 0.239 ± 0.1 and −0.065 ± 0.3,
respectively. The fit Fano peaks are reasonably accurate for the 5s5p66p state, but the fit q
parameter for the 5s5p67p differs significantly from the literature values. The instrumental
spectral resolution of ∼100 meV contributes to the errors. The fit value of q for the 5s5p66p
state must be taken with the caveat that there may be multiple peaks under the single
observed peak at 20.95 eV.

The time-dependent absorption spectra (non-resonant background subtracted) are shown
in Figure 5.7. The optical density (OD(ω, t)) is given by:

OD(ω, t) = − Log[It(ω)/Ii(ω)] (5.9)

where It(ω) is the transmitted spectrum of the attosecond pulse recorded with He target gas
and at pump-probe delay t. The plotted spectra are the average of five pump-probe scans.
For each pump-probe scan, the spectrum at every pump-probe delay is recorded for 6× 104
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Figure 5.5: Optical density (OD) with 5s5p66p and 5s5p67p states and two electron transitions
identified.

laser pulses. The near-infrared (NIR) pulse duration is approximately 12 fs and the NIR
intensity is (1± 0.4)× 1012 W/cm2. The pump-probe delay is scanned in 0.33 fs steps. The
pump-probe spectra were recorded with pump-probe delays extending to only −40 fs because
the decreased absorption signal was anticipated to follow the lifetime of the autoionizing
state. Positive pump-probe delays correspond to the NIR pulse arriving at the target gas cell
before the attosecond pulse. In Figure 5.7, pump-probe delay is the x-axis, photon energy
is the y-axis, and the optical density is given by the color scale. Line spectrum at +10 fs
is plotted to the right of the time-dependent absorption spectrum, with the 5s5p66p and
5s5p67p peaks labeled. Below the two-dimensional false color plot, the absorption signal at
20.95 eV is plotted as a function of pump-probe delay.

The dark red region in the absorption spectrum near 21 eV corresponds to the 5s5p66p
state and the orange region around 22.2 eV corresponds to 5s5p67p state. At positive times,
the NIR pulse arrives before the attosecond pulse and the absorption spectra resemble the
field-free absorption. As the pump-probe delay approaches 0 fs, the autoionization peaks
become less pronounced. The 5s5p66p obviously becomes less intense, while changes to the
5s5p67p autoionization state are less clear. As the pump-probe delay becomes increasingly
negative, the autoionization peak recovers. There is an asymmetry: the decline at positive
times occurs more rapidly than the recovery at negative times, as seen in the line-out plotted
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at the bottom of Figure 5.7.
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Figure 5.7: Time-dependent absorption spectra. A two-dimensional false color plot of the
absorption spectra is plotted (top), a line-out of OD measured at 20.95 eV is plotted (bottom),
and a line spectrum at +10 fs is plotted to the right.

5.3 Analysis and discussion

5.3.1 Attenuation of autoionization peaks
When the attosecond pulse and the NIR pulse are overlapped (near zero fs delay in

Figure 5.7) the autoionization features decrease. To understand this the field perspective
of absorption is employed [75–77]. The attosecond XUV field induces a polarization of the
5s5p66p and 5s5p67p autoionizing states. The induced polarization will radiate out with a
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decay constant (τp = 1
Γ/2) that corresponds to twice the lifetime of the state [71]. This is

a consequence of the population of the autoionizing state depending on the square of the
state’s wavefunction, while the polarization depends on the wave function. For a state with a
lifetime 1/Γ:

Population(t) ∝ e−tΓ = |e−tΓ/2|2 (5.10)

Polarization(t) ∝ e−tΓ/2 (5.11)
Both the field from the induced polarization and the transmitted XUV field are detected.
The signal that the detector (in this case an X-Ray CCD camera) records is the Fourier
transform of the combined field from the induced polarization and the incident field. In the
time-dependent measurements plotted in Section 5.2 the induced polarization is modified by
the subsequent NIR field, resulting in a depletion of the autoionizing state. The polarization
may be modified by the NIR field coupling the autoionizing states to continuum states
(ionization), or to other excited states of Xe. The exact mode of action is not known. As
the NIR laser arrives later and later after the XUV attosecond pulse, the polarization has
already had time to decay, resulting in the autoionization peak recovering as the pump-probe
delay becomes increasingly negative.

5.3.2 Fitting time-resolved spectra
Figure 5.8 plots the optical density at 20.95 eV (the 5s5p67p resonance) as a function

of pump-probe delay. The absorption is fit with a function corresponding to an instrument
response function convolved with an exponential decay [144]. The functional form of the
equation is:

σ(t)rec = A× Exp[−t− t0
τ

+ σ2
cc

2τ 2 ]× (1 + Erf [ 1√
2

(t− t0
σcc

− σcc
τ

]) +B (5.12)

where σ(t)rec is the measured absorption, τ is recovery constant for the autoionization signal,
σcc is the experimental cross-correlation of the pump and probe pulses, and A and B are
constants. Based on prior measurements with argon [3], the recovery constant τ is expected
to be the polarization decay constant τp (or twice the lifetime given by the linewidth).

The expected decay constant for the the 5s5p67p autoionizing state is 44 fs. A fit with
with τ fixed at 44 fs is plotted as the red curve in Figure 5.8, which does not fit the data well.
The blue dashed-doted curve is the best fit, however the recovery constant (13.7± 1.6 fs) is
significantly shorter than the value expected from spectroscopic measurements. All other
fit parameters were allowed to freely vary. A fit constraining the value of τ to 22 fs is also
plotted for reference.

The recovery of decay constants is improved by fitting the absorption spectrum at each
pump-probe delay according to the parameterized absorption function in Equation 5.8 to find
the value of σa as a function of pump-probe delay. The values of σa are then fit according
to Equation 5.12. The values of σa are plotted in Figure 5.9 and plotted with several fits of
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Figure 5.8: Absorption at 20.95 eV as a function of pump-probe delay fit with σ(t)rec for
several τ .

σ(t)rec. The best fit value of the recovery is found to be 30.2 ± 1.8 fs. This is shorter than
the expected recovery of 44 fs, but the value is significantly closer than τ recovered from
fitting the data directly with Equation σ(t)rec.

Fitting the measured spectra to a Fano profile before recovering time-dependent data has
a few advantages: Equation 5.8 contains a term for the non-resonant background, so fitting
the measured spectra to a Fano profile removes background fluctuations and long term drift
from the data. Fitting the data to Equation 5.8 also ensures that the signal at the exact
line center of the Fano peak is being fit with σ(t)rec. Equation 5.8 also contains parameters
for q and Γ. Monitoring those parameters over pump-probe delay, for example, can be used
to estimate increased lifetime broadening from linewidth changes, and possibly changes to
transition probabilities that define q [136]. The current experimental resolution, which is
greater than the literature linewidths, precludes any definite conclusions about variations in
q or Γ as a function of pump-probe delay.

Qualitative model

The time-dependent spectra plotted in Section 5.2 demonstrate optical control of the
attosecond XUV absorption spectra of 5s5p66p and 5s5p67p states of Xe. The following
qualitative model illustrates the effect a time delayed NIR field has on the autoionizing states.
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Figure 5.9: The fit values of σa, as a function of pump-probe delay fit with σ(t)rec for several
τ . The best fit curve of σ(t)rec produces a recovery constant of approximately 30 fs.

The atomic induced polarization field for 5s5p66p state is assumed to have the form:

Pa(t) = i

~
ΘExp[iω6pt− (Γ/2)t] (5.13)

where Θ is the Heaviside function, ω6p is the excitation frequency of the 5s5p66p state, and
Γ
2 = 1/τp is the decay rate [71]. To mimic the effect of the NIR field coupling the autoionizing
state to other states (either continuum or bound states), the polarization is curtailed at a
time delay (td). Figure 5.10 plots the unmodified polarization (τp = 44 fs) and polarization
truncated at −15 fs (i.e. the attosecond XUV pulse has arrived at the gas target 15 fs before
the NIR pulse). To simulate the effect of a pump-probe delay scan the modified polarization
is calculated for a series of td ranging from 0 to −150.

The modified polarization is then Fourier transformed and the imaginary part of the
resulting P̃a(ω) can be used to find the absorption coefficient (α(ω)) [71].

α(ω) ∝ Im
[
P̃a(ω)
Ẽin(ω)

]
(5.14)

where Ẽin(ω) is given by the incident spectral intensity. Representative spectra are plotted in
Figure 5.11 (top) for unmodified polarization (solid line) and polarization truncated at −15 fs
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Figure 5.10: Induced polarization (top) corresponding to the 5s5p66p autoionizing state with
a decay of ∼ 44 fs and (bottom) the polarization truncated at −15 fs.

(dashed line). Figure 5.11 (bottom) plots the resulting spectra for polarizations truncated for
td ranging from 0 to −150 fs. For time delays close to 0, corresponding to exact overlap of
the XUV attosecond pulse and the NIR pulse, the peak is diminished, and as the time delay
becomes more negative the peak recovers. The cross section on line center (20.95 eV), and the
average cross section between 20.90 and 21.00 eV is plotted as a function of pump-probe delay
in Figure 5.12. The absorption signal exactly on line center is nicely fit by an exponential
with a time constant of 44 fs. However, the averaged signal does not have a recovery constant
corresponding to the polarization decay.

Density matrix methods

The current results highlight the conditions necessary to measure field-free ultrashort
lifetimes. As shown by the qualitative model, it is necessary to measure the time-dependent
absorption spectra with resolution at least as narrow as the linewidth. This effect has also
been demonstrated in calculations of the polarization using the Von Neumann equation
(performed by Dr. Adrian Pfeiffer a post-doctoral scholar working in the Leone group). For
completeness the methods and results will be summarized here. The technique is outlined
in Ref. [122] and is generalized to include a phenomenological decay constant as in Lin et
al. [125]. The transient absorption spectra are found from the atomic polarization response
induced in the atom by the XUV attosecond pulse and the NIR pulse. The spectrum of the
transmitted XUV pulse (Ẽout(ω)) is found by:

Ẽout(ω) = Ẽin(ω)Exp[i2πωNP̃a(ω)
cẼin(ω)

L] (5.15)
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Figure 5.11: The relative cross section determined from the Fourier transformed polarization
with no truncation and for td = −15 fs (top). The relative cross section as a function of
pump-probe delay (bottom).

where Ẽin(ω) is the spectrum of the incident XUV pulse, P̃a(ω) is the atomic polarization
response in the frequency domain, N is the density of target gas, c is the speed of light in
vacuum, and L is the path length of absorption. This is a formulation of the Beer-Lambert
law using α(ω) calculated in a manner similar to Equation 5.14.

The time-dependent polarization response is calculated as:

P = Tr(ρ · d) (5.16)

the trace of the product of the density matrix (ρ) and transition dipole matrix (d). The time
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Figure 5.12: The relative cross section as a function of pump probe delay for (dashed line)
line center of the absorption resonance and the cross section averaged over a range of 100 meV
about the resonance (solid line). The recovery time is significantly shortened for the averaged
measurement.

evolution of the density matrix is found from a modified form of the von Neumann equation:

iρ̇ = [H, ρ] + iΓ (5.17)

Where H is the Hamiltonian and Γ is a matrix that contains the decay rates of the states.
The von Neumann equation is solved using a fourth-order Runge-Kutta method. The results
of the simulations indicate that convolving the absorption spectra with a 50 meV full-width
at half-maximum Gaussian function to simulate experimental spectral resolution greatly
reduced the decay constant in Equation 5.12 (to ∼ 8 fs from the expected 44 fs), while the
spectra with infinite resolution are fit with the expected decay constant. This result requires
that measurements of ultrashort lifetimes have resolutions better than resonance linewidths.

The density matrix calculations also incorporate coupling to other nearby states, so effects
like Autler-Townes splitting and Rabi cycling may be modeled. High resolution measurements
can help elucidate the role of coupling to to other excited states. For example, line shifting
and broadening is observed in transient absorption spectra of autoionizing states in argon
and xenon. The level shifts are explained by NIR induced couplings of the autoionizing states
to other nearby states, as in Autler-Townes splitting [3, 122, 125, 135, 136].
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Full quantum mechanical methods

An ongoing collaboration with the research group of Professor C. William McCurdy
(University of California, Davis and Lawrence Berkeley National Lab) is focused on full
quantum mechanical calculations of transient absorption spectra, with an emphasis on states
with ultrashort lifetimes. Preliminary efforts are determining the experimental conditions
(for example NIR laser intensity and spectral resolution) under which ultrashort lifetimes can
be accurately measured.

5.4 Conclusions and outlook
The measurements in this chapter have highlighted critical parameters for lifetime retrieval.

The experimental resolution must be greater than the expected linewidth in order for accurate
lifetime information to be extracted. Fitting of the recovery will also be improved by recording
data out to larger pump-probe delays. Experimental measurements with several NIR field
intensities may elucidate what field parameters are required to determine accurate lifetimes.
For example, NIR fields with sufficient magnitude to induce Rabi cycling may produce
complex time-dependent spectra and spectral changes that cannot be straightforwardly fit
with simple analytic functions like Equation 5.12 [135, 136]. To facilitate these measurements
a new attosecond experimental apparatus has been designed and built, with greatly improved
spectral resolution and increased photon flux of the attosecond pulse.

Understanding the simple atomic case is advantageous for analogous measurements on
more complicated molecular targets in the future. Absorption measurements of more complex
targets with overlapping Fano resonances may be described by adding additional terms to
the parameterization given by Equation 5.8. Measurements on molecular targets provide
the opportunity to study the coupling of electronic and nuclear dynamics because for many
molecular excited states that lie above the ionization potential, there are competing decay
pathways; for example autoionization and predissociation as in molecular nitrogen [145, 146]
and oxygen [147, 148].
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