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Abstract 

Attosecond spectroscopic studies of atomic and molecular dynamics 

 

by 

Annelise Beck 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

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

 
Isolated attosecond pulses with photon energies in the extreme ultraviolet have provided a new 
capability to study few-femtosecond and sub-femtosecond dynamics in atomic and molecular 
systems.  A novel regime of attosecond transient absorption measurements, in which the near-
infrared pulse follows the attosecond pulse, is reviewed.  The observed timescales of the decay 
of an absorption feature and oscillations due to quantum beating are derived and experimental 
considerations for these measurements are discussed.  Attosecond transient absorption 
spectroscopy is then applied to observe quantum beating between the 2s22p5(2P3/2)3d and 
2s22p5(2P1/2)3d electronically excited states of neon.  The quantum beating is observed more 
prominently in one of the absorption features, and theoretical models of the effect of the near-
infrared pulse are proposed to explain this asymmetry and characterize the observed beating.  In 
the model that most closely agrees with the measurement, the beating is detected via Rabi 
cycling induced by the near-infrared pulse through an intermediate state (likely one of the 3p 
states), and this mechanism is shown to be strongly dependent on the spectrum of the near-
infrared pulse.   
 
The isolated attosecond pulses used in these experiments are characterized using the 
photoelectron streaking method and the duration of these pulses is measured by iteratively 
reconstructing the streaking spectrograms.  The effect on the streaking spectrogram of various 
pulse characteristics, such as duration, chirp, and the presence of satellite pulses, is described.  
Streaking spectrograms using low photon energy attosecond pulses are typically asymmetric.  
The reasons for this asymmetry are discussed and the challenges of reconstructing these low 
energy pulses are addressed.  Finally, attosecond pulses are used to investigate superexcited 
states, or doubly excited states above the ionization potential, of the nitrogen molecule (N2).  
These states can decay via two competing channels, autoionization and predissociation.  Time-
of-flight mass spectrometry is applied to measure lifetimes of these states.  Preliminary results 
are presented and improvements to the experimental design are proposed. 
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For it is the chief characteristic of the religion of science, that it works. 

 

- Foundation, Isaac Asimov 
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Chapter 1  
 
Introduction to attosecond spectroscopy 
1.1 Ultrafast dynamics in atoms and molecules 
 Electronic motion occurs on timescales ranging from tens of attoseconds (as) to tens of 
femtoseconds (fs).  These processes are much faster than molecular vibration or the motion of 
atoms that controls the timescales of chemical reactions (see Figure 1.1).  Directly watching 
electron motion can provide insight into fundamental processes that occur after an atom or 
molecule is excited.   

 For instance, if a core electron is ionized from an atom, Auger decay can occur: the 
vacancy is filled by a valence electron, resulting in the ejection of a second electron with the 
excess energy.  This relaxation process results from a collective motion of multiple electrons, 
and it occurs very rapidly, on timescales of a few fs.  If the initial excitation merely results in the 
excitation of one electron to a higher energy level, the resulting excited atom can decay by 
autoionization, in which one electron is ejected, producing an ion.  These lifetimes are also 
thought to be tens of fs or shorter.  Autoionization in an atom is shown schematically in Figure 
1.2.  Similar processes can occur in a molecule.  In a molecule, however, these relaxation 
processes compete with other decay channels such as dissociation of the molecule.   

 Another electronic process of interest is quantum beating, which occurs when multiple 
energy levels are excited simultaneously.  In an atom, population oscillates between the initially 
excited levels.  In a molecule, this quantum beating can manifest as motion of electrons or holes 
between molecular orbitals localized at different sites of the molecule.  The timescale of the 
beating is inversely proportional to the energy separation between the levels.  For example, an 
energy difference of 0.1 eV corresponds to a 40 fs oscillation period. 

picosecond (ps)
10-12 s

zeptosecond (zs)
10-21 s

attosecond (as)
10-18 s

femtosecond (fs)
10-15 s

Molecular
rotation

Molecular
vibration

Electron
dynamics

Nuclear
dynamics

Figure 1.1 Order-of-magnitude timescales of atomic and molecular processes. 
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 Pump-probe spectroscopy can be used to watch processes such as these in real time.  This 
technique relies on two laser pulses.  The first (pump) pulse initiates some dynamics in the target 
system.  The second (probe) pulse that follows then interacts with the target at a given time 
delay, probing the current state of the system.  The dynamics of the system as a function of time 
can be tracked by varying the time delay between the two pulses.  The timescales that can be 
observed using pump-probe spectroscopy are typically limited by the pump and probe pulse 
durations: the durations must be similar to the timescale of the dynamics being observed.  
Therefore, in order to observe few-fs dynamics, pulses with durations of a few fs or less are 
required.   

 The shortest pulse duration that can be achieved using commercially available laser 
systems has dramatically decreased in the past twenty years.  However, the pulse durations are 
limited by the wavelengths of the light produced.  Commercial femtosecond laser systems, which 
depend on Ti:Sapphire (titanium doped sapphire) crystals as the lasing medium, produce laser 
pulses with center wavelengths of approximately 800 nm.  The shortest pulse duration that can 
theoretically be produced at a given wavelength is limited by the optical cycle.  For 800 nm light, 
for example, one optical cycle is 2.5 fs.  Single- and half-cycle pulses have been produced 

en
er

gy +
excitation

o
relaxation

time

electron

hole
core electrons 
& nucleus

&

Figure 1.2 Autoionization in an atomic system.  After the initial excitation, the atom relaxes on a few-
femtosecond timescale to form an ion, ejecting an electron. 
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experimentally in the terahertz region of the spectrum (such as in Ref. [1]), but the durations of 
these pulses are still several femtoseconds.  In order to produce laser pulses shorter than this, 
pulses with shorter central wavelengths (e.g. higher frequencies) must be generated.  High 
harmonic generation allows high frequency light to be generated with a tabletop apparatus.  In 
the following sections, this process will be discussed and methods for producing attosecond (or 
sub-femtosecond) laser pulses will be described.  These ultrashort pulse durations can be used to 
investigate ultrafast electron dynamics.  Additionally, the photon energies of these pulses, 
typically in the extreme ultraviolet region of the spectrum, allow autoionization processes or 
quantum beating between superpositions of electronic states to be initiated and probed in atomic 
and molecular species. 

1.2 Attosecond pulse generation 
1.2.1 High harmonic generation 

 High harmonic generation (HHG) allows a fundamental laser pulse to be upconverted 
into higher-order harmonics.  Photon energies in the extreme ultraviolet (XUV) or soft x-ray 
region of the spectrum can be produced using a simple tabletop apparatus and a near-infrared 
(NIR) driving laser field with a center wavelength of 800 nm.  HHG is non-perturbative, so high 
harmonic orders can be produced with sufficient conversion efficiencies to be used in 
experiments.  

 HHG can be described classically using a three-step model [2], which is shown in Figure 
1.3.  The strong field of the driving laser pulse interacts with a gas target, typically a noble gas.  
First, near the maxima of the electric field of the driving laser, electrons can be tunnel-ionized 
from the gas atoms.  The total potential in which the freed electron then moves is a combination 
of the Coulomb potential of the ion core and a linear potential due to the laser field.  After the 
electron is liberated from the atom, it is accelerated by the field of the laser.  As the electric field 
oscillates, the change in the direction of the field accelerates the electron back towards the parent 
ion.  The electron can then recombine with the parent ion, emitting an attosecond burst of XUV 
photons. 

 The cutoff energy, or the maximum photon energy that can be emitted through HHG, is 
given by 

 𝐸!"#$%% =    𝐼! + 3.17  𝑈! [1] 

where 𝐼! is the ionization potential of the gas used.  𝑈! is the ponderomotive energy, given by 

 
𝑈! =

𝑒!𝐸!!

4𝑚!𝜔!!
 

[2] 

where 𝑒 is the charge of an electron, 𝐸! is the amplitude of the electric field of the driving laser, 
𝑚! is the mass of the electron, and 𝜔! is the frequency of the driving laser field.  Equations [1] 
and [2] suggest that the cutoff energy from HHG can be increased by increasing the driving laser 
intensity, the laser wavelength, or the ionization potential of the gas medium.  Changing the gas 
medium is straightforward, although using an atom with a higher ionization potential requires 
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increased laser intensity to generate high harmonics.  Increasing the laser intensity also seems 
simple: however, the efficiency of the HHG emission also depends on phase-matching, as will be 
discussed further in section 1.2.2, so merely increasing the driving laser intensity does not 
necessarily increase the HHG output.  The final parameter is the driving laser wavelength, and 
longer wavelength lasers have been applied successfully to generate high harmonics with higher 
cutoff energies [3,4].   

 The path of the electron described above is the path followed by the electrons in a so-
called “short” trajectory.  However, electrons can also be accelerated over multiple cycles of the 
driving pulse following a “long” trajectory.  The HHG emission at a given photon energy can 
include contributions from both trajectories.  The short trajectories can be preferentially selected 
by the position of the gas cell in which HHG occurs relative to the focus of the laser pulse.   

 The HHG process can occur during each half-cycle of the laser field where there is 
sufficient intensity.  This means that during a typical femtosecond laser pulse, multiple bursts of 
attosecond light are produced.  The half-cycle interval in time results in a spectrum that is 
modulated with a period of twice the fundamental laser frequency: e.g. only odd-order harmonics 
are produced.  These attosecond pulse trains have been used for a variety of experiments, 
including characterization of electronic wavepackets in helium [5] and measurement of 

Step 1: tunnel ionization

e-

Step 2: acceleration in field

e-

Step 3: recombination

e-

Figure 1.3 Three-step model of high harmonic generation (HHG).  Top: driving laser pulse.  Bottom: three 
step model, as described in the text. 
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photoemission time delays between valence orbitals of argon [6].  The HHG generation process 
itself has also been used as a means to study dynamics such as the dissociation of a molecule 
after excitation [7].  However, the application of HHG discussed in this work is the generation of 
a single attosecond pulse, which can be used for pump-probe experiments with sub-femtosecond 
time resolution.  

1.2.2 Attosecond gating methods 

 Attosecond pulses were first produced merely by spectrally filtering the attosecond pulse 
train generated by a short NIR laser pulse.  The carrier-envelope phase (CEP) of the driving field 
could be controlled so that one half-cycle of the NIR pulse was significantly more intense than 
the rest.  This half-cycle thus generated high harmonics with a higher cutoff energy than the 
other half-cycles.  Then, spectrally filtering to select only the highest range of photon energies 
results in an isolated attosecond pulse.  However, this method requires good control of the laser 
CEP and a very short driving laser pulse, so that the difference in intensity between adjacent 
half-cycles is maximized.  The attosecond pulses can also only be produced in the cutoff region 
of the spectrum, limiting the photon energies that can be used for experiments.  As a result of 
these constraints, gating techniques have been developed to allow attosecond pulse production 
over a wide range of photon energies and with fewer constraints on the driving laser pulse. 

 Three characteristics of HHG have been leveraged to create attosecond gating methods.  
The first is that the emission of light from HHG requires macroscopic phase matching conditions 
to be satisfied.  Contributions to the phase matching conditions include a term that depends on 
the fraction of ionized atoms in the medium and geometric terms that depend on the focusing 
conditions and the profile of the laser pulse [8].   

 A second important characteristic is the nonlinearity of HHG.  The HHG flux is strongly 
dependent on the driving laser intensity.  HHG will occur during any half-cycle of the laser pulse 
that has sufficient intensity.  However, if the driving laser field is reshaped by mixing in the 
second harmonic of the laser field, the intensity of every other half cycle can be lowered enough 
so that HHG does not occur.  This leads to a full-cycle periodicity in the time domain, or in the 
frequency domain, the presence of both even and odd order harmonics.  This reshaping is shown 
in Figure 1.4.  The laser field can also be manipulated by addition of a subharmonic such as 1600 
nm light [9], which breaks the symmetry of the field so that the highest photon energies are 
produced only once per two cycles of the driving field. 

 The final important characteristic of HHG is the dependence of the HHG conversion 
efficiency on the ellipticity of the driving laser pulse.  This dependence has been extensively 
studied for a wide range of HHG gases and emitted photon energies [10].  Generally, the 
conversion efficiency of HHG decreases as the ellipticity of the laser pulse increases (an 
ellipticity of zero corresponds to linear polarization of the field, and an ellipticity of one 
corresponds to fully circularly polarized light).  Therefore, if the ellipticity of the laser pulse 
varies in time, HHG can only occur when the ellipticity is lower than a certain threshold value.  
This threshold ellipticity depends on the order of the harmonics produced and is generally lower 
for higher harmonic orders. 
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 An early gating method that was demonstrated to produced isolated attosecond pulses 
was ionization gating [11,12], which relies on destroying macroscopic phase matching by 
ionizing the HHG medium.  A critical ionization percentage can be determined for the gas 
medium.  This critical ionization percentage varies depending on the gas species.  Once a large 
enough fraction of the sample is ionized such that the critical percentage is exceeded, phase 
matching can no longer occur and no HHG light will be produced.  Ionization gating depends on 
controlling the laser pulse intensity so that phase matching is destroyed on the leading edge of 
the laser pulse.  Then, some of the HHG light falls within an energy range that was produced by 
only one half-cycle of the laser pulse.  Spectral filtering (using metal foils or multilayer XUV 
optics) is used to select only that portion of the spectrum, resulting in an isolated attosecond 
pulse.  

 Ionization gating is restricted in the photon energy range that can be produced, because it 
depends on optics (primarily metal foils and multilayer XUV mirrors) to spectrally filter the 
HHG light.  In order to generate attosecond pulses over a broad photon energy range, the 
ellipticity dependence of HHG was leveraged to create the Polarization Gating technique [13,14].  
In this method, a pulse with a time-dependent ellipticity is generated such that there is a narrow 
window or “gate”, in the center of the pulse with linear polarization.  HHG can only occur within 
this gate.  If the gate is chosen to be sufficiently narrow, HHG can only occur during one half-
cycle of the laser pulse, thus generating an isolated attosecond pulse.  This technique allows a 
broadband, continuous spectrum to be generated by merely manipulating the driving laser field.   

 The gating method used in this work is Double Optical Gating (DOG) [15], which is a 
combination of Polarization Gating and the use of a driving field shaped by the addition of a 
small amount of the second harmonic.  This method will be described in more detail, both 
theoretically and experimentally, in Chapter 2 of this work.  DOG requires short laser pulses, but 
an expanded version of DOG known as Generalized Double Optical Gating (GDOG) [16] can be 
used with much longer driving laser pulses (~30 fs), thus relaxing even further the constraints on 
the driving laser field.   The gating methods described here are shown schematically in Figure 
1.5. 

(a) (b)Fundamental Fundamental + second harmonic

NIR

XUV

NIR

TNIR/2 TNIR

Figure 1.4 HHG pulse train produced by (a) fundamental NIR field only and (b) fundamental and second 
harmonic fields.  TNIR = laser period. 
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1.2.3 Attosecond pulse production capabilities 

 The techniques described above have been successfully applied to produce isolated 
attosecond pulses over a broad range of photon energies, ranging from pulses with a bandwidth 
of a few eV and ~20 eV central energy [17] to broadband pulses with central energy of ~100 eV 
with a spectrum that extends to 150 eV [18].  The energies that can be produced are constrained 
by the gating method used as well as the laser intensities and wavelengths that can be achieved 
experimentally.  Figure 1.6 shows the spectra of two attosecond pulses generated using DOG, 
with very different central photon energies and bandwidths.  The pulse spectrum can be tuned by 
changing the generation medium and the metal filters used, and the pulse duration depends on 
the spectral bandwidth. 

 Generally, the photon energy of the attosecond pulse used in an experiment is chosen 
based on the specific system under consideration.  However, there has been significant 

Figure 1.5 Comparison of gating methods.  (a) No gating, producing an attosecond pulse train which can be 
spectrally filtered to produce an isolated pulse.  (b) Ionization gating, in which phase-matching is destroyed 
when a sufficient intensity is reached. (c) Polarization gating.  Shaded background represents ellipticity of the 
laser pulse (white: linearly polarized, darkest green: circularly polarized). (d) Double optical gating. 
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experimental effort to expand the range of attosecond pulse durations and photon energies that 
can be easily produced.  

 For most experiments, the exact duration of the attosecond pulse is not particularly 
important as long as the attosecond pulse is much shorter than the driving laser field.  However, 
there is a drive towards generating shorter and shorter attosecond pulses, approaching the atomic 
unit of time (24 as, or ℏ/𝐸!, where 𝐸! is one hartree, the atomic unit of energy).  The bandwidth 
of the pulse must first be broad enough to support a very short pulse duration, which means 
gating techniques such as DOG have an advantage in this effort because these techniques 
produce a continuous spectrum over the entire energy range of the harmonics generated.  Then, 
the innate chirp of the attosecond pulse must be compensated in order to achieve a pulse as close 
as possible to the Fourier transform limited duration.  The attosecond pulse is innately chirped 
because the energy emitted when the ionized electron recombines with the parent ion depends on 
how long the electron was propagating in the field [19].  Attosecond pulses emitted by the short 
trajectories are positively chirped (e.g. higher energy photons are emitted at later times).  
Compensating for this chirp requires consideration of the material dispersion of the foils used to 
spectrally filter the pulse and reject the residual driving field.  Typical materials used for foils, 
such as aluminum or zirconium, have negative group delay dispersion (GDD) at low photon 
energies, and thus can compensate the chirp of the pulse over a limited range.  The component of 
the pulse spectrum at higher energies, where the chirp cannot be compensated simply by the foil, 
can be removed by tuning the phase matching conditions [18], resulting in a pulse with a 
relatively flat spectral phase. 

 These compressed attosecond pulses have a broad bandwidth, which can be usefully 

in
te
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 / 
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Figure 1.6 Comparison of experimental attosecond pulse spectra.  Red line: Sn filter, central energy ~ 20 eV, 
estimated duration ~395 as.  Blue line: Al filter, central energy ~45 eV, estimated duration ~114 as. 
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applied to absorption experiments, but which also creates difficulties in characterizing the 
attosecond pulses.  The techniques used to measure the duration of an attosecond pulse will be 
discussed in Chapter 5 of this work.  Briefly, a very broad spectrum means that one of the key 
assumptions used to reconstruct attosecond pulse durations breaks down and alternate methods 
must be developed.  Attosecond pulses as short as 67 as have been produced [18] using Zr foils 
to compensate for the innate chirp of the attosecond pulse.  Theoretical proposals for pulses as 
short as 30 as [20] have been made, although these proposals often rely on experimentally 
unfeasible conditions. 

 Another goal of many experimentalists is to extend the range of photon energies that can 
be generated using high harmonics.  Recent efforts have been made to generate attosecond pulse 
trains with cutoff energies of hundreds of eV or higher.  Recently, a continuous XUV spectrum 
extending up to photon energies of approximately 300 eV was generated using DOG [21].  This 
range of energies allows access to the carbon K-edge absorption features around 285 eV.  The 
ability to monitor absorption features corresponding to core absorption of carbon atoms greatly 
broadens the range of possible molecular systems that can be studied.  Low photon energies 
could also be useful for molecular experiments, and below-threshold harmonic generation has 
been used to produce photon energies as low as ~15 eV [22]. 

1.3 Applications of attosecond pulses 
 HHG and attosecond pulses have provided a means to access electronic states of atomic 
and molecular systems that were previously only accessible in synchrotron experiments.  The 
XUV photon energies that are produced using HHG span a wide range of excitations, from 
Rydberg transitions in noble gases to core-to-valence transitions in larger halogen atoms.  XUV 
photons can also be used to excite autoionizing states of atoms or doubly excited states of 
molecules with energies greater than the ionization potential. 

 Attosecond pulses were first used in experiments utilizing photoelectron time of flight 
detection.  In this type of experiment, the attosecond pulse ionizes a target, producing a broad 
photoelectron spectrum.  Then, a NIR pulse interacts with the photoelectrons, shifting their 
momentum.  Several successful photoelectron streaking experiments have been performed, 
namely the measurements of Drescher et al. of the Auger decay lifetime of a core-excited atomic 
state [23] and the work of Schultze et al. in which a delay was observed between the ionization 
times of electrons from different valence orbitals of neon [24].  However, distinguishing 
photoelectrons ejected from different orbitals requires orbitals that are well-separated in energy, 
which makes applying this technique to molecular systems, which contain many closely spaced 
electronic states, more challenging.  Additionally, theoretical questions about the origin of the 
time delays observed in streaking measurements have not been resolved.  Therefore, 
photoelectron streaking is mainly used as a method of characterizing attosecond pulses and 
proving that an isolated pulse has been generated.  The physics underlying these experiments is 
described in more detail in Chapter 5 of this work.  The dependence of streaking spectrograms 
depending on the attosecond pulse characteristics and difficulties contributing to characterization 
of the attosecond pulse are also discussed.   

 Attosecond pulses have also been used as a pump in experiments utilizing time-of-flight 
mass spectrometry or velocity map imaging as a means of detection.  Ion detection has been used 
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to observe tunnel ionization in the experiments of Überacker et al. [25], in which an XUV pulse 
produced Ne+ that was then tunnel-ionized to form Ne2+.  Detection of ion fragments has also 
been used to study dissociation of a molecule after excitation by attosecond pulse trains.  In these 
studies, an XUV pulse train can be used to excite an ionic state of a molecule which is then 
dissociatively ionized by a NIR pulse, as in the studies of D2 performed by Singh et al. [26].  
Timmers et al. performed experiments in which the XUV pulse excited an autoionizing 
molecular state of O2 [27], which was then probed by ionization with the NIR pulse and 
detection of the resulting O2+ ions.  Preliminary studies in which ion detection was used to 
measure lifetimes of neutral superexcited states (doubly excited electronic states above the 
ionization potential) of molecular nitrogen (N2) are presented in Chapter 6 of this work and 
challenges in performing these experiments are discussed. 

 The broad bandwidth of the attosecond pulse becomes a disadvantage when the 
attosecond pulse is used as a pump pulse in molecular experiments that rely on simple electron or 
ion detection methods.  The dynamics observed in the system depend on which states are initially 
excited, but disentangling the many channels available after excitation by an attosecond pulse 
can be challenging.  However, the broad bandwidth of the attosecond pulse is very advantageous 
for absorption measurements.  The broad and continuous spectrum allows many absorption 
features in an atomic or molecular system to be monitored simultaneously.  Spectrally resolved 
measurements also allow the time-dependent behaviors of different excited states to be easily 
separated.  Attosecond transient absorption experiments in a novel regime, where the attosecond 
pulse creates a polarization in the sample which is then perturbed by a following NIR pulse, are 
reviewed in Chapter 3 of this work, and experimental considerations for these types of 
measurements are discussed.  Attosecond transient absorption is then applied, in Chapter 4, to 
the detection and manipulation of wavepacket beating in electronically excited states of atomic 
neon.  

1.4 Outlook 
 Isolated attosecond pulses can consistently be generated with sufficient flux to be used 
for atomic and molecular experiments.  However, the intensities of the attosecond pulses are still 
relatively low, and they are typically are not sufficient to allow the attosecond pulse to be split 
into two pulses for pump and probe and achieve sufficient signal.  Production of more intense 
attosecond pulses would allow attosecond pump–attosecond probe experiments to be performed.  
The time resolution of these experiments would be limited only by the cross-correlation of two 
attosecond pulses rather than the cross-correlation of an attosecond pulse and a few-femtosecond 
laser pulse.  A probe pulse with photon energies in the XUV would allow a wider range of 
atomic and molecular states to be probed.  For example, core-to-valence transitions could be 
excited and then probed, each by a separate attosecond pulse, to track the resulting dynamics.  
Finally, the attosecond pulse duration could be measured using self-referencing techniques that 
are well-established for ultrafast pulse measurement, such as spectral phase interferometry for 
direct electric-field reconstruction (SPIDER) [28].  These methods rely on interfering two copies 
of the pulse to be measured.  Attosecond SPIDER has been proposed [29] but not experimentally 
achieved.   

 Developing novel means of generating attosecond pulses, other than the gating methods 
described previously, is also an area of interest.  For instance, each individual pulse in an 
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attosecond pulse train can be spatially separated from the other pulses in a so-called “attosecond 
lighthouse” [30].  The wavefront of the driving laser field rotates as a function of time such that 
each individual attosecond burst is emitted at a slightly different angle.  Then, a single 
attosecond pulse can be selected merely by spatial filtering.   

 The development of attosecond spectroscopy has provided new opportunities to study 
fundamental dynamics in atoms and molecules.  The experiments that have been performed so 
far have provided insight into electronic dynamics in atoms and molecules, but these studies are 
merely the initial steps in exploring this rapidly growing field. 
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Chapter 2  
 
Attosecond transient absorption spectroscopy 
apparatus 
 The output of a commercial femtosecond laser system is spectrally broadened and 
compressed to generate ultrashort laser pulses, which are then upconverted to extreme ultraviolet 
photon energies by high harmonic generation to produce isolated attosecond pulses.  The 
attosecond pulses are then propagated in a vacuum system, which was redesigned and rebuilt for 
improved attosecond pulse flux and spectral resolution in transient absorption experiments.  
Detection methods that can be used for experiments include time-of-flight photoelectron 
spectroscopy and transient absorption spectroscopy.  Attosecond pulses can be generated over a 
wide range of photon energies, as discussed below. 

2.1 Laser system and pulse compression 
 Figure 2.1 shows the optical setup from the laser up to and including the output of the 
chirped mirror compressor.  The laser system (Femtolasers HE CEP) outputs pulses with center 
wavelength 780 nm and duration of approximately 30 femtoseconds (fs) at a repetition rate of 1 
kHz.  The carrier-envelope phase (CEP) of the pulses is locked by a fast feedback loop in the 
oscillator and a slower feedback loop after the output of the laser, to correct for slow drifts.  The 
fast feedback loop is operated by a commercial lockbox (Menlo Systems), which varies the 
oscillator pump power by applying a voltage to an acousto-optic modulator located before the 
oscillator cavity.  The slow feedback loop adjusts the position of a prism in the stretcher, 
adjusting the thickness of the material that the seed pulse passes through and thereby adjusting 

Femtopower HE CEP

Hollow core fiber

HWP

QPD

FS

QPD FS

Interferometer

f=2mAM, f=2m

AM

CM

Figure 2.1 Diagram of optical layout.  HWP: half wave plate, FS: fused silica, QPD: quadrant photo 
diode, AM: actuated mirror used for the active pointing stabilization, CM: chirped mirror. 
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the CEP.  Typical stability of the slow loop is 100 milliradians (mrad) over tens of minutes.   

 The laser output is coupled into a hollow-core fiber in order to broaden the pulse 
spectrum through self phase modulation.  To prevent fluctuations in the beam pointing stability 
that could damage the entrance of the hollow-core fiber, the beam pointing is stabilized before 
the fiber using a commercial system (MRC Systems).  The fiber used in these experiments has a 
400 µm inner diameter, and typical throughput is 60 – 70 %. 

 After the hollow core fiber, the pulse spectrum is broadened.  The pulse can then be 
compressed in time using a set of chirped mirrors (either Femtolasers or Ultrafast Innovations).  
The output of the fiber is broadband, ranging from 500 – 1000 nm.  The chirped mirrors support 
a narrower bandwidth (at most 550 – 1000 nm), which is the limiting factor in pulse durations 
that can be achieved.  After the chirped mirror compressor, a pulse duration of approximately 7 
fs can be achieved.  The pulse duration is typically measured using an autocorrelator 
(Femtolasers Femtometer).  The interferometric autocorrelation measurement does not provide 
an accurate result for the pulse duration, because extracting a pulse duration from an 
interferometric autocorrelation trace requires assuming the pulse spectrum is sufficiently narrow 
that only the central wavelength can be used for calculations of the pulse duration.  However, the 
spectrum of the pulse spans from approximately 550 nm to 1000 nm, so this assumption is 
unreasonable.  The autocorrelator can, however, be used as an efficient means of determining the 
amount of material dispersion required for optimum pulse compression.  A typical 
autocorrelation measurement of the central part of the pulse is shown in Figure 2.2. 

2.2 Interferometer 
2.2.1 Overview 

The laser pulse is split into two arms before entering the vacuum system.  One arm is 
used to generate the attosecond pulse, while the other arm is used as a probe pulse to perturb the 
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Figure 2.2 Typical autocorrelation measurement.  The central wavelength is 761 nm and the number of 
fringes in the autocorrelation trace is 3.2, as measured by the Femtometer autocorrelator.  The pulse duration 
measured by the autocorrelator using the central wavelength is less than 5 fs, which is not an accurate 
measurement due to the large spectral bandwidth.  
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target system.  Splitting the beam before entering the vacuum allows each arm to be manipulated 
separately, in contrast to systems where the probe is merely a small fraction of the beam that was 
also used to generate the high harmonics.  The ability to modify each arm separately allows 
gating methods to be used to generate isolated attosecond pulses, which require the polarization 
of only the high harmonic generation arm to be modified.  The probe arm can also be 
manipulated, whether by simply doubling the center frequency of the pulse or varying the pulse 
spectrum by more complicated methods such as an optical parametric amplifier or a spatial light 
modulator. 

2.2.2 Compact interferometer design 

A diagram of the compact interferometer is shown in Figure 2.3.  The pulse is split by 
using a hole mirror, which is a flat silver mirror with a hole drilled at a 45° angle.  The mirror 
substrate was supplied by Qioptiq, and the holes were drilled by the LBNL Optics Shop. The 
hole diameter can be varied to change the ratio of the power in the two arms.  The hole diameter 
also can act as an iris to clip the outside of the high harmonic generation arm, which can affect 
the focusing of the beam and thus the high harmonic yield.  Typical hole sizes used range from 
6.5 mm to 8 mm, and are chosen for optimal HHG yield in a given photon energy range.  At the 
end of the interferometer, the beams are recombined using a second hole mirror.  The resulting 
beam has a circular inner portion and an annular outer portion. 

 Because the interferometer is external to the vacuum system, optics can easily be added 
to each arm separately.  The high harmonic generating arm, or the inner arm (so called because 
this arm passes through the hole in the mirror), contains optics for Double Optical Gating 
(described in detail in section 2.4.2) as well as fused silica plates in order to achieve the shortest 
pulse duration.  The probe arm, or outer arm (which has an annular beam shape) contains a 
rotatable neutral density filter that can be used to easily control the intensity, as well as fused 
silica plates.  The probe arm also contains a piezo-electric transducer (PZT) delay stage, which 
allows introduction of a relative delay between the two pulses.  The delay stage can travel a total 

DOG
optics

FS ND filter

Delay

FS

HM

HM

Figure 2.3 Compact interferometer layout.  FS: fused silica, DOG optics: optics for Double Optical Gating, 
HM: hole mirror, ND filter: rotatable neutral density filter. 
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of 250 µm, which corresponds to a maximum delay of 1.6 ps.  These optics are labeled in Figure 
2.3.  

2.2.3 Stabilization of the compact interferometer 

In order to successfully perform an attosecond experiment, the relative delay between the 
two pulses must be controlled carefully.  A relative change in path length of 10 nm corresponds 
to a change in delay of 30 attoseconds (as), so a very small change in the position of one optic 
can have a significant effect on the accuracy of experimental measurements. 

The small overall size of the compact interferometer allows it to be vibrationally isolated 
from the optical table by placing it on a breadboard.  Additionally, vibrations from roughing 
pumps are dampened by passing the roughing lines through a bucket filled with aquarium rocks, 
which dampen vibrations without spreading dust, and other sources of vibration are isolated from 
the optical table.  These considerations improve the short-term stability of the interferometer.  
However, the relative path lengths can still vary over time due to air currents or temperature 
fluctuations.  This drift occurs on a timescale of seconds.  Typical integration times per delay 
step for data acquisition range from a few seconds to tens of seconds, so this drift must be 
controlled in order to successfully perform experiments. 

The interferometer is actively stabilized using a 405 nm continuous wave laser.  The cw 
laser beam is introduced into the optical setup through the back of one of the chirped mirrors, 
which transmits wavelengths shorter than 550 nm.  The cw beam then travels collinearly with the 
laser beam through the interferometer.  The last chirped mirror is placed after the interferometer 
so the cw beam can be separated from the laser beam.  A schematic of this setup is shown in 

(a) (b)

Interferometer

cw laser
(405 nm)

Notch filter

Prism

CCD

CM

CM

CCD

Prism

Inner
Outer Outer

Figure 2.4. Interferometer stabilization schematic.  (a) Path of cw laser with center wavelength 405 
nm. CM: chirped mirror. (b) Use of prism to overlap light from each arm on the CCD in order to 
detect interference fringes. 
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Figure 2.4(a). 

The cw beam passes through the final chirped mirror.  The small percentage of the 
femtosecond pulse that leaks through the chirped mirror is removed using a notch filter centered 
at 405 nm.  Then, the outer and inner parts of the cw beam are overlapped using a prism, as 
shown in Figure 2.4(b).  Interference fringes are monitored using a CCD camera.  A LabVIEW 
program monitors the fringes and Fourier transforms the interference pattern to extract a phase.  
Then, this phase is stabilized by moving the delay stage in the outer arm of the interferometer.  
Figure 2.5 shows the stability of the interferometer without active stabilization (top panel) and 
with active stabilization (bottom panel).  In both cases, the standard deviation of the relative 
delay on a short timescale is about 65 as, but without the active stabilization the relative delay 
drifts significantly (600 as drift in approximately 70 s).  The typical stability that can be achieved 
over minutes or longer is a standard deviation of 200-300 mrad, which corresponds to a jitter in 
time delay of 40-60 as.  Thus, the shortest delay step that can be accurately taken is 
approximately 100 as.  Typical experiments are performed using delay steps of 160 as or longer, 
so the stability of the interferometer is more than adequate.   
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Figure 2.5 Stability of interferometer without active stabilization (top panel) and with active stabilization 
(bottom panel).  The change in delay between the two arms is measured as a phase shift of interference 
fringes. 
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2.2.4 Disadvantages of the compact interferometer 

The result of using an annular mirror to split the beam is that the inner arm uses the inner 
portion of the fiber output, while the outer arm uses the outer ring of the fiber output.  The center 
of the fiber mode is a short pulse with the broadest spectrum, while the outer ring is spatially 
chirped.  Thus, the pulse durations of the inner and the outer arm are different.  The outer arm is 
typically significantly longer than the inner arm, which can be a problem for pump-probe 
measurements where the duration of the outer arm controls the instrumental response.  SPIDER 
measurements [28] of the inner and outer arms are shown in Figure 2.6 for comparison.  In order 
to accurately measure the outer arm spectrum and pulse duration, the beam is telescoped to 
reduce the diameter so the entire beam can be used in the measurement.  

The focus of the annular outer beam can also create problems.  Theoretically, an annular 
beam should be able to focus cleanly into the gas target.  However, in reality, after the toroidal 
mirror (described in detail in section 2.3.3) the focus is astigmatic.  The beam gets clipped earlier 
in the path, usually by the harmonic generation cell, so the shape is not a perfect ring, and the 
alignment of the toroidal mirror is optimized for the XUV beam focus quality and position.  This 
affects the intensities that can be achieved at the target cell as well as possibly creating problems 
in the detection of sub-cycle features that depend sensitively on the phase of the laser pulse. 

2.2.5 Long arm interferometer design 

 An alternate method of recombining the XUV beam and the outer arm is to use a long 
arm interferometer, where the beams are recombined after the high harmonics are generated.  
The two arms of the interferometer are significantly longer than the compact interferometer, 
introducing more instability.  More care must be taken to use robust and stable mounts for all of 
the optics in each arm.  However, using a beam splitter to split the two arms allows the shortest 
part of the pulse to be used in both arms.  An annular mirror is still used to recombine the beams.  
However, since only the XUV needs to pass through the hole in the mirror, as the residual NIR 
field in the inner arm is blocked by a metal filter, the hole can be much smaller than that used in 
the compact interferometer configuration, thus allowing more of the center of the beam to be 
used in the outer arm.  A schematic of the long arm interferometer configuration is shown in 
Figure 2.7.   

2.2.6 Finding time overlap 

 Time overlap between the two arms of the interferometer must be found in order to 
perform experiments.  First, time overlap should be found roughly using the NIR in both the 
inner and the outer arms.  In the compact interferometer setup, a pickoff mirror is inserted right 
before the entrance to the vacuum chamber to image the inner and outer arms at the focus using a 
webcam.  In the long arm interferometer setup, a pickoff mirror is inserted after the 
recombination mirror and the beams are again imaged at the focus using a webcam.  The outer 
arm should be aligned to optimize spatial overlap, then the manual delay stage in the outer arm 
should be adjusted to see interference fringes.  During this process, the piezo delay stage should 
be set near the middle of its range (100 µm).  The fringes should be optimized using the manual 
delay stage: the fringe contrast should be maximized and the fringe spacing should be large.   
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 Then, overlap can be found between the XUV and the NIR.  The best method to find 
overlap varies depending on the experiment being performed.  To find overlap using transient 
absorption, the cell can be filled with a target gas (helium is best, if working around 20 eV 
photon energy).  Then, the NIR delay can be scanned while monitoring the absorption features.  
The advantage of finding overlap using this method is that the absorption features appear broader 
and stronger when the NIR follows the XUV, so there is no need to perform a delay scan in order 
to confirm that overlap exists.  Instead, the absorption feature can be compared at widely spaced 
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Figure 2.6 SPIDER measurements of (a) inner arm and (b) outer arm.  The spectral phase reconstructed 
from the SPIDER measurements is clipped to only those spectral regions where there is significant amplitude. 
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NIR delays (for example, positions 0 µm and 200 µm on the delay stage) to determine if time 
overlap exists within that range. 

 To find overlap using the time of flight photoelectron spectrometer, an XUV pulse train 
should be generated and used to ionize a target gas.  The photoelectron spectrum will consist of a 
series of peaks, corresponding to each of the odd-order harmonics generated.  Then, when the 
NIR and XUV pulses are overlapped in time, sidebands will appear at the positions of the even-
order harmonics.  These sidebands can be used to perform RABITT (reconstruction of 
attosecond beating by interference of two-photon transitions) measurements [31,32]. 

 Alternate methods of finding overlap rely on overlapping two NIR pulses and generating 
high harmonics.  In the compact interferometer setup, the inner and outer arms can be overlapped 
in the HHG cell (by adjusting the fused silica in the outer arm accordingly).  The delay can be 
scanned while monitoring the total HHG counts on the spectrometer.  When the two pulses are 
overlapped, the HHG efficiency will dramatically decrease (likely due to increased ionization of 
the medium).  The spatial overlap can then be optimized by minimizing the HHG output at the 
position of zero time delay.  If needed, the outer arm intensity can be decreased (using a filter or 
iris) in order to continue optimization.  The long arm interferometer setup does not allow this 
procedure to be performed, but a similar procedure is possible by generating high harmonics in 
the absorption sample cell.  The cell can be filled with a gas (ideally xenon or krypton, in which 
HHG can occur more easily) and the NIR pulses in each arm can be overlapped.  It may be 
possible to generate high harmonics in the sample cell using the NIR pulse from the inner arm 
only.  If so, when the outer arm is overlapped, this signal should be modified.  Depending on the 
conditions, the HHG efficiency could be increased or decreased, but the change should be 
visible.   

2.3 Vacuum system 
 The attosecond spectroscopy apparatus was previously designed to use a multilayer 
mirror to focus the XUV light.  A brief overview of this configuration is given in section 2.3.1: 
for more detail, consult Ref. [33].  The disadvantages of this configuration are discussed in 
section 2.3.2: the low photon flux, poor spectral resolution, and difficult geometry motivated a 
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Figure 2.7 Long arm interferometer configuration.  BS: beam splitter, HM: hole mirror used to recombine 
beams, Pickoff: mirror that can be placed in the beam path to image the focus. 
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complete redesign of the vacuum system, which is described in section 2.3.3.  The redesigned 
XUV spectrometer is discussed in more detail in section 2.3.4. 

2.3.1 Previous multilayer mirror configuration 

The initial configuration of the system used a multilayer mirror in a back-focusing 
geometry to focus the XUV light into the target.  This configuration is shown in Figure 2.8.  The 
high harmonics are produced in the first chamber by focusing the inner arm into a gas cell filled 
with a noble gas (specifics of the generation process and gases used are discussed in more detail 
in section 2.4).  After the HHG process occurs, the beams travel through an iris (used primarily 
for alignment) into the main central chamber.  First, the beams pass through a metal filter 
mounted on a piece of fused silica.  The filter blocks residual light from the high harmonic 
generating arm and filters the XUV spectrum.  The outer arm passes around the filter, through 
the fused silica.  This fused silica is used for pulse compression, and it also delays the outer arm 
in order to overlap it in time with the XUV.  Then, the two beams are reflected from an XUV 
multilayer mirror (NTT) at close to zero incident angle and are focused back into the target, 
located close to the center of the chamber.   

 For photoelectron spectroscopy, an effusive gas jet consisting of a needle with 100 µm 
inner diameter attached to a Swagelok connector is used as the source.  The jet is placed close to 
the focus of the XUV beam, which is aligned under a skimmer.  Electrons are collected through 
the skimmer and travel in a flight tube.  At the end of the flight tube, the electrons are detected 
by a chevron stack of multichannel plates.  After a constant fraction discriminator, the signal is 
read by a fast multichannel scalar card, with a bin width of 1 ns.  The photoelectron spectroscopy 
setup is described in detail in Ref. [33].  To perform ion mass spectrometry using the same flight 
tube, a set of ion plates are installed in a Wiley-McLaren configuration (this configuration is 
described in detail in Chapter 6 of this work).   

To perform transient absorption measurements, the XUV light is refocused into the 
spectrometer by a second multilayer mirror after the target cell.  The spectrometer consists of an 
entrance slit and a grating (Hitachi 001-0464), which reflects the XUV light onto a X-ray CCD 

Figure 2.8 Multilayer mirror configuration, with the path of the NIR and XUV beams shown.  Details are 
described in the text.  BBO: β-BaB2O4. 
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camera (Princeton Instruments Pixis XO 400B).  The spectral resolution of the spectrometer is 
100 meV at 20 eV, determined by fitting the He 1s2p resonance located at 21.218 eV.  The 
spectrometer can also be used to record the XUV spectrum while in the photoelectron or ion 
mass spectrometry configuration.  Here, a gold mirror is installed on a translation stage to pick 
off the beam.  In this configuration, the spectrometer can be calibrated by filling the second gas 
cell after the HHG cell with helium gas and comparing the observed features, which are 
broadened due to the presence of the driving NIR pulse, to the absorption spectra measured 
in [34].  

2.3.2 Disadvantages of the multilayer mirror configuration 

The XUV multilayer mirror can be used to filter the XUV spectrum due to the limited 
bandwidth of reflectivity.  This spectral filtering is in addition to the metal filter used to block the 
residual NIR in the inner arm.  However, the multilayer mirror has both very low NIR 
reflectivity and XUV reflectivity (10% at the maximum of a Ru/Si mirror, 15% at the maximum 
of a Mo/Si mirror [35]).  The use of a second multilayer mirror for transient absorption 
measurements further lowers the number of XUV photons reaching the CCD, increasing data 
acquisition times.  The low NIR reflectivity can be somewhat mitigated by coating the outer 
portion of the XUV mirror with silver (coating performed at CXRO, LBNL), but the low XUV 
reflectivity cannot be improved. 

The back-focusing geometry is easy to align, and the XUV mirror position can be slightly 
adjusted without significant effects on the focus of the beam, which is already astigmatic.  
However, this geometry limits the available space in the center of the chamber to modify the 
target cell or install ion steering optics, because care must be taken to avoid blocking the 
incoming XUV and NIR beams.  

The theoretical spectral resolution that can be achieved using the grating is 5 meV at 20 
eV [33].  However, the actual resolution achieved is 100 meV.  This discrepancy likely is a result 
of the astigmatic focusing conditions prior to the spectrometer. 

2.3.3 Overview of toroidal mirror configuration 

The vacuum system was redesigned to use a gold-coated toroidal mirror (ARW Optical) 
as the means of focusing the XUV light.  The XUV impinges on the toroidal mirror at grazing 
incidence, so much higher reflectivity than the previous multilayer mirror can be achieved.  The 
estimated reflectivity is 65% at 20 eV [35], approximately a factor of 4 increase compared to the 
multilayer mirrors used previously [33]. 

The toroidal mirror configuration is shown in Figure 2.9.  Both the XUV and the NIR 
probe, traveling collinearly, are focused by the toroidal mirror, which has a focal length of 1 m.  
After the toroidal mirror, the beams pass through a metal filter mounted on fused silica as in the 
previous apparatus.  If a Sn filter is used, this filter must be placed very close to the toroidal 
mirror, where the beam is large, to avoid damaging the filter.  Other materials, such as Al or Zr, 
are more resistant to damage from the NIR and can be placed farther away, where the beam is 
smaller.  Alternately, a filter made of Sn overcoated with Al can be used, with the Al layer 
placed towards the beam.  
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After the filter, the beams are focused into the interaction region.  A cell with a 2 mm 
inner diameter can be used for transient absorption measurements, or an effusive jet can be 
installed for electron time of flight measurements.  The target cell or jet is mounted on a three-
axis manual manipulator.  For transient absorption measurements, the cell can be placed in the 
optimum position for maximum throughput using only the manipulator.  However, for time of 
flight measurements, the beam must not only be aligned to the jet but also aligned to the skimmer 
at the bottom of the flight tube.  The toroidal mirror should not be adjusted once aligned for the 
best focus and least astigmatism.  Instead, the target chamber can be moved to position the 
skimmer directly over the beam.  The range of motion of the chamber is one inch in both 
directions in the horizontal plane.   

2.3.4 Details of the XUV spectrometer 

A metal filter is installed in a manual gate valve to block the NIR probe before the 
spectrometer.  The XUV hits a reflection grating, after which the diffracted light at first order is 
detected by an X-ray CCD camera.  Two different gratings have been used in the spectrometer: 
Hitachi 001-0464 and Hitachi 001-0640.  The two geometries are shown in Figure 2.10(a) and 
(b).  The spectrometer resolution is measured by fitting the He 1s3p absorption line at 23.087 eV 
to a Gaussian.  The measurement and fits are shown in Figure 2.10(c) and (d).   

For transient absorption experiments, the spectral resolution has a large impact on how 
accurately lifetimes can be measured.  The resolution was improved by using the Hitachi 001-
0640 grating, from 12 meV to 8 meV.  However, the He absorption feature in Figure 2.10(d) 
only spans three pixels on the CCD camera.  Improvements in resolution cannot be effectively 
measured if the peak spans fewer pixels.  An important advantage of using a CCD camera 
instead of an multichannel plate (MCP) to detect the XUV photons is the pixel size – typical 
pixel sizes of an MCP and phosphor screen combination are at least 30 µm, while the CCD 
camera pixel size is 20 µm [36].  However, the CCD chip is smaller than a typical MCP.  The 
chip used in these experiments is 1340 by 400 pixels, which corresponds to an approximate size 
of 2.68 by 0.8 cm.  This limits the total range of photon energies that can be detected without 
moving the CCD camera. 
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Figure 2.9 Toroidal mirror configuration.  Details described in the text.  The temporal structure of the laser 
pulses is shown below the diagram of the apparatus.  This diagram shows the configuration with the compact 
interferometer setup, as described in section 2.2.2. 



 

 23 

The alignment of the Hitachi 001-0640 grating is more critical than that of the 001-0464 
grating.  Small variations in incident angle or distance between the grating and the CCD camera 
can have a significant effect on the absorption feature width and shape.  Figure 2.11 shows the 
calculated effect of varying the distance between the grating and the CCD or the angle of the 
grating on the measured width of a narrow absorption feature at 20 eV.  The width of one CCD 
pixel is 20 µm, so there is a range of alignments over which the width of the feature would 
simply appear to be one pixel.  These results are calculated with the Shadow ray tracing program 
as part of the XOP package [37].  The line spacing parameters for the grating are extracted by 
fitting the specifications given by Hitachi [38].  

The grating should be aligned using the inner arm NIR pulse.  The grating is mounted on 
a rotation stage.  The incident NIR pulse should be centered over the screw holding the rotation 
stage to a post and should hit the center of the grating.  Then, the grating angle can be adjusted so 
that the first order diffraction of the NIR beam hits the small post attached to the rotation stage 
that is not holding the grating.  The first order diffraction of the NIR beam will span a wide 
range, because the spectrum is broadband – the blue side will hit the post, while the red side will 
pass to the left of the post.  Then, the X-ray CCD camera should be positioned so that the 
bellows connecting it to the chamber is straight.  Further adjustments and fine tuning can be 
made in vacuum, while looking at the XUV signal on the camera.  Prior to pumping down the 
system, the clamps holding the bellows extended to a certain length should be fixed into place so 
the bellows does not collapse under vacuum.  The camera can be positioned to detect the desired 
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Figure 2.10 Comparison of gratings. (a) Geometry of Hitachi 001-0464 grating. (b) Geometry of Hitachi 001-
0640 grating. (c) Resolution of Hitachi 001-0464 grating from fitting He 1s3p absorption. (d) Resolution of 
Hitachi 001-0640 grating from fitting He 1s3p absorption. 
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energy range, and then the grating angle can be adjusted (a single step of the grating rotation 
mount is approximately 0.2 mrad) to optimize the resolution. 

2.4 Generation of frequency tunable attosecond pulses 
2.4.1 Experimental implementation of high harmonic generation 

 In this apparatus, the inner arm, or the high harmonic generation arm, is focused into a 
gas cell by a mirror with f = 45 cm.  The gas cell is a stainless steel tube (inner diameter 3.2 mm) 
with a hole (0.5 mm diameter) drilled through it.  The hole is aligned to the laser beam then 
wrapped with Teflon tape and laser drilled in order to create as small a hole as possible.  Over 
time the hole size increases, as the laser burns the Teflon tape, and the Teflon tape needs to be 
replaced and the hole re-drilled. 

2.4.2 Double Optical Gating (DOG) 

 Double Optical Gating is a combination of the polarization gating method and two color 
high harmonic generation [15].  Polarization gating allows production of an isolated attosecond 
pulse from a few cycle laser pulse merely by modifying the polarization of the driving laser 
pulse.  Two-color gating modifies the electric field of the driving laser pulse so that harmonics 
are generated every full cycle, resulting in the production of both odd and even harmonics in an 
attosecond pulse train. 

 Polarization gating relies on the decreased efficiency of high harmonic generation for 
pulses that are elliptically or circularly polarized, as the tunnel ionized electron cannot 
successfully recombine with the parent ion [13].  If linear polarization is achieved only during 
one half-cycle of the laser pulse, only one attosecond burst is generated.  This is accomplished by 
first passing the laser pulse through a quartz plate with optical axis at 45° from the laser 
polarization direction.  This creates two time-delayed pulses along the o and e axes of the quartz 
plate.  Then, the beams are passed through a quarter wave plate and become circularly polarized 
in counter-rotating directions.  Thus, when the two pulses overlap, the total polarization of the 
laser field is linear.  The duration of the overlap period is chosen so that only one attosecond 
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burst can be produced.  In traditional polarization gating, attosecond bursts are produced every 
half-cycle so the gate width must be less than a full cycle of the laser field.   

 In Double Optical Gating, the addition of the second harmonic of the laser field relaxes 
the limit on the gate width.  This is achieved by adding a BBO (β-BaB2O4) crystal to the optics 
required for gating and by choosing the thickness of the second quartz plate and the BBO such 
that together they form a quarter wave plate.  The BBO is placed in vacuum, so the relative delay 
between the fundamental and second harmonic pulses is not affected by passing through air.  
Placing the BBO too close to the NIR focus does lead to damage, so the BBO needs to be 
replaced intermittently. 

 The gate width can be chosen to be sufficiently narrow such that carrier envelope phase 
(CEP) stabilization is not required [39].  For certain CEP values of the driving field, electrons 
will be ionized and then recombine in a region of linear polarization of the driving laser, and a 
single attosecond pulse will be generated.  For other CEP values, electrons will recombine in a 
region where the driving laser is elliptically polarized, which will dramatically reduce the 
recombination probability and thus the probability of generating an attosecond pulse.  The result 
of an unstabilized CEP is thus either one or zero attosecond pulses per laser shot, which merely 
means lower photon flux.  In contrast, with a larger gate width, an unstabilized CEP results in 
either one or two attosecond pulses per laser shot, which can significantly impact experiments 
relying on the temporal structure of the attosecond pulse.  Of course, stabilizing the CEP allows 
adjustment of the CEP to optimize the flux and produces a more stable output. 

2.4.3 Experimental considerations for attosecond pulse generation 

 The optics used for DOG are two quartz plates, which are placed in the inner arm of the 
interferometer (see Figure 2.3), and a BBO crystal, which is located after the entrance to the 
vacuum (see Figure 2.8 or Figure 2.9).  The quartz plates have thicknesses of 250 µm for the first 
plate and 420 µm for the second plate.  These thicknesses are chosen based on the central 
wavelength of the laser pulse as well as the desired gate width.  The first and second quartz 
plates must be full order waveplates (so the thickness is chosen to precisely correspond to an 
integer number of periods at the central wavelength) and the second quartz plate and BBO 
combined must act as a quarter waveplate.  Additionally, the gate width must be less than an 
optical cycle.  In this case, the first quartz plate introduces a delay of approximately 3 cycles for 
a pulse with central wavelength 760 nm, and the second quartz plate introduces a delay of 
approximately 5 cycles.  The BBO is 150 µm thick, which introduces approximately -5.25 cycles 
delay.  The gate width resulting from this choice of optics and a 7 fs driving pulse is 
approximately 1.7 fs, which is less than one optical cycle of the pulse.  The first quartz plate can 
also be changed to a 320 µm thick plate, which results in a gate width of approximately 1.4 fs, 
relaxing even further the requirement of stabilizing the CEP of the laser pulse, but also lowering 
the peak intensity of the driving field.  The considerations for choosing DOG optics are 
explained in detail in [40]. 

  The desired gate width also depends on the photon energy being produced.  The 
recombination probability as a function of ellipticity must be low in order for DOG to be 
effective.  However, this dependence varies for different photon energies.  Lower energy 
harmonics are more readily produced with elliptically polarized pulses [41], which makes the 
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production of isolated attosecond pulses using DOG at low energies more difficult than at high 
energies.  

 Experimentally, to produce attosecond pulses, the first quartz plate is rotated to 45° 
relative to the laser polarization.  The quartz plates are mounted so that a position of 0° on the 
rotation mount corresponds to the optical axis of the quartz plate parallel to the laser polarization.  
The BBO position should be close to 0°, where the second harmonic is produced with maximum 
efficiency.  However, if the BBO is damaged, rotating it to another local maximum may be more 
effective as the driving laser may no longer pass through the damage on the crystal.  The first 
step in optimizing the DOG spectrum is to check that second harmonic light is generated once 
the first quartz plate has been rotated.  The second harmonic can often be seen by looking at the 
back-reflected light from the BBO on a card.  The beam will appear pinkish instead of red.  
However, only a very small amount of second harmonic light (approximately 1%) is required to 
break the symmetry of the field, so it may not be visible by eye.  A sure sign of second harmonic 
generation is when both even and odd order harmonics appear.  Then, the angle of the BBO can 
be finely adjusted to optimize the spectrum and make it as continuous as possible.  The quartz 
plate angles can be slightly adjusted to optimize the spectrum but should not be changed 
significantly.  Other parameters that can be adjusted to optimize the spectrum are the fiber 
coupling, gas pressure, and the Dazzler pulse shaper in the amplifier.  When adjusting the 
Dazzler, only the second order dispersion (GDD) should be changed.  A reasonable step size to 
use is 50 fs2. 

 The gas used for high harmonic generation and the metal filters used to block the residual 
driving laser field can be varied in combination to produce attosecond pulses at a variety of 
photon energies.  To produce pulses centered around 20 eV, either argon (6-7 Torr measured in 
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gas line) or krypton (1.8-2.2 Torr) can be used.  High harmonic generation in krypton has a 
significantly higher efficiency than argon.  To produce pulses centered around 40 – 50 eV, argon 
should be used.  For higher energy pulses, neon (8-9 Torr) can be used.  The maximum photon 
energy that can be achieved with DOG in the current condition is 70 – 80 eV.  Attosecond pulse 
trains can be generated at higher energies, but the use of DOG lowers the peak intensity of the 
driving laser field and thus the maximum photon energy that can be achieved.   

 The transmissions of the metal filters used are plotted in Figure 2.12 [35].  The Al filter 
has a higher transmission, larger bandwidth, and higher damage threshold.  It can be used to 
produce a shorter attosecond pulse due to the large bandwidth, and is robust for daily use.  The 
Sn filter has a lower transmission, narrower bandwidth, and is damaged more easily.  However, 
the narrower bandwidth is useful for experiments where a narrow range of excitation is required.  
Additionally, when using the spectrometer, the second-order diffraction of photons at 40 eV is at 
the same angle as the first-order diffraction of photons at 20 eV.  If the generation efficiency of 
40 eV harmonics is sufficiently high, as is the case with gases such as argon or krypton, two 
overlapping sets of harmonics are observed on the camera.  Filtering the bandwidth with the Sn 
filter ensures that only the first-order diffraction at 20 eV is observed. 

 The photon flux of the attosecond pulse can be estimated from the counts detected on the 
X-ray CCD camera.  Photon fluxes corresponding to the peak count rate as well as numbers of 
photons per pulse are given in Table 2.1 for both attosecond pulse trains and attosecond pulses.  
These estimates are calculated after the toroidal mirror and two Sn filters, and the count rates in 
this table are averages from several days of experiments.  Sn foils are used to spectrally filter the 
XUV photons.  The reflectivity of the toroidal mirror is approximately 65% [35] and the 
quantum efficiency of the CCD camera is ~30% across the bandwidth of the Sn filter.  The first 

Table 2.2 Typical count rates for the detection methods used in this work. 

Detection method Pulse train 
(counts / s) 

Isolated pulse (DOG) 
(counts / s) 

X-ray CCD 
(around 20 eV) 

5x104  1x104  

Photoelectron time-of-flight 
(Target gas : Ar) 

1x103 - 2x103 500 

Ion mass spectrometry 
(Target gas : N2) 

1x103 - 5x103 500 - 1000  

 

Table 2.1 Estimated photon flux for attosecond pulse trains and attosecond pulses generated using Kr as 
the HHG medium and Sn foils as spectral filters.  

Condition Peak count rate Counts in 1 s 
(integrated over total 
bandwidth) 

Photons per pulse 

Pulse train 5x104 counts / s 1x107 counts 2x106 

Isolated pulse (DOG) 1x104 counts / s 3x106 counts 5.5x105 
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Sn filter (after the toroidal mirror) has a thickness of 200 µm and the second Sn filter (that blocks 
all residual NIR light before the spectrometer) has a thickness of 300 µm. 

 Typical count rates for various detection methods are listed in Table 2.2.  Ranges are 
given if the count rate varied significantly from day to day.  The pressure of the target gas 
measured in the sample line is ~700 Torr for photoelectron measurements and ~100 Torr for the 
ion measurements.  The collection angle of the photoelectron time of flight is 0.002°, which is 
limited by the size of the MCP (6 inch, at ~75 cm distance from the target region).  This 
corresponds to a collection efficiency of approximately 0.3%.    
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Chapter 3  
 
Attosecond transient absorption probing by 
perturbation of induced polarization 
3.1 Transient absorption spectroscopy using isolated attosecond 

pulses 
 Transient absorption spectroscopy is a powerful technique by which ultrafast dynamics 
can be monitored by measuring changes in the spectrum of a broadband pulse after passing 
through a sample as a function of pump-probe delay.  Transient absorption with ultrashort 
femtosecond pulses has been well-established as an experimental technique for many 
years [42,43].  It has been applied to study dynamics ranging from the rearrangement of bonds in 
molecules, such as in the isomerization of bacteriorhodopsin [44], to energy transfer in light 
harvesting proteins [45]. 

 Transient absorption measurements can be performed with high resolution in both the 
frequency and time domains, as the temporal resolution depends on the duration of the laser 
pulses used in the experiment while the resolution in the frequency domain depends only on the 
resolution of the spectrometer.  This is discussed in detail in a review by Pollard and 
Mathies [46].  Briefly, the probe pulse induces a polarization in the sample.  This polarization 
creates an oscillating dipole moment that subsequently can emit. Then, the transmitted spectrum 
of the probe pulse is measured, along with any emission from the induced dipole.  Destructive 
interference between the emission and the probe pulse results in absorption features, and the 
linewidths of the absorption features are only dependent on the natural linewidths of the 
transitions in the sample.  Such a measurement is not time-dependent. 

 The development of methods for producing isolated attosecond pulses in the extreme 
ultraviolet has allowed a new range of systems to be studied with transient absorption 
experiments.  The broad and continuous spectrum of an isolated attosecond pulse is well suited 
to transient absorption techniques, allowing a wide range of absorption features to be monitored 
simultaneously.  Additionally, the attosecond pulse duration in conjunction with carrier-
envelope-phase locked femtosecond pulses allows sub-femtosecond dynamics to be measured for 
the first time. 

 Transient absorption with isolated attosecond pulses has been used to study dynamics 
following strong-field ionization of an atomic system.  Goulielmakis et al. observed wavepacket 
beating after strong-field ionization of krypton by a few-femtosecond laser pulse [47].  The 
ionization process excited a superposition of the 4𝑝!!!/!!!  and 4𝑝!!!/!!!  spin-orbit split states of 
Kr+, and quantum beating was observed with a period of 6.2 fs, corresponding to the spin-orbit 
splitting in Kr of 0.67 eV.  The degree of coherence of the resulting wavepacket was shown to 
depend on the duration of the excitation compared to the period of the wavepacket motion.  If the 
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ionization occurred predominantly during a single laser cycle, a single wavepacket was launched 
and the degree of coherence was high.  With a longer pulse, multiple wavepackets could be 
launched with significant differences in phase, resulting in a lower degree of coherence.  
Wavepacket beating on a few-femtosecond timescale was also observed by the same group in 
doubly ionized krypton and multiple charge states of xenon [48]. 

 In these experiments, a femtosecond NIR pulse was used as the pump to excite dynamics 
in the target.  Then, the attosecond XUV pulse merely probed the changing absorption as a 
function of pump-probe time delay.  If the XUV pulse preceded the NIR pulse, no change in the 
absorption was observed.  However, recent experiments have demonstrated the rich variety of 
information that can be extracted when the XUV pulse is used to excite the system and the NIR 
pulse interacts with the sample either while the XUV pulse is present or after the XUV pulse has 
passed through.  The measurement is still performed by detecting the spectrum of the XUV pulse 
and monitoring the change in the observed absorption features, which can be perturbed by the 
NIR pulse even after the XUV pulse has already passed through the sample. 

 It may seem counterintuitive that information can be extracted from this regime.  
However, the effect of the XUV pulse is to induce a polarization in the sample.  The polarization 
persists after the XUV pulse has passed through the sample – the timescale over which the 
polarization persists depends on the lifetime of the states excited, so it can range from tens of 
femtoseconds to nanoseconds.  The NIR pulse then perturbs this polarization.  Because the total 
integrated signal is measured, the NIR can have an effect on the measured absorption features 
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Figure 3.1 Simplified diagram of transient absorption. (a) XUV-only absorption measurement.  The XUV 
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even when it follows the XUV.  This process is shown schematically in Figure 3.1.  This chapter 
will focus on gas phase studies, in which the dephasing time is long compared to the timescales 
of experiments.  Dephasing of the polarization can occur more rapidly (for instance, on the order 
of 100 as in a recent work [49]) in solid-state systems. 

3.2 Overview of experimental measurements and theoretical work 
 Attosecond transient absorption experiments can be divided into three distinct regimes of 
NIR-XUV relative time delay: when the NIR pulse precedes the XUV pulse, when the NIR and 
XUV pulses are overlapped in time, and when the NIR pulse follows the XUV pulse.  The 
following sections will focus on the rich variety of dynamics that can be characterized in 
experiments in the latter two regimes.  

3.2.1 Measurements with NIR and XUV pulses overlapped in time 

 Dynamics observed when the NIR and XUV pulses are overlapped in time can be broadly 
separated into two categories: coupling between states induced by the NIR pulse and interference 
between two pathways leading to the same final state.  Processes in the former category include 
Autler-Townes splitting and the observation of light-induced states (LIS), while interference 
between two pathways commonly manifests as subcycle interference fringes.  These processes 
are shown schematically in Figure 3.2.  

 The helium atom is a much-studied system, both due to the ease of theoretical 
calculations and the convenience of use in experiments.  Transient absorption experiments were 
performed on helium in conjunction with time-dependent Schrodinger equation (TDSE) 
calculations [34].  In both the experiments and the calculations, new features not corresponding 
to an atomic absorption were observed when the NIR and XUV pulses were overlapped.  These 
features are assigned as light-induced states (LIS), which become visible as a result of population 
transfer from the ground state (1s2) to dark states (1sns or 1snd) via a resonant process requiring 
one photon of the XUV and one photon of the NIR.  The LIS acts as the intermediate state in this 
process, which can be thought of as an analog to Raman spectroscopy.  This mechanism, which 
(a) Light induced states (b) Subcycle interference 
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is shown schematically in Figure 3.2(a), was confirmed by calculations in which the s and d 
states were removed and as a result, no LIS were observed. 

 The LIS were also shown to be sensitive to the NIR intensity [50].  With increasing NIR 
intensity, additional LIS were observed, and the positions of the existing LIS shifted.  The shift 
in positions was attributed to a shift in the atomic levels due to the increasing strength of the NIR 
field.  Additional features observed were thought to be due to multiplet splitting of the atomic 
absorption features, but the spectral resolution was not sufficient to allow unambiguous 
assignments.  

 The NIR pulse can induce a Stark shift, which can result in both a shift in the energy of 
the state and a change in the absorption lineshape.  The magnitude of the shift in the energy of 
the state agrees with the predicted shift due to the ponderomotive potential.  The absorption 
lineshape changes because the NIR field causes a phase shift in the induced dipole moment.  
This effect was described theoretically by the groups of Schafer [51] and Santra [52] and first 
observed experimentally by Ott et al. [53].  The Lorentzian lineshapes of absorption features 
corresponding to long-lived atomic states can be converted to Fano profiles, or vice versa.  Here, 
the phase shift depends on the NIR intensity and duration, and therefore is delay-dependent.  The 
changing absorption lineshapes in transient absorption measurements of neon are shown in 
Figure 3.3. 
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 Other features observed in attosecond transient absorption measurements when the NIR 
and XUV pulses are overlapped can be attributed to interference between two pathways that both 
result in the same final state.  Subcycle interference fringes have been predicted theoretically by 
the Schafer group [34,54] and observed in transient absorption measurements performed by 
Chini et al. and X. Wang et al. [55,56]. These fringes have a period of ~1.3 fs, which is half the 
NIR laser period (2.6 fs), and arise from interference between two pathways, a direct and an 
indirect pathway. The direct pathway to access a state is excitation by one XUV photon. 
However, population can also be transferred to this state by an indirect pathway: a lower-lying 
state is excited by the XUV and then two NIR photons couple the two states. This process is 
shown schematically in Figure 3.2(b).  

 The origin of these features was confirmed theoretically by removing states from the 
calculation and noting the resulting disappearance of the subcycle features.  An experiment 
analogous to this procedure compared the transient absorption spectrum of neon recorded using a 
broadband XUV pulse, which could excite a wide range of Rydberg states between 16 eV and 
the ionization potential at 21.56 eV, to the measurement using a narrowband XUV pulse, which 
excluded excitations to all states except the 2s22p53s states [56].  Subcycle features were clearly 
observed with the broadband excitation but disappeared in the narrowband transient absorption 
measurement.  These interferences are observed in both LIS, which only are visible during the 
overlap of the XUV and NIR pulses, and in long-lived electronic states, where the subcycle 
features are visible when the NIR pulse follows the XUV pulse. 

 The population transfer between states that is induced by the NIR pulse can be enhanced 
if there is a state that can act as a near-resonant intermediate state. Chen et al. have shown 
theoretically that information about the position of this intermediate state can be extracted from 
the subycle fringes [54]. Subcycle features in helium appearing in np states just below the 
ionization potential were compared, using two different NIR central wavelengths, 800 nm and 
660 nm. In the indirect pathway to access these states, the XUV excites to the 2p state, then two 
NIR photons are required to reach the np final state. The energy of the 3s state is slightly above 
that of the 2p state plus one photon of 800 nm, so it is approximately resonant and can act as an 
intermediate state in the indirect pathway. However, the energy of the 3s state is slightly below 
the 2p energy plus one photon of 660 nm. This results in interference fringes with a different 
phase, due to the change in phase of the two-photon matrix element. 

 When subcycle features are observed in LIS, the appearance of the fringes can also 
identify which states are involved in the interfering pathways. Each LIS is associated with a dark 
state, and the LIS can either be above or below that state in energy. The interference fringes 
observed in LIS that are coupled to each other via an intermediate atomic state are exactly out of 
phase. Also, the slope of the fringes indicates the position of the LIS relative to the final state: a 
positive slope with respect to delay is observed in LIS that are above the final state [54]. 

 Subcycle features with a period of one quarter of the laser cycle (~600 as) have also been 
observed in the helium measurements of Chini et al. [55]. These features also arise from 
interference, in this case between a direct (one photon) pathway and an indirect (one XUV 
photon plus four NIR photons) pathway. 
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 Theoretical work performed by Pfeiffer et al. and Wu et al. has shown that the presence 
of subcycle features in a calculation depends on the inclusion of counter-rotating terms in the 
expression for the dipole moment [57,58]. Typically in calculations, the rotating wave 
approximation (RWA) is used.  Terms that are small near resonance are neglected.  This 
approximation simplifies calculations and often allows analytical solutions.  However, in a 
strong-field regime, where the ratio of the Rabi frequency to the laser frequency is large, the 
RWA no longer accurately reproduces all of the physical effects. The breakdown of the RWA 
was shown in calculations considering Autler-Townes splitting. In the calculations, the XUV 
pulse excited one state that then was coupled to another state by an intense NIR laser field. This 
mechanism is shown schematically in Figure 3.2(c).  

 Calculations using the RWA accurately reproduced the overall delay dependence of the 
Autler-Townes splitting and other structures such as hyperbolic sidebands that were observed in 
experimental measurements.  However, the subcycle features did not appear in calculated 
transient absorption spectra when the RWA was used.  Additional effects that could not be 
reproduced by the RWA include splitting of the absorption features into multiple branches rather 
than the two branches typically observed in Autler-Townes splitting [58].  This multiplet 
splitting has been observed in femtosecond transient absorption measurements of xenon, using 
NIR intensities on the order of 1014 W/cm2 [59]. 

3.2.2 Measurements when the NIR pulse follows the XUV pulse 

 Experiments in which the NIR pulse follows the attosecond pulse at large time delays 
(ranging from only a few fs to tens or hundreds of fs) provide an unprecedented wealth of 
information about electronic dynamics.  As in the previous section, the phenomena observed in 
these measurements can be broadly separated into the categories of coupling induced by the NIR 
pulse, which has been used to measure decay timescales of autoionizing states, and interference 
between multiple pathways, which has been applied to characterize quantum beating between 
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Figure 3.4 Processes that can occur when the NIR pulse follows the XUV pulse. (a) Mechanism of 
observation of quantum beating. (b) Mechanism of subcycle interference features. 
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electronic states.  Some of these processes are shown schematically in Figure 3.4.  

 A recent, very effective application of attosecond transient absorption spectroscopy is 
measuring the lifetimes of short-lived atomic states.  Experiments have been performed by H. 
Wang et al. on argon [60] atoms and by Bernhardt et al. on xenon [61] atoms, in which 
autoionizing states were excited and their absorption was observed clearly as a resonance with a 
Fano profile.  The decay of the autoionizing state was then monitored by a time-delayed NIR 
pulse.  The experimental measurements showed a strong absorption feature that was depleted 
when the NIR and XUV pulses were overlapped, and then slowly recovered on a timescale 
corresponding to the lifetime of the autoionizing state.  Fitting the temporal profile of the 
depletion and recovery results in a timescale for the recovery that is twice the lifetime of the 
autoionizing state.  This is expected, because the absorption signal is proportional to the 
polarization rather than the population.  The mathematics of this conclusion will be discussed in 
detail in section 3.3.1. 

 In these lifetime measurements, the NIR pulse couples population out of the initially 
excited state either to other atomic states or to the continuum.  This effect can be simply modeled 
as a depletion of the polarization that is induced by the XUV pulse.  The Fourier transform of the 
decaying dipole induced by the XUV pulse gives the NIR-free absorption lineshape.  However, 
Fourier transforming the dipole that is induced and then suddenly depleted by the NIR at a given 
time delay results in a broadened and weakened absorption feature.  Additional information can 
be extracted by considering the temporal evolution of the absorption at a small detuning from the 
resonance center.  The absorption on line center is expected to decay exponentially.  However, 
more complicated behavior can be observed when considering absorption at a small detuning, 
which is discussed in detail in Ref. [61] and below in section 3.3.3. 

 The expected transient absorption measurements when the NIR pulse couples population 
to the continuum versus to another discrete state are compared in Ref. [62].  The calculated 
transient absorption spectra look similar for low NIR intensities (on the order of 1012 W/cm2).  
However, as the NIR intensity increases, the absorption lineshape when the NIR and XUV pulses 
are overlapped in time varies dramatically depending on which coupling mechanism is 
occurring.  If the NIR is coupling to the continuum (e.g. ionizing the initially excited state), as 
the NIR intensity increases, the absorption feature disappears because the population becomes 
completely ionized.  However, if the NIR is coupling to a discrete state, splittings are observed in 
the absorption feature.  Additionally, the time dependent behavior of the absorption at the 
resonance center also varies depending on which case is under consideration.  For instance, Rabi 
cycling is observed at high NIR intensities if the NIR is coupling the initially excited state to 
another discrete state, but not if the NIR pulse is only ionizing the state.  

 The broadband attosecond pulse can also be used to excite superpositions of multiple 
electronic states.  The resulting quantum beats can be observed using attosecond transient 
absorption.  This has been demonstrated by exciting multiple Rydberg states of neon (Ref. [63], 
or Chapter 4 of this work).  Multiple quantum beats were observed, with periods ranging from 10 
fs to 40 fs. The most prominent quantum beat was between the (2P3/2)3d and (2P1/2)3d levels, 
which are split by 0.1 eV.  The observed oscillation period was 40 fs, which agrees with the 
expected oscillation period due to this energy splitting.   
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 Two mechanisms by which the beating could be observed were proposed.  Oscillation in 
an absorption feature could be observed if the NIR pulse merely depleted the population from a 
single state.  This depletion creates hyperbolic sidebands, and if those sidebands can overlap 
another absorption feature, beating at the energy difference between the two absorption features 
can be observed.  This is discussed further in section 3.3.3.  However, this simple model could 
not accurately reproduce the measurements.  

 A more complicated model, in which the NIR pulse can also couple the initially excited 
states to neighboring dark states, was also proposed.  Here, the effect of the NIR pulse is to Rabi 
cycle population between the states.  This mechanism is schematically shown in Figure 3.4(a).  
The strength of the beating visible in each feature depends on the strength of the couplings 
between the initially excited states and the dark states.  The appearance of the beating was also 
shown to depend on which dark states are accessible within the NIR pulse bandwidth.   

 The observation of this beating can also be thought of as a manifestation of interference 
between two excitation pathways, arising from a physical mechanism analogous to the subcycle 
interference features discussed in section 3.2.1.  One pathway requires one XUV photon to 
access the 2s22p5(2P1/2)3d state, one NIR photon to access a dark state (most likely a 3p state), 
and a second NIR photon to couple from this 3p state to the 2s22p5(2P3/2)3d state.  The other 
pathway is merely direct excitation of the 2s22p5(2P3/2)3d state by one XUV photon.  The energy 
difference between these pathways corresponds to the energy difference between the two states 
that compose the initial wavepacket, leading to interference fringes observed with the 
corresponding period. 

 Quantum beating in autoionizing states of xenon has also been observed [62].  The 
observed oscillation period of approximately 30 fs corresponded to an initially excited 
wavepacket composed of the 5s5p66p state, located at 20.95 eV, and a neighboring two-electron 
excited state located 140 meV lower in energy.  By comparison to few-level theoretical models, 
the intermediate state involved in the NIR coupling process was identified as the 5s5p68s state. 

3.2.3 Single atom response versus macroscopic effects 

 In the majority of the calculations discussed above, the transient absorption spectrum is 
initially calculated by considering only the response of a single atom.  However, the 
experimental measurements are performed with an ensemble of target atoms.  The differences 
between the single atom picture and the macroscopic measurement have been explored 
theoretically, in order to calculate transient absorption spectra that are in agreement with 
experimental results. 

 Attosecond transient absorption experiments are typically performed using low sample 
densities and short propagation distances, which have been shown by Chen et al. to result in 
absorption spectra similar to the single-atom response [51].  Work by Santra, Yakovlev, Pfeifer, 
and Loh [64] has shown that Beer’s Law can accurately describe the absorption spectrum after 
passing through the sample if the temporal structure of the XUV pulse does not get significantly 
distorted after propagation, or if each frequency component propagates independently. 
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 However, with increased sample densities, the XUV pulse can be reshaped after 
propagation through the medium by dispersion induced by strong absorption resonances.  This 
reshaping was first discussed by Strasser et al. [65], who measured photoelectron yields from 
helium for varying helium pressures using an XUV pulse train and NIR probe.  The time 
dependent behavior was found to depend on the gas pressure, and the effects observed could be 
attributed to temporal reshaping of the XUV pulse as it propagated through the sample.  The 
temporal structure of the XUV pulse acquires recurrences over longer times.  This effect is 
discussed in the context of mass spectrometry measurements in section 6.4.  Of course, reshaping 
the XUV pulse structure can also affect transient absorption measurements.  The absorption 
lineshapes can change in a similar manner to the NIR-induced phase shift discussed in section 
3.2.1, but in this case the origin of the change in lineshape is the reshaped XUV pulse structure 
itself.  Theoretical work by Chen et al. [51] has shown a noticeable effect due to reshaping of the 
XUV pulse after a 1 mm propagation distance through 3 Torr of helium, with more drastic 
effects if the gas pressure is increased by a factor of 5.  These propagation distances and 
pressures are similar to the path lengths and target gas pressures that are typically used in 
transient absorption experiments, which suggests that the gas pressure chosen for an experiment 
must be considered carefully in order to minimize propagation effects. 

 The effect of the NIR pulse can also vary with propagation distance.  Pfeiffer et al. [66] 
have shown that the final absorption spectrum can vary significantly depending on the length of 
the gas sample, because regions of the sample where the lineshape is Lorentzian alternate with 
regions where the lineshape is Fano-like due to the phase shift induced by the NIR pulse. 

3.3 Experimental considerations  
3.3.1 Decay of polarization versus population 

 When measuring the lifetime of a rapidly decaying state, the population of the state 
decays following an exponential decay with a time constant equal to the lifetime of the state.  
However, when measuring this decay using transient absorption, the observed exponential decay 
has a time constant corresponding to twice the lifetime of the state.  This is because the 
absorption depends on the induced dipole moment.  The response function as a function of 
energy is given by 

 𝑆 𝜔 =   2  𝐼𝑚 𝜇 𝜔 ℇ∗ 𝜔  [3] 
 
where 𝜇 𝜔   is the Fourier transform of the time-dependent dipole moment and ℇ∗ 𝜔  is the 
Fourier transform of the electric field [67].  The dipole moment is  

 𝜇 𝑡 = Ψ(𝑡) 𝜇 Ψ(𝑡)  [4] 
 
where 𝜇 is the dipole operator and Ψ(𝑡) is the total wavefunction of the system.  A simple model 
system will be considered where there are only two states, the ground state (denoted as state 0) 
and an excited state (denoted as state 1) that decays with a lifetime 1/Γ.  The wavefunction of 
the excited state is 



 

 38 

 𝜓!(𝑡) = 𝑒−𝑖𝜔1𝑡−
Γ
2 𝑡 𝜓!(0)  [5] 

 
where 𝜔!is the energy of the excited state.  The population in the excited state is thus 

 𝜓!(𝑡) ! = 𝑒−Γ𝑡 𝜓!(0) ! [6] 
 
which decays exponentially with the expected lifetime of 1/Γ.  The total wavefunction for the 
system, after excitation by the XUV only, is  

 Ψ 𝑡 ≈ 𝐶! 0 𝑒!!!!! 𝜓! + 𝐶! 0 𝑒
!!!!!!

!
! ! 𝜓!  [7] 

 
where 𝜔! is the energy of the ground state.  𝐶! and 𝐶! are coefficients with some time 
dependence.  If only a small fraction of the initial ground state population is excited, 𝐶! ≈ 1.   
Evaluating the time-dependent dipole moment and considering only the term that is large near 
resonance gives the expression 

 𝜇 𝑡 = 𝐶! 0 𝜓! 𝜇 𝜓! 𝑒
!!(!!!!!)!!

!
! ! [8] 

 
Here, already, there is an exponential decay with the timescale 2/Γ, or twice the lifetime of the 
decaying state.  The effect of the NIR pulse can be modeled as a sudden annihilation of the 
dipole moment.  This gives a form for the time-dependent dipole moment 

 
𝜇 𝑡 = 𝐶! 0 𝜓! 𝜇 𝜓! 𝑒

!! !!!!! !!
!
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0,                                                                                                                                                          𝜏 ≤ 𝑡
   

[9] 

 
The quantity of interest is the response function as a function of frequency, so the dipole moment 
can be Fourier transformed: 

                                𝜇 𝜔 =
1
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[10] 

 
Then, the absorption is proportional to 

 
𝑆 𝜔 =   2  𝐼𝑚

1
2𝜋

𝐶!(0)⟨𝜓! 𝜇 𝜓!⟩
e!! !!!!!! !)!!

!
! ! − 1

−i ω! −ω! − ω)−
Γ
2
ℇ∗ 𝜔  

[11] 

 
The absorption on the resonance center, or when ω = ω! −ω!, is 
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𝑆! 𝜔! − 𝜔! ∝   

1− e!
!
! !

Γ
2

 
[12] 

 
which decays exponentially with a lifetime of 2/Γ. 

3.3.2 Expected quantum beating period 

 The expected period of the beating in a transient absorption measurement is exactly the 
timescale that results from the energy difference. This can be confirmed mathematically in a 
manner analogous to the discussion in section 3.3.1. The simplest model that can include 
quantum beating is a three state system with a ground state and two states that can be excited 
simultaneously. The excited states are long-lived in this situation. The total wavefunction for the 
system after excitation by the XUV is given by 

 Ψ 𝑡 ≈ 𝐶! 0 𝑒!!!!! 𝜓! + 𝐶! 0 𝑒!!!!! 𝜓! + 𝐶! 0 𝑒!!!!!|𝜓!⟩ [13] 
 
As in the previous section, 𝐶! is assumed to be approximately equal to 1.  The dipole operator 
connects the ground state and each of the excited states but does not couple the excited states. 
Thus, the time-dependent dipole moment (considering only the term that is large near resonance) 
is 

 µμ t = C! 0 ψ!|µμ|ψ! e!!(!!!!!)!+C! 0 ψ!|µμ|ψ! e!!(!!!!!)! [14] 
 
For simplicity, the energy of the ground state ω! is set to be zero. Evaluating the frequency 
dependent dipole moment assuming the NIR completely depletes the polarization at time τ, as in 
equations [9] and [10], gives the expression 

 
µμ ω ∝

e!! !!!! ! − 1
−i ω! −ω

+
e!! !!!! ! − 1
−i ω! −ω

 
[15] 

 
Then, the response function is 

 
S ω ∝ Im

e!! !!!! ! − 1
−i ω! −ω

+
e!! !!!! ! − 1
−i ω! −ω

  

∝ Im
i cos ω! −ω t + isin ω! −ω t − 1

ω! −ω

+
i cos ω! −ω t + isin ω! −ω t − 1

ω! −ω
  

∝
 cos ω! −ω t − 1 

ω! −ω
+
 cos ω! −ω t − 1 

ω! −ω
 

[16] 

 
The response function can then be evaluated at the resonance energy of state 1: 
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S ω! ∝

cos ω! −ω! t − 1
ω! −ω!

 
[17] 

 
The absorption at the center of the feature corresponding to state 1 oscillates with a period 
corresponding to the energy difference between state 1 and state 2. In this case, measuring the 
polarization or the population would give a beating with the same period. 

3.3.3 Perturbed free induction decay 

 Perturbed free induction decay was observed many years ago in transient absorption 
measurements [68,69].  This effect, which typically results in hyperbolic sidebands in attosecond 
transient absorption measurements, is simply the result of suddenly cutting off a ringing dipole.  
Sidebands appear in the Fourier transform, with spacing proportional to the inverse of the time 
delay at which the dipole was suddenly annihilated. 

 A functional form for these sidebands can be derived by returning to the expression for 
the response function given in equation [11].  The detuning of the photon energy from the 
resonance center can be defined as 

 Δω = ω− ω! − 𝜔!  [18] 
 
Substituting this into equation [11] and dropping quantities that do not depend on time or energy, 
the response function is 

 
S ω ∝ Im

1− e!!"!𝑒!
!
!!

−𝑖𝛥𝜔 + 𝛤2
 

[19] 

 
Previously, this expression was evaluated at the resonance center (e.g. 𝛥𝜔 = 0).  However, when 
the dependence on energy is retained, the exponential decay due to the lifetime of the state is also 
multiplied by an exponential term that depends on the detuning.  When the imaginary part of the 
expression is evaluated, this term leads to an oscillatory component of the response function that 
depends on detuning, such that 

 S ω ∝ cos 𝛥𝜔𝑡 𝑒!
!
!! [20] 

 
Now, at a fixed time delay 𝜏, the period of the oscillations due to the cosine term is !!

!
.  The 

spacing of the sidebands decreases as the time delay increases. 

   Clear examples of this effect appear in the measurements presented in Refs. [61,63].  
These hyperbolic sidebands can be fit to find the position of zero delay between XUV and NIR 
pulses in a transient absorption measurement, or the absorption at a single delay step can be 
Fourier transformed to accurately determine the spacing of the sidebands and thus the time delay.  
Additionally, oscillation in the magnitude of an absorption feature can be observed simply as a 
result of hyperbolic sidebands from one absorption feature overlapping another absorption 
feature.  The period of the oscillations corresponds to the energy difference between the two 
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states.  The appearance of the hyperbolic sidebands in transient absorption measurements, 
modeled by a simple model as described in Ref. [63], is shown in Figure 3.5.  Figure 3.5(b) 
shows beating appearing in an absorption feature due to overlapping sidebands resulting from the 
depletion of another feature. 

 The detuning effects modeled in Ref. [61] are an extension of perturbed free induction 
decay.  The polarization is not depleted suddenly by a delta-function-like NIR pulse but rather 
slowly over the duration of the pulse, and the effect of the NIR pulse is considered explicitly as 
coupling to the continuum rather than a general depletion of the polarization.  However, the 
qualitative appearance is the same as the simple perturbed free induction decay case, and the two 
cases agree at time delays when the XUV and NIR pulses are not overlapped in time. 

3.3.4 Effect of spectral resolution on lifetime measurements 

 The spectral resolution used to measure the lifetime of a decaying state becomes a critical 
parameter due to the change in decay as a function of detuning mentioned previously.  If the 
spectral resolution is much smaller than the linewidth, then the measurement on line center is 
expected to give an accurate measurement of the lifetime of the state.  However, if the spectral 
resolution is large compared to the linewidth, the true line center cannot be identified.  The 
measured decay profile is therefore more complicated, as the expected exponential decay and the 
off-resonant decays are incorporated into the measured signal.  To easily and accurately measure 
a lifetime, performing measurements with a spectral resolution less than the linewidth of the 
absorption feature is critical.  

  Figure 3.6(a) shows transient absorption measurements of the Xe 5s5p66p lifetime for 
different energies relative to the resonance center.  The decay behavior for off-resonant energies 
is noticeably different from the decay behavior on resonance.  Figure 3.6(b) compares the decay 
measured at the pixel at the resonance center to the decay resulting from averaging over several 
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Figure 3.5 Hyperbolic sidebands from perturbed free induction decay. (a) Sidebands appearing as one 
absorption feature is depleted. (b) Beating in an absorption feature as a result of overlapping hyperbolic 
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neighboring pixels.  This is a rough model of measurements with varying spectral resolutions.  
The decay appears to be significantly shorter when the spectral resolution is larger. 

3.3.5 Effects of saturation of absorption feature 

 One of the more puzzling effects that occurs in attosecond transient absorption 
measurements is the apparent increase in strength of absorption features when the NIR follows 
the XUV at long times.  This effect persists at least for picoseconds after time overlap, and it is 
not observed in theoretical calculations, suggesting that it is purely due to the conditions of the 
experiments.  This effect is also mainly observed in long-lived states in atomic systems, such as 
Rydberg states of helium or neon. 

 The increase in absorption can be explained by detector saturation.  The absorption 
features under consideration are much narrower than the spectral resolution.  For instance, 
lifetimes of Rydberg states are typically nanoseconds, which corresponds to linewidths less than 
0.01 meV, while a typical spectrometer resolution is 10 meV or greater.  When the NIR follows 
the XUV at long times, the relative time delay is still much less than the lifetime of the state.  
Thus, the NIR can remove population from the state, or truncate the ringing of the induced 
polarization.  As a result, the absorption feature is broadened.  The integrated area under the 
absorption peak is always constant, so the peak height decreases.  When the absorption feature is 
convoluted with the spectrometer resolution, which is much greater than the natural linewidth, 
the change in peak height is small.   

 The previous discussion assumes that the absorption features are not saturated, so that 
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changes in the absorption strength can be observed.  However, the absorption features can be 
saturated, which means that all of the photons detected on the camera pixel corresponding to the 
resonance center are absorbed.  Photons detected on neighboring camera pixels can also be fully 
absorbed.  Then, the NIR broadens the absorption feature, but no change in the absorption 
strength can be detected.  When convoluted with the spectrometer absorption, which is much 
greater than the linewidth, the features that are broader in absorption appear to be a similar width 
but have a much greater magnitude.  In typical experimental conditions, it is easy for the photons 
at energies corresponding to the resonance centers of absorption features of atomic Rydberg 
transitions, such as the 1s2p or 1s3p transitions of helium, to be fully absorbed.  Observation of 
this effect in an experimental measurement indicates that the absorption features are saturated.  
Otherwise, another sign that a feature is saturated is when lowering the target gas pressure does 
not change the peak height.  

 This saturation effect is modeled in Figure 3.7.  The absorption features are treated as 
Gaussians with a natural linewidth of 0.01 meV.  Then, the features are convoluted with a 
Gaussian with a width corresponding to the spectrometer resolution of 10 meV.  If the absorption 
feature is unsaturated (Figure 3.7(a)), the broadened feature is still much narrower than the 
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spectrometer resolution and the measured absorption of a broadened feature after convolution 
with the spectrometer resolution is very similar to that of the original feature (Figure 3.7(b)).  
However, if the feature is saturated, the broadened feature still has the same peak height and thus 
the integrated area under the absorption feature is greater (Figure 3.7(c)).  This leads to an 
increase in peak height once convoluted with the spectrometer resolution, as shown in Figure 
3.7(d). 

 Saturation of the absorption feature, combined with the spectral resolution of the 
spectrometer, also explains the apparent decay of atomic absorption features over a few hundred 
femtosecond timescale observed in Ref. [63].  The broadening is essentially a result of artificially 
shortening the lifetime of the state.  The new, shortened lifetime is approximately the time delay 
at which the NIR pulse arrives.  The feature is the broadest shortly after time overlap.  As 
discussed previously, for a saturated absorption feature more broadening means that the 
measured absorption appears stronger.  Then, as the effective lifetime increases as the NIR delay 
increases, the absorption feature becomes narrower and the measured absorption appears to 
decrease.   

 The timescale over which this decay is apparent depends on the resolution of the 
spectrometer.  At some time delay, the broadening of the absorption feature is small compared to 
the resolution.  After this delay, the apparent strength of the feature no longer appears to decrease 
because the dominant contribution to the strength of the measured absorption feature is the 
spectrometer resolution, which is constant.  The estimated dependence of the apparent peak 
height on time delay for various spectrometer resolutions is shown in Figure 3.8.   

 An unsaturated absorption feature displays the opposite behavior.  When the peak is 
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Figure 3.8 Simulation of the dependence of apparent absorption strength of a long-lived absorption feature 
(natural linewidth 0.01 meV) on time delay for various spectral resolutions.  Red solid: 1 meV, blue dashed: 5 
meV, green dot-dashed: 10 meV, purple dotted: 25 meV, black dashed: 50 meV.  The peak height decays 
rapidly for larger spectral resolutions.  A spectral resolution of 10 meV is typical for attosecond transient 
absorption experiments: an apparent decay in peak height on a timescale of ~ 100 fs is expected. 
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broadened, the peak height decreases.  At short time delays, the peak height is decreased due to 
broadening from the NIR pulse.  The absorption feature then recovers to the XUV-only peak 
height as the NIR delay increases.  The timescale over which this recovery occurs also depends 
on the spectral resolution, and is similar to the timescale for decay of a saturated feature.    
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Chapter 4  
 
Attosecond transient absorption probing of 
electronic superpositions of bound states in 
neon: detection of quantum beats 

The content and figures of this chapter are reprinted or adapted with permission from A. R. 
Beck, B. Bernhardt, E. R. Warrick, M. Wu, S. Chen, M. B. Gaarde, K. J. Schafer, D. M. 

Neumark, and S. R. Leone, New J. Phys. 16, 113016 (2014). 

4.1 Introduction 
 Wavepackets, or coherent superpositions of multiple electronic, vibrational, or rotational 
states of an atom or molecule, evolve on timescales determined by the energy separations 
between the levels comprising the wavepacket.  In atoms, wavepackets consisting of closely 
spaced, high-lying Rydberg states have been studied extensively due to the small separation in 
energy, leading to time evolution on the easily resolved picosecond timeframe [70,71].  In 
molecules, vibrational wavepacket dynamics can be probed using femtosecond laser 
pulses [46,72], and rotational wavepackets can be excited, resulting in field-free alignment of a 
sample as the wavepacket rephases after the laser pulse has passed [73,74].  However, the 
evolution of wavepackets composed of states with larger energy separations, such as more 
widely spaced electronic states of an atom, typically occurs on a timescale too fast to resolve 
with these techniques.  The recent development of attosecond spectroscopy has provided the 
ability to directly observe few-femtosecond or sub-femtosecond processes [75,76]. The broad 
and continuous spectrum of an isolated attosecond pulse is particularly useful for launching 
electronic superpositions consisting of many states.  The broad spectrum also allows multiple 
absorption features to be monitored simultaneously while varying the time delay between the 
attosecond pulse and a second laser pulse that can couple the initially excited state to other states 
or to the continuum.  This technique, known as attosecond transient absorption, was first used to 
measure the degree of coherence in an electronic superposition created by strong-field ionization 
of krypton [47].  Attosecond transient absorption has subsequently been used to excite light-
induced states in helium [34,50,55], characterize autoionization in argon [60], measure lifetimes 
of autoionizing states in xenon [61], and observe interferences between multiphoton pathways in 
neon [56]. 

 In the work presented here, an isolated attosecond pulse in the extreme ultraviolet (XUV) 
is used to create a coherent superposition in neon gas, inducing a time-dependent polarization in 
the sample.  A near-infrared (NIR) pulse modifies the induced polarization to allow a quantum 
beat between individual states of the electronic wavepacket to be detected.  The isolated 
attosecond pulse is used to both create the initial superposition and to monitor the effect of the 
time-delayed NIR pulse on the wavepacket by measuring changes in the transmitted XUV 
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spectrum.  This technique has previously been used to study doubly excited states of helium, in 
which quantum beating was reported [77].  In addition to several quantum beats with periods as 
short as 10 fs, spectral changes of Lorentzian to Fano lineshapes are observed, as in Ott et 
al. [53].  A prominent quantum beat between the spin-orbit-split 3d levels is characterized in 
detail.  These quantum beats have been previously observed via photoionization [78,79].  Here, 
the quantum beating is directly imprinted onto the spectrum of the extreme ultraviolet pulse.  The 
observation of this beating requires a NIR pulse to perturb the polarization induced by the XUV 
pulse.  The observed beating is then compared to theoretical models and calculations to explain 
its appearance and sensitivity to variations in the NIR pulse. 

4.2 Experimental details 
 The details of the experimental setup, shown in Figure 4.1, are described in Chapter 2 of 
this work and the relevant details are briefly summarized here.  The output of a femtosecond 
Ti:Sapphire laser (Femtolasers HE CEP) is spectrally broadened in a hollow core fiber filled with 
1.8 bar of Ne gas and the pulse is then compressed with a set of chirped mirrors.  The pulse is 
split into collinear high-harmonic generation and NIR arms with an annular mirror.  The two 
pulses are separated in an actively stabilized compact interferometer [17] to allow the 
introduction of a relative time delay and then recombined by a second annular mirror.  High 
harmonic generation in conjunction with Double Optical Gating [15] is used to generate isolated 
attosecond pulses with photon energies in the XUV, using Kr or Xe gas as the generation 
medium.  No subcycle features are considered, as carrier-envelope phase stabilization is not used 
and the delay step is 1.3 fs.  This large delay step size is chosen in order to resolve the most 
prominent delay-dependent behavior, which occurs on the timescale of tens of fs, but also to 
allow acquisition of data out to NIR-XUV delays of several hundred fs.  The XUV photons are 
spectrally filtered using either a 200 nm or 300 nm thick Sn foil mounted on a piece of fused 
silica (FS, 1 mm thickness).  The collinearly propagating, donut-shaped NIR pulse passes 

QP
FS ND filter

Delay

BBO

HHG cell

Sn foil
on FS

Toroidal mirror

Sn foil

Grating

X-ray CCD
Sample

760 nm
8 fs, 800 μμJ

Figure 4.1 Schematic of experimental setup.  QP = quartz plate, FS = fused silica, ND = neutral density, BBO 
= β-BaB2O4 crystal, HHG = high harmonic generation.  QP and BBO are optics to implement double optical 
gating. 
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through the FS around the Sn foil.  Leakage of the NIR light through the XUV filter can cause 
spurious modulations with NIR-XUV time delay due to optical interferences and is scrupulously 
avoided. 

 Subsequently, the NIR and XUV pulses are focused with a gold-coated toroidal mirror 
(ARW Optical, focal length 1 m) into a 2 mm long cell filled with Ne gas.  The pressure in the 
cell is typically 2 Torr, or 266 Pa, and is calibrated using absorption above the Ne ionization 
potential at 21.56 eV [35].  The NIR intensity ranges from 5x1011 W/cm2 to 2x1012 W/cm2 and is 
estimated by measuring the beam waist at the focus.  The pulse FWHM is 11 fs, as measured by 
SPIDER [80], and the central wavelength is 760 nm.  The XUV pulse duration is estimated to be 
400 as, based on previous measurements [17]. 

 After passing through the sample, the XUV light is dispersed and focused by a concave 
grating (Hitachi 001-0464) and imaged on an X-ray CCD camera (Princeton Instruments Pixis 
XO 400B).  The energy scale is calibrated by measuring the 1s2p, 1s3p, and 1s4p absorption 
features in helium.  The spectral resolution, determined by fitting the 1s2 - 1s3p absorption line 
of helium at 23.087 eV, is 13 meV.  Residual NIR light is blocked before the grating by a 300 
nm thick Sn foil.   The measurements presented here were recorded using a 2 second integration 
time per data point and averaging either 2 or 4 data points for each NIR-XUV time delay. 

4.3 Transient absorption measurements of neon 
 The Ne absorption as a function of NIR-XUV time delay is shown in Figure 4.2, for 
photon energies ranging from 19.5 eV to just above the Ne ionization edge at 21.56 eV.  
Negative time delays (on the left) mean that the NIR pulse precedes the XUV, while positive 
time delays (on the right) mean that the NIR pulse arrives after the XUV.  The color scale 
represents optical density, defined as –log(I/I0) where I0 is the XUV spectrum without Ne gas 
and I is the transmitted XUV spectrum with Ne gas present in the interaction region.  

 The XUV pulse excites electronic states of Ne with principal quantum number n = 3 and 
higher.  The Ne+ core is split by the spin-orbit interaction, leading to pairs of states separated by 
about 0.1 eV.  Hyperbolic sidebands, including regions of emission (e.g. negative values of 
optical density), are observed to converge to several absorption features, most notably the 
2s22p5(2P1/2)3d feature located around 20.14 eV.  These sidebands are manifestations of 
perturbed free induction decay [68,81].  The position of zero time delay between the NIR and 
XUV pulses is assigned by finding the asymptote of these hyperbolic sidebands.  The absorption 
on line center is increased when the NIR pulse overlaps or follows the XUV.  The absorption 
then appears to decay back to the XUV-only absorption over time, with a decay timescale on the 
order of hundreds of femtoseconds.  The natural lifetimes of the Rydberg states are on the scale 
of nanoseconds, so the apparent decay is not due to an atomic decay process.  Instead, both the 
increase in absorption and subsequent decay are due to the effect of the spectrometer resolution 
on an initially saturated absorption feature.  The line is broadened because the NIR pulse 
artificially shortens the lifetime of the state.  As the delay of the NIR pulse increases relative to 
the XUV, the effective lifetime of the state is longer and the width of the broadened line 
decreases.  The broadened, saturated absorption feature, when convoluted with the detector 
resolution, appears stronger than the XUV-only absorption.  Then, the feature appears to get 
weaker as the linewidth decreases (e.g. the NIR-XUV delay increases). 
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 The lineshapes of the neon absorption features can be modified by the NIR pulse, as in 
the recent work on helium by Ott et al. [53].  This effect is most visible for the states with n ≥ 4 
located above 20.4 eV.  When the NIR precedes the XUV, these features appear weakly in the 
absorption spectrum as peaks with linewidths limited by the spectrometer resolution.  When the 
NIR pulse follows the XUV, the peak shape is dramatically modified to a Fano-like profile, by 
the introduction of a phase by the NIR light field, and the intensity of absorption increases.  The 
inset in Figure 4.3(a) shows the Fano-like profile of the absorption lineshapes of the Rydberg 
states between 20.45 eV and 20.75 eV when the NIR and XUV pulses are overlapped in time.  
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Figure 4.2 Transient absorption measurement in the photon energy range 19.5 - 21.6 eV.  The color scale 
represents optical density.  The XUV pulse arrives after the NIR pulse for negative time delays.  Energy 
level positions are labeled on the right.  The Ne+ core configurations are abbreviated as (2P1/2) and (2P3/2).  Ip 
= ionization potential. 
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The observed lineshape also evolves in time and is sensitive to the NIR intensity, as discussed in 
Pfeiffer et al. and in Chen et al. [51,82]. 

 The XUV pulse excites all of the accessible states coherently, launching a wavepacket 
composed of many states with large energy separations.  Figure 4.3(a) and (b) present transient 
absorption data in a narrow energy region (from 19.9 to 20.8 eV) from a different data set than is 
shown in Figure 4.2.  Most of the absorption features appear too weakly in the data to observe 
recurrences, but in the data presented in Figure 4.3(a), beating is observed in several individual 
lines.  For example, an oscillation is clearly observed in the (2P3/2)5s state, at 20.56 eV, with a 
period of approximately 10 femtoseconds.  This beat frequency could result from a coherent 
excitation and subsequent coupling of the (2P3/2)5s and (2P3/2)6s states, which are separated by 
0.38 eV, both of which are observed in the XUV-only absorption spectrum. 

 The most prominent NIR-XUV delay-dependent behavior in the transient absorption 
spectrum occurs in the (2P3/2)3d and (2P1/2)3d absorption features located at 20.04 eV and 20.14 
eV, respectively. Clear hyperbolic sidebands are observed converging to the upper feature, 
assigned to the absorption of the (2P1/2)3d state.  Sidebands in the lower feature, assigned to the 
(2P3/2)3d state, are not evident.  Figure 4.3(b) shows the absorption at the line center for each 
feature as a function of NIR-XUV delay.  The (2P3/2)3d absorption shows a clear oscillation with 
a period of approximately 40 fs.  This oscillation period corresponds to an energy difference of 
0.1 eV, which matches the spin-orbit splitting of the Ne+ states.  An oscillation with the same 
period but approximately 180 degrees out of phase is observed more weakly in the (2P1/2)3d 
absorption feature.  
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Figure 4.3 Transient absorption measurements focusing on the 3d absorption features.  (a) Absorption as a 
function of NIR-XUV delay.  Inset: absorption at NIR-XUV overlap (zero delay) from 20.45 to 20.75 eV. (b) 
Lineouts of measurement at positions marked by arrows.  Red solid line: (2P1/2)3d, blue dashed line: 
(2P3/2)3d, black thin solid line: fit of lineout at (2P3/2)3d resonance center to cosine multiplied by an 
exponential decay (resulting period 42 fs). 
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4.4 Theoretical models of quantum beating 
4.4.1 Simple models for quantum beating 

 The prominent beating in the transient absorption data for positive time delays can be 
explained theoretically by considering absorption at the single atom level.  Two simple models 
that can give rise to these oscillations will be discussed before turning to more complex 
calculations.  When the XUV pulse excites the atom it coherently distributes amplitude among 
all the “bright” (allowed transition) states, creating a superposition of excited states.  The 
absorption lines that naturally follow from this are altered by the action of the NIR pulse.  This 
mechanism differs from that in reference [47], where the wavepacket is created by strong field 
NIR ionization of the sample and subsequently probed with the attosecond pulse.  Concentrating 
on just the ground state and the two prominent 3d states, the wave function before the NIR pulse 
arrives (up to an overall phase) is 

 𝜓 𝑡 ≈ 0 + 𝐶! 0 𝑒!!!!! 𝑑!/! + 𝐶! 0 𝑒!!!!! 𝑑!/!  [21] 

where ω1 and ω2 are the energies of the (2P1/2)3d and (2P3/2)3d states, respectively.  Considering 
just the response near the (2P1/2)3d and (2P3/2)3d lines, the most important effect of the NIR pulse 
is to couple the bright states to nearby dark states.  This will alter the coefficients 𝐶! and 𝐶!, 
giving them new values 𝐶!! and 𝐶!!  just after the NIR pulse.  Because the dark states are initially 
unpopulated, the new values 𝐶!! and 𝐶!!  are linearly dependent on the initial values 𝐶! and 𝐶!.  
The NIR-induced transformation of the coefficients can therefore be written as 

 𝐶!!
𝐶!!

= 𝑎 𝑏
𝑐 𝑑 ∙ 𝐶! 0 𝑒!!!!!

𝐶! 0 𝑒!!!!!
 

[22] 

The coefficients a, b, c, and d are in general complex, and in the rotating wave approximation the 
propagation matrix is symmetric, which gives c=b.  Since the NIR pulse duration (11 fs) is short 
compared to the beating timescale (40 fs), the duration of the NIR pulse can be ignored and the 
NIR pulse can be thought of as instantly modifying the state amplitudes.  Once the coefficients 
are known at all times, the single atom response function can be calculated using the equation 

 𝑆! 𝜔 =   2  𝐼𝑚 𝜇 𝜔 ℇ∗ 𝜔  [23] 

where 𝜇 𝜔   is the Fourier transform of the time-dependent dipole moment and ℇ∗ 𝜔  is the 
Fourier transform of the electric field [67].  This 2x2 transfer matrix model can be used to 
account both for incoherent effects that cause population to leave the 3d states, which quenches 
the dipole coherence, and for coherent effects, in which the 3d states couple to each other via a 
third state (actually some combination of 3p and/or 4f states).  Both processes can give rise to 
oscillations at the beat frequency between the 3d lines as a function of time delay.  

 As an example of the first process in which the two states are not coherently coupled, the 
coefficients b and c are taken as zero, and coefficients a and d account for the “quenching” of the 
ground to excited state dipole oscillation.  This is perturbed free induction decay and it gives rise 
to sidebands on the absorption line that depend on frequency and delay.  These sidebands are 
clearly observed in the experimental data (see Figure 4.2 and Figure 4.3(a)).  Note that it does 
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not matter whether the dipole coherence is quenched (as could be done in a density matrix 
treatment) or the 3d state amplitude is simply reduced (as is done in a wave function treatment) – 
the result is the same. For example, if |a| < 1 then the quenching of the (2P1/2)3d dipole gives a 
frequency-dependent single atom response 

 𝑆! 𝜔 =   
𝛾

𝛾! +    𝜔 − 𝜔! !  

+   
𝑎 − 1 𝑒!!"

𝛾! +    𝜔 − 𝜔! !
cos tan!!

𝜔 − 𝜔!
𝛾 +   𝜏 𝜔 − 𝜔!  

[24] 

where 𝜏 is the XUV-NIR delay and 𝜔!is the central frequency of the (2P1/2)3d absorption feature.  
The first term is the usual Lorentzian absorption line, with a dephasing constant 𝛾.  The second 
term gives sidebands that show “stripes” of constant phase given by the solution of S1 ~ constant 
or 

 𝜏 𝜔 − 𝜔! +    tan!!
𝜔 − 𝜔!
𝛾 = 2𝑛𝜋 + 𝜙   [25] 

where 𝜙 is an additional parameter determined by the NIR pulse and initial amplitudes of the 
two states.  At the line center of the (2P3/2)3d line (𝜔 = 𝜔!) these sidebands will modulate the 
absorption with a frequency corresponding to the energy difference of the two 3d states.  The 
observed beat frequency and amplitude as a result of these stripes, or hyperbolic sidebands, can 
be matched to the experimental data, if the initial populations in the 3d states are used as free 
parameters.  Note that it does not seem likely that the populations can be used as free parameters 
– the states in question are closely spaced and the XUV spectrum is assumed to be flat over the 
energy region so the populations should scale as the dipole matrix elements between the ground 
and excited states. This constraint dictates that the (2P3/2)3d should have more initial population 
than the (2P1/2)3d.  This quenching process is analogous to Bernhardt et al. [61] where the NIR 
pulse could be assumed to completely remove the polarization component of an initially excited 
autoionizing state. 

 As an example of the second process, consider the interaction of the two 3d states via 
their mutual coupling to a third state.  This third state is not populated by the XUV pulse, but it 
couples with some strength to both 3d states under the action of the NIR pulse.  Likely 
candidates for the 3d coupled states in the experiment are several of the 3p levels, which are 
separated from the 3d levels by about 1.4 eV.  This spacing closely matches the NIR central 
energy of 1.6 eV.  The near-resonant coupling will strongly modulate the 3d state amplitudes.  
Ignoring all other processes and assuming exact resonance gives the transformation matrix 
elements  

 
𝑎 =   

Ω!! +   Ω!! cos Ω𝜏!/2
Ω! ; 𝑏 = 𝑐 = −

Ω!Ω!
Ω! 1− cos Ω𝜏!/2  

[26] 

where Ω1 and Ω2 are the Rabi couplings of the (2P1/2)3d and the (2P3/2)3d states to the third state, 

Ω is Ω!
! +Ω!

! , 𝜏! is the NIR pulse length, and the coefficient d in Equation 2 is the same as a 
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but with the coefficients 1 and 2 swapped.  In the simplest example, if Ω1 = Ω2 and the total 
Rabi phase Ω!!

!
 is about 𝜋, then the 3d state amplitudes are swapped.  This shifts the phase of 

each 3d state by a factor of 𝑒!!!!! where 𝜔! is the energy of the other 3d state and 𝜏 is the NIR-
XUV delay.  The response function then oscillates on line center at the frequency difference of 
the two states, and it gives a response function like that in Equation 4.  For other values of the 
Rabi phase, the absorption line is more complicated but the general phenomenon persists: any 
process that coherently couples the two states will produce a beating at their energy difference. 

4.4.2 Full time dependent Schrödinger equation calculation 

 For a more complete theoretical picture, the many-level time-dependent Schrödinger 
equation (TDSE) is solved by expanding it in a basis of numerically calculated basis states [83]. 
The field-free atomic energies and dipole moments are calculated using the GRASP 
package [84], which solves the multi-configuration Dirac-Fock equation.  This approach 
naturally incorporates the fine-structure splittings.  The configuration states are created by single 
excitation from the ground state [2s22p6 ](J=0)+, where J is total angular momentum and the + or 
- sign indicates the total parity.  According to the dipole-selection rules, the ground state is 
coupled to [2s22p5(ns,nd)]1- states by the XUV pulse and the 1- states are coupled to 
[2s22p5(np,nf)] 0+, 1+ and 2+ states by the NIR laser.  The maximum principal quantum number 
nmax is set to be 5, and only bound states are used in the calculation.  We have verified that 
changing nmax does not change the results presented here, although including the continuum 
would lead to an additional loss mechanism similar to the incoherent loss model discussed 
above. In the experiment it is observed that the [2s22p53s] 1- states are not populated by the XUV 
pulse, and so they are excluded from the basis.  Finally, the single-atom response function is 
computed as in Equation 3 by Fourier transforming the time-dependent dipole obtained from the 
TDSE solution [67]. 

 The TDSE calculations provide more details about the observed beating frequency.  The 
results of experiment and theory are qualitatively similar: the 40 fs oscillation that is observed in 
the experiment can also be clearly seen in the calculated results.  However, in the calculation, the 
beating is typically observed clearly in both the (2P1/2)3d and (2P3/2)3d absorption features.  This 
discrepancy most likely comes from uncertainty in the dipole coupling strengths between levels 
in the TDSE calculation, as well as variations in the experimental NIR spectrum.  The coupling 
strengths between the 3d and 3p states have been measured experimentally [85–90] and 
calculated [91–93], but there are significant discrepancies between various sources.  
Additionally, the experimental NIR spectrum varies from day to day, so rather than performing 
calculations with experimentally measured NIR spectra, it is more revealing to consider 
theoretically the dependence of the observed beating on the central frequency of the pulse. 
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Figure 4.4 Calculated results with varying central wavelengths of the perturbing pulse.  (a) NIR spectra used in 
calculations superimposed on experimental spectrum.  Red dotted line: pulse centered at 900 nm.  Green 
dashed line: pulse centered at 800 nm.  Blue dot-dashed line: pulse centered at 700 nm.  Purple dashed line: 
pulse centered at 600 nm.  Black solid line: experimental spectrum.  (b) Spectral response at the centers of 
(2P3/2)3d and (2P1/2)3d absorption features as a function of NIR-XUV delay for spectrum centered at 600 nm.  
Red solid line: lineout at center of (2P1/2)3d feature.  Blue dashed line: lineout at center of (2P3/2)3d feature.  (c) 
Same for spectrum centered at 700 nm. (d) Same for spectrum centered at 800 nm. (e) Same for spectrum 
centered at 900 nm.   



 

 56 

 The results of the TDSE calculation for several NIR central wavelengths are shown in 
Figure 4.4.  An experimental NIR spectrum shown in Figure 4.4(a) spans from 600 to 950 nm, 
with a central wavelength of 760 nm.  Calculations were performed using four different 
simulated NIR pulses, centered at 600 nm, 700 nm, 800 nm, and 900 nm.  Each pulse is a 
Fourier-transform limited Gaussian pulse with a bandwidth of about 0.27 eV, corresponding to a 
Full Width at Half Maximum (FWHM) duration of about 7 fs.  The XUV pulse is centered at 
19.5 eV and has a FWHM duration of 380 as, corresponding to a bandwidth of 4.9 eV.  The IR 
intensity is 5 x 1011 W/cm2, and the XUV intensity is 1010 W/cm2.  Lineouts of the (2P3/2)3d and 
(2P1/2)3d features for each central wavelength are shown in Figure 4.4(b)-(e).  The ratio between 
the (2P3/2)3d and (2P1/2)3d XUV-only absorption strengths in the calculation is 1.9:1, in 
agreement with experimental data.  The major disagreement between experiment and calculation 
is the sign of the change in absorption when the NIR pulse follows the XUV pulse.  In the 
experiment, the absorption features increase in strength (optical density increases) when the NIR 
pulse follows the XUV, while in the calculation the absorption features are broadened and 
decrease in strength.  Increased absorption when the NIR follows the XUV is consistently 
observed in experimental transient absorption measurements [34,55] as a result of saturation of 
the absorption feature, as discussed previously.  In the single atom calculations, the absorption 
feature is not saturated, so when the feature is broadened the peak height decreases because the 
integrated absorption is conserved. 

 The strength of the oscillation in each absorption feature clearly depends on the spectrum 
of the NIR pulse.  For example, using a pulse centered around 600 nm, the beating in both 
features is very weak due to weak coupling between the 3d states and 3p states (see Figure 4(b)).  
As the wavelength of the NIR pulse changes, the relative strength of the beating in each feature 
varies.  In the calculations, the two 3d states couple to a number of the p- and f-states that are 
included in the basis set, especially at the longest IR wavelength. This gives rise to a delay 
dependence that is more complex than a single-frequency oscillation.  

 The experimental spectrum not only spans a broad range of wavelengths but also varies 
from day to day, and this wavelength dependence explains observed variations in the 
experimental results.  There is also some dependence of the relative phase between the two 
lineouts on the central wavelength of the pulse.  In Figure 4.4(d), for example, the two 
oscillations appear only slightly out of phase rather than 180 degrees out of phase as in Figure 
4.4(b), (c), and (e). 

 While coherences are clearly observed in the 3d states, no beating is observed in the 
nearby 4s states in the experimental data.  This differs from the TDSE calculation, in which 
beating is observed in the 4s features.  Although the 4s states are initially excited by the XUV 
pulse as well, the initial coherent superposition is mostly composed of the 3d states, which have 
the strongest absorption in the XUV-only absorption spectrum.  The weak absorption signal of 
the 4s states could possibly lead to the lack of observed beating in the measurement. 

4.5 Conclusions 
 As the theoretical models and calculations increase in complexity, each provides 
additional insight into the beating observed.  In the simplest model, the incoherent removal of 
population from one state creates hyperbolic sidebands.  When these sidebands overlap the other 
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feature, the result is modulation of the second absorption line at a frequency corresponding to the 
energy difference of the two states.  Of course, population can be removed from the other state as 
well, creating a second set of hyperbolic sidebands.  This simple model can explain why beating 
would be observed strongly in one line and not another, if the source of the beating in one feature 
is simply sidebands from the depletion of another absorption feature.  The next, more complex 
model, in which Rabi coupling between the initially populated states and a third state is included, 
shows that the beating can be observed due to cycling population from one state to another 
through a third state, and suggests that the observed beating will be sensitive to the parameters of 
the NIR pulse.  The full TDSE calculation shows the sensitivity of the observed beating to the 
central wavelength of the NIR pulse as well as the complex behavior that can occur when all 
states are excited by the attosecond pulse. 

 In summary, attosecond transient absorption has been used to directly observe a coherent 
superposition created by an attosecond pulse.  The attosecond pulse both creates the initial 
electronic wavepacket and allows detection of the quantum beating by measuring the transmitted 
XUV spectrum after a NIR pulse has been used to perturb the induced polarization.  The 
quantum beating of the wavepacket is observed most clearly in one of the two 3d absorption 
features.  The observed beating can be described by simple theoretical models, and the 
dependence of the beating on the NIR wavelength and bandwidth is explored in calculations. 
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Chapter 5  
 
Reconstruction of attosecond pulse duration 
using photoelectron streaking 
5.1 Photoelectron streaking 
 In order to confirm that a single attosecond pulse has been generated, the temporal 
structure of the pulse must be measured.  Typically, the duration of a short pulse is generated by 
creating multiple copies of the pulse and interfering them, as in interferometric 
autocorrelation [94] or SPIDER measurements [80].  However, splitting an attosecond pulse into 
two copies and then interfering them is not usually possible experimentally, due to the low 
photon flux of the attosecond pulse. 

 Short pulses can also be measured by cross-correlation, using the short pulse as well as a 
second pulse to obtain information that can be used to determine the pulse duration.  This 
technique has been adapted to measurement of attosecond pulses.  Conveniently, in typical 
attosecond experiments a synchronized NIR pulse is used in conjunction with the attosecond 
pulse to perform pump-probe measurements.  This synchronized NIR pulse can be used to obtain 
a cross-correlation of the attosecond XUV pulse and the NIR pulse.   

 Attosecond streaking relies on the ability of a laser field to shift the momentum of an 
electron through the Lorentz force.  The attosecond pulse ionizes a gas sample, creating 
photoelectrons.  The resulting electron wavepacket is a replica of the attosecond pulse, if the 
ionization cross-section of the gas across the bandwidth of the pulse is approximately constant.  
If the cross-section is not constant, the attosecond pulse spectrum can either be corrected for the 
cross-section using tabulated values or measured separately. 

 Then, the NIR pulse interacts with the sample at a varying time delay.  The kinetic energy 
of a photoelectron after ionization by the XUV is 

 
𝐸!" =

1
2𝑚! 𝑣! ! = ℎ𝜈!"! − 𝐼! 

[27] 

 
where 𝑚! is the mass of the electron,   𝑣! is the initial velocity of the electron, ℎ𝜈!"# is the 
photon energy of the XUV pulse, and 𝐼! is the ionization potential of the atom.  The 
instantaneous momentum of a photoelectron that has been created by the XUV pulse is  

 𝑝 𝑡 =   𝑚!𝑣! − 𝑒𝐴(𝑡) [28] 
 
where 𝐴 𝑡  is the vector potential of the NIR field, given by 𝐸 𝑡 =   −𝜕𝐴/𝜕𝑡.  As the delay 𝜏 is 
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scanned, the magnitude of 𝐴(𝜏) varies.  The final momentum of the photoelectron after the NIR 
pulse has passed through the sample is  

 𝑝! =   𝑚!𝑣! − 𝑒𝐴(𝑡!) [29] 
 
where 𝑡! is the time at which the electron was ionized.  This shift in momentum results in a shift 
in kinetic energy measured at the detector.  The magnitude of the shift depends on the time delay 
of the NIR pulse, so the photoelectron kinetic energy distribution maps out the NIR pulse as a 
function of NIR-XUV delay time, as shown in Figure 5.1. 

 For a linearly polarized NIR pulse, the momentum shift occurs parallel to the direction of 
the pulse polarization.  If photoelectrons are integrated over a solid angle, the streaking effect 
will be blurred.  For this reason, experimental implementations of streaking often use 
photoelectron time-of-flight detectors in which only a small solid angle of the three-dimensional 
photoelectron distribution is actually detected.  However, simulations have shown that the 
complete structure of the attosecond pulse can be accurately reconstructed from a spectrogram 
recorded with a collection angle of up to 40° [95]. 

Photoelectron
detection

NIR vector potential

e- momentum

NIR electric field

Figure 5.1 Photoelectron streaking.  Red line: NIR vector potential, green dots: photoelectrons, green arrows: 
photoelectron momentum vectors after shift due to NIR field. 
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 If the duration of the XUV pulse is either too long or too short, this streaking method is 
more difficult to use as a diagnostic.  For an XUV pulse with a duration close to a cycle of the 
NIR field, streaking with a linearly polarized pulse, as described above, results in the magnitude 
of the NIR field varying significantly over the duration of the XUV pulse.  This leads to a widely 
varying streak shift and makes the streaking spectrogram more difficult to reconstruct.  However, 
this can be surmounted by using a circularly polarized pulse as the streak field and observing 
photoelectrons with only one kinetic energy [96].  Now, the electrons are streaked with varying 
angle, from 0 to 2𝜋 over one cycle of the laser field, but the magnitude of the angular streak shift 
does not vary over the XUV pulse.  If the XUV pulse is very short, the bandwidth, and thus the 
range of photoelectron kinetic energies observed, becomes large.  This is a problem for 
reconstructing the attosecond pulse because of the central momentum approximation, which will 
be discussed in section 5.4. 

 The phase of the NIR field is important for these measurements.  Typically, the carrier 
envelope phase (CEP) of the NIR pulse should be locked in order to integrate at each time delay 
step.  Additionally, the Gouy phase effect, where the CEP of the field shifts by 𝜋 after the focus, 
can cause a phase jump in the NIR field [97].  The focus of the NIR should be slightly shifted 
from the position of the gas jet in the photoelectron spectrometer in order to avoid phase jumps 
due to the Gouy phase shift. 

5.2 Iterative reconstruction of attosecond pulse structure 
 The field of the NIR pulse is clearly visible in the streaking spectrogram.  However, 
reconstructing the attosecond pulse characteristics from the streaking spectrogram requires 
iterative algorithms.  Several algorithms have been developed to reconstruct streaking 
spectrograms.  The most common procedure, FROGCRAB (frequency-resolved optical gating 
for complete reconstruction of attosecond bursts) [98], will be briefly described here. 

5.2.1 Application of FROGCRAB to photoelectron streaking  

 The streaking spectrogram depends on frequency and time delay.  Similar two-
dimensional spectrograms are used to reconstruct femtosecond laser pulses in a technique known 
as FROG (frequency-resolved optical gating) [99].  This technique has been successfully adapted 
to reconstruct attosecond streaking spectrograms.  FROG requires that the spectrogram 𝑆 𝜔, 𝜏  
can be expressed as 

 𝑆(𝜔, 𝜏) = ∫ 𝐺 𝑡 + 𝜏 𝐸 𝑡 𝑒!"#𝑑𝑡 ! [30] 
 
where 𝜏 is the time delay between two fields, 𝐺(𝑡) is the “gate”, and 𝐸(𝑡) is the field that is to be 
reconstructed.  The gate can be a function of the field 𝐸(𝑡) or an unrelated function.  The time 
delay 𝜏 is scanned to measure the two-dimensional spectrogram.   

 In traditional FROG, the field is split into two copies, which are focused into a nonlinear 
medium and the output as a function of time delay is measured.  A common nonlinear process 
used for FROG is second harmonic generation, where both the field and the gate are the original 
pulse to be measured.  In the case of attosecond streaking, the field 𝐸(𝑡) is the attosecond pulse 
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and the gate is the streaking shift of the photoelectrons.  The expression for the streaking 
spectrogram is written as 

 𝑆(𝜔, 𝜏) = ∫ 𝐸 𝑡 𝑑 𝑝 + 𝑒𝐴! 𝑡 + 𝜏 𝑒!!" !,!!! 𝑒!! !!!! !𝑑𝑡
!
 [31] 

 
where 𝑑 𝑝 + 𝑒𝐴! 𝑡 + 𝜏  is the dipole matrix element for a transition from a bound state to the 

continuum with momentum 𝑝, 𝐴! 𝑡  is the vector potential of the NIR laser field, and 𝜔! is the 
central frequency of the XUV pulse [98].  The streak shift is incorporated as a phase induced by 
the gate field: 

 
𝜙 𝑝, 𝑡 = 𝑝   ⋅ 𝑒𝐴! 𝑡! +

1
2 𝐴! 𝑡!

!
𝑑𝑡!

∞

!
 [32] 

5.2.2 Central momentum approximation 

 There are terms in equations [31] and [32] that depend on both momentum and time in an 
inseparable way.  In order to apply a reconstruction algorithm, these terms must be eliminated.  
The approximation that is typically used to eliminate these terms is called the “central 
momentum approximation”.  As the name suggests, the momentum 𝑝 is replaced in equations 
[31] and [32] with the central momentum of the electron wavepacket, 𝑝!.  Then, the phase 
induced by the gate field becomes 

 
𝜙 𝑡 = 𝑝!   ⋅ 𝑒𝐴! 𝑡! +

1
2 𝐴! 𝑡!

!
𝑑𝑡!

∞

!
 [33] 

 
which is now just a function of time.  This approximation is convenient, but leads to some 
difficulties in reconstruction, which will be discussed in section 5.4.  Now, the spectrogram is  

 𝑆(𝜔, 𝜏) = ∫ 𝐸 𝑡 𝑑 𝑝! + 𝑒𝐴! 𝑡 + 𝜏 𝑒!!" !!! 𝑒!! !!!! !𝑑𝑡
!
 [34] 

 
which matches the required FROG form.  It is important to note that the gate field is not exactly 
the NIR field; instead, the gate field incorporates both the transition matrix element from the 
bound state to the continuum and the streak shift, treated as a phase shift only.  In many cases, 
the transition matrix element is approximately constant across the bandwidth of the pulse, further 
simplifying this expression.  Alternately, the transition matrix element is known for atomic 
systems, so it can be divided out of the reconstructed gate field.   

5.2.3 Principal Components Generalized Projections Algorithm (PCGPA) 

 The PCGPA algorithm [100] can be used to reconstruct a two-dimensional spectrogram 
of the form given in equation [30].  The algorithm starts with initial guesses for the field and the 
gate, which include both amplitude and phase information.  Then, from these guesses, a 
spectrogram is created.  The resulting spectrogram contains both amplitude and phase 
information, but it likely differs significantly from the experimental result.  In order to approach 
the experimental results, the amplitude information in the spectrogram is replaced by the 
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experimental measurement (the “intensity constraint”).  Then, this experimental amplitude in 
conjunction with the guessed phase is used to generate new guesses.  This process is repeated 
until the output has converged.  The PCGPA converges quickly, has been shown to be robust, 
and almost always decreases in error with each subsequent step [100]. 

 The aspect of the PCGPA that keeps the reconstruction from being resource-intensive is 
that all of the operations can be reduced to multiplication of vectors or matrices.  Creating the 
spectrogram is simply a matter of multiplying the vector representing the field with the vector 
representing the gate and repeating for many time delays, which are just circular shifts of the 
vector.  Decomposing the spectrogram after applying the intensity constraint requires performing 
a singular value decomposition (SVD) to determine the eigenvectors.  The SVD can be even 
approximated sufficiently well by the power method, which reduces it to a series of matrix 
multiplication operations.  An overview of the PCGPA process is shown in Figure 5.2. 

5.3 Examples of streaking spectrograms 
5.3.1 Simulated streaking spectrograms 

 A streaking spectrogram can be simulated easily using the central momentum 
approximation as described in section 5.2.2.  If the NIR field is assumed to be 
𝐸 𝑡 = 𝐸! 𝑡 cos 𝜔!𝑡 , where 𝐸! is the amplitude of the field and 𝜔! is the laser central 
frequency, the phase induced by the gate can be simply written as [98] 

 𝜙 𝑡 = 𝜙! 𝑡 + 𝜙! 𝑡 + 𝜙! 𝑡   

𝜙! 𝑡 =    𝑈! 𝑡 𝑑𝑡
∞

!
  

𝜙! 𝑡 = −
8𝐸!"𝑈! 𝑡
𝜔!

cos𝜃 cos 𝜔!𝑡   

𝜙! 𝑡 =
𝑈! 𝑡
2𝜔!

sin  (2𝜔!𝑡) 

[35] 

Guess E(t) and G(t) Generate time domain trace
(calculate E(t)G(t-o), varying o)

Streaking spectrogram
in frequency domainApply intensity constraint

Time domain trace FT

FT-1

SVD

Figure 5.2 PCGPA procedure.  FT: Fourier transform, FT-1: inverse Fourier transform, SVD: singular 
value decomposition. 
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where 𝑈! 𝑡 = !!!!! !

!!!!!
! , or the ponderomotive potential, 𝐸!" is the kinetic energy of the 

photoelectron, and 𝜃 is the detection angle relative to the polarization of the NIR field. 

 Simulated spectrograms can be used to visualize trends in the appearance of the streaking 
spectrogram as characteristics of the attosecond pulse vary.  Figure 5.3 shows simulated 
streaking spectrograms for three different attosecond pulse durations, 100 as, 300 as, and 1 fs.  
The same photoelectron energy range is shown in each subplot.  Here, each of the attosecond 
pulses is a transform-limited Gaussian pulse, so the bandwidth decreases as the pulse duration 
increases.  Additionally, when the attosecond pulse duration approaches the half-cycle of the 
NIR field (1.3 fs for a 780 nm laser pulse) the structure of the streaking spectrogram becomes 
more complicated.  For each NIR time delay, interference fringes appear along the energy axis.  
The direction of the field changes over the duration of the XUV pulse, so some photoelectrons 
are streaked towards higher energies while others are streaked towards lower energies.  Thus, 
electrons born at different times can have the same final kinetic energy.  The structure of a long 
XUV pulse can still be reconstructed using FROGCRAB, but acquiring data of sufficient signal 
to noise and resolution becomes more challenging due to the complicated appearance of the 
streaking spectrogram.  
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Figure 5.3 Simulated streaking spectrograms for varying attosecond pulse duration.  Top panel: 100 fs 
attosecond pulse, middle panel: 300 fs attosecond pulse, bottom panel: 1 fs attosecond pulse.  All pulses are 
transform limited.  The NIR pulse is a 7 fs, transform limited pulse with intensity of 1012 W/cm2. 
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 The previous example may suggest that measuring the bandwidth of the photoelectron 
spectrum is sufficient to determine the duration of the attosecond pulse.  However, for a pulse 
with some time-dependent phase, this is not the case.  Luckily, the chirp of the attosecond pulse 
can be seen by eye in the streaking spectrogram.  Figure 5.4 compares the streaking 
spectrograms resulting from two different attosecond pulses with different temporal phase 
structures.  The first pulse, with the temporal structure shown in Figure 5.4(a), has a flat phase 
and a duration of 300 as.  The resulting streak trace is shown in Figure 5.4(b).  The temporal 
structure of the second pulse is shown in Figure 5.4(c).  This pulse, also with duration 300 as, has 
a quadratic temporal phase, which results in a linear chirp in frequency.  The chirp of a short 
pulse is often quantified by the amount of group delay dispersion that would be required to 
compress the pulse to the transform-limited duration.  For the pulse shown here, the chirp is 0.03 
fs2.  The resulting streaking spectrogram is shown in Figure 5.4(d).  Now, an asymmetry can 
clearly be seen in each cycle of the NIR field.   

 When the chirped XUV pulse arrives at a time delay such that the NIR vector potential is 
rising, the higher frequency components of the XUV pulse arrive first when the amplitude of the 
vector potential is smaller.  The photoelectrons created from these higher photon energies have a 
larger kinetic energy but get a smaller streaking shift than the photoelectrons ionized later, by the 
lower photon energy components.  In this case, the width of the shifted spectrum becomes 
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Figure 5.4 Comparison of simulated streaking spectrograms resulting from flat phase and chirped attosecond 
pulses.  (a) Transform-limited (flat phase) attosecond pulse with duration 300 as.  (b) Streaking spectrogram 
resulting from pulse in (a).  (c) Attosecond pulse with chirp.  (d) Streaking spectrogram resulting from pulse 
(b).  The NIR pulse has a duration of 7 fs, a central wavelength of 780 nm, and an intensity of 1012 W/cm2. 
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narrower.  However, when the chirped XUV pulse arrives when the magnitude of the vector 
potential is decreasing after a local maximum, the photoelectrons with higher kinetic energies 
also get a larger streak shift and the shifted spectrum becomes broader.  This is diagrammed in 
Figure 5.5. 

 FROGCRAB methods can also be used to reconstruct pulse trains or more complicated 
pulse structures.  However, determining if the XUV pulse is isolated or accompanied by one (or 
more) satellite pulses can be accomplished merely by measuring the spectrum of the attosecond 
pulse.  For even a very small pre-pulse, clear modulations can be observed on the spectrum.  
Figure 5.6 compares the spectra resulting from pre-pulses with different amplitudes relative to 
the main pulse.  The main pulse is a 300 as, transform-limited Gaussian pulse.  The pre-pulse 
occurs at a delay of 2.5 fs (one cycle – assuming Double Optical Gating is being used).  As the 
relative amplitude of the pre-pulse increases, the spectrum approaches that of an attosecond pulse 
train.   However, significant modulation of the spectrum can be observed for even very small 
satellite pulses.  For a 1% pre-pulse, the spectrum is modulated with an amplitude of 2%.  A 5% 
pre-pulse results in modulation with amplitude 9%.  This modulation is clearly visible by eye, 
but an attosecond pulse with a 1% pre-pulse could be considered to be an isolated pulse for the 
purpose of most attosecond experiments. 

photoelectron
momentum

streak shift

width of
photoelectron
distribution

photoelectron
momentum

streak shift

width of
photoelectron

distribution

chirped
XUV pulse

NIR vector potential

NIR/XUV time delay

Figure 5.5 Asymmetry in streaking spectrogram due to chirped attosecond pulse. 
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 The presence of satellite pulses can also be clearly seen from the streaking measurement.  
Figure 5.7 shows a simulated streaking spectrogram using a pulse with a 300 as duration and a 
second pulse, separated in time by one full period of the laser and with 5% of the amplitude of 
the main pulse.  The streaking spectrogram clearly displays modulation along the energy axis.  
As the amplitude of the satellite pulse (or pulses) increases, the streaking spectrogram 
approaches a RABBITT trace. 

 Photoelectron streaking can also be used to reconstruct a wavepacket with a complicated 
structure due not only to the attosecond pulse but also to some behavior of the system under 
consideration.  For example, streaking was used to measure the Auger decay timescale after 
inner valence excitation in krypton [23] and to determine the relative delay between emission of 
electrons from the 2p and 2s valence orbitals in neon [24]. The electron wavepacket created by 
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ionization of the sample with the attosecond pulse is only a direct replica of the attosecond pulse 
if the electrons are ionized promptly.  However, if electrons are ejected in a distribution with a 
characteristic timescale, as in the case of Auger decay, the streaked photoelectron wavepacket 
appears significantly different.  Figure 5.8 shows a comparison between streaking of electrons 
ejected directly from photoionization and electrons that are ejected on some timescale.   

 Using photoelectron streaking to measure decay lifetimes appeared to be a promising 
direction for experiments.  However, in the successful experiment in krypton [23], the Auger 
electrons were emitted with a kinetic energy that was well separated from the direct 
photoelectrons.  Autoionization processes in molecules could produce slow photoelectrons, but 
these slow photoelectrons (with only a few eV kinetic energy, or less) would appear at the same 
energies as any low energy electrons produced by above-threshold ionization, making the 
streaking spectrogram very difficult to reconstruct or even to observe.  Additionally, the time 
delays observed between electrons ionized from different orbitals are difficult to explain 
theoretically, as many effects can contribute to the measured delay.  The photoelectron can 
interact with the NIR field as well as the parent ion, or even with other electrons if a two-electron 
transition is excited [101,102]. 
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Figure 5.8 Simulation of streaking of photoelectron wavepacket resulting from direct ionization compared to 
photoelectron wavepacket ejected as a result of a decay process.  (a) Temporal structure of direct 
wavepacket. (b) Temporal structure of delayed wavepacket, with decay timescale 7.5 fs. (c) Streaking 
spectrogram of wavepacket in (a). (d) Streaking spectrogram of wavepacket in (b). 
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5.3.2 Experimental measurements 

 Some examples of experimental streaking measurements are shown in Figure 5.9 and 
Figure 5.10.  A streaking measurement recorded using argon as the high harmonic generation 
medium and neon as the target gas is shown in Figure 5.9(a).  Figure 5.9(b) is the photoelectron 
spectrum from the XUV pulse only.  The reconstructed streaking spectrogram and attosecond 
pulse are shown in Figure 5.9(c) and (d).  The duration of the attosecond pulse is approximately 
115 as. 

 Figure 5.10 shows a streaking measurement recorded using krypton as the high harmonic 
generation medium and neon as the target gas (ionization potential of 21.56 eV).  Krypton is 
expected to produce photon energies up to ~30-40 eV, which agrees well with the range of 
photoelectron kinetic energies observed here.  Comparing to the simulated streaking 
spectrograms shown previously, it can be seen that there is a definite chirp in the attosecond 
pulse, as this measurement displays an asymmetry in time similar to that shown in Figure 5.4(b).  
There is also an obvious difference in the magnitude of the streak shift towards higher energy 
and the streak shift towards lower energy.  The reasons for this asymmetry and the challenges in 
reconstructing the attosecond pulse structure from this measurement are discussed further in 
section 5.4.   

 Streaking measurements with low photon energies can be very challenging to obtain due 
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to the small streak shifts of photoelectrons with small kinetic energies. Figure 5.11 shows an 
experimental measurement recorded with argon as the high harmonic generation medium as well 
as the target gas.  A Sn filter is used to filter the bandwidth of the XUV pulse.  The resulting 
photoelectron energies range from <1 to 10 eV.  The magnitude of the streak shift is very small, 
and increasing the NIR intensity creates a large background signal of low energy photoelectrons 
ionized by the NIR only, swamping the streaking signal. 

 Streaking can be used to characterize the NIR pulse as well as the XUV pulse.  The 
duration and structure of the NIR pulse can be estimated by reconstructing the streaking 
spectrogram.  Additionally, the NIR intensity used can be estimated from the maximum streak 
shift.  The motion of the ejected electron in the field of the NIR can be treated classically, and 
the magnitude of the streaking shift can be evaluated for a given detection angle and ionization 
time [103] as: 

 
𝛥𝐸 = 2𝑈! cos 2𝜃 sin! 𝜔!𝑡! + 𝛼 8𝐸𝑈! cos 𝜃 sin 𝜔!𝑡!  [36] 

 
where, as before, 𝑈! is the ponderomotive potential, 𝜃 is the detection angle, 𝜔! is the laser 
central frequency, and 𝑡! is the time at which the electron was ionized.  𝐸 is the original energy 
of the photoelectron.  The factor 𝛼 is given by 

 

𝛼 = 1−
2𝑈!
𝐸 sin! 𝜃   sin! 𝜔!𝑡!  

[37] 

 
The maximum streak shift toward higher kinetic energies occurs when the detection angle is 
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along the direction of the NIR polarization and the time of ionization is chosen such that 
sin 𝜔!𝑡! = 1.  The maximum shift is 

 
𝛥𝐸!"# = 2  𝑈! +    8𝐸𝑈! [38] 

 
Typical maximum streak shifts are several eV or greater.  For example, for a photoelectron with 
kinetic energy of 20 eV, the estimated maximum streak shift using an 800 nm field with intensity 
10!" W/cm2 is 3.3 eV.  For a photoelectron with kinetic energy of 100 eV, the maximum shift 
becomes approximately 7.2 eV. 

5.4 Difficulties in reconstruction of low photon energy streaking 
spectrograms 

 There are many challenges in successfully reconstructing an attosecond pulse from a 
streaking spectrogram.  Experimentally, the signal to noise of the data must be good and the time 
delay must be stable enough to take relatively small (typically ~100-200 as) delay steps so that 
the subcycle structure of the streak trace can be resolved.  These and other issues have been 
discussed in Ref. [95].  Here, some issues specific to reconstruction of streaking measurements 
performed at a relatively low photon energy (~20 eV) are discussed. 

 The NIR intensities used for streaking (typically 10!" − 10!" W/cm2) also can produce 
low energy photoelectrons.  These photoelectrons form a background that can overlap with a 
streak trace.  This background can be reduced by lowering the NIR intensity.  However, lowering 
the NIR intensity also decreases the magnitude of the streak shift.  Unfortunately, the only way 
to address this problem is to carefully choose the NIR intensity so that the background is 
relatively small but the streaking shift is still clearly visible.  For example, a NIR intensity 
estimated at 5x1011 W/cm2 was used to successfully reconstruct attosecond pulses centered at 20 
eV, as shown in Figure 5.11 [17]. 
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 A significant difficulty in reconstruction of low energy streaking spectrograms is the 
asymmetry of photoelectron streaking.  Considering streaking generally, there are several factors 
that contribute to this asymmetry.  First, the streak shift depends on the momentum of the 
photoelectron (as shown in equation [32]).  This dependence is removed using the central 
momentum approximation so the streaking spectrogram can be reconstructed using FROG 
methods.  For an attosecond pulse with a relatively narrow bandwidth, this approximation is 
valid.  However, the use of these methods requires that the streak shift at a given time delay is 
constant over the bandwidth of the photoelectron spectrum.  This requirement breaks down for a 
pulse with a bandwidth comparable to the magnitude of the streak shift.  For instance, the 
bandwidth of an attosecond pulse with duration 100 as centered at 50 eV is 19 eV.  For the 
easily-achieved NIR intensity of 5x1012 W/cm2, the maximum streak shift in one direction is 9 
eV, which results in a total streaking bandwidth of 18 eV.  Measuring pulses with durations 
around 100 as has already reached the limit of accuracy of FROGCRAB.  Alternate methods 
have been developed to reconstruct pulses with these broad bandwidths [104].   

 For an attosecond pulse with a narrower bandwidth, the central momentum 
approximation still becomes important at low photoelectron energies.  A pulse with 300 as 
duration has a bandwidth of ~6 eV.  Table 5.1 shows the streaking shift resulting from a NIR 
pulse with intensity 1012 W/cm2 for three different attosecond pulses with durations of 300 as, 
centered at photon energies of 20 eV, 50 eV, and 100 eV.  For the lowest energy pulse, argon 
(ionization potential 15.8 eV) is used as the target gas.  For the other pulses, neon (ionization 
potential 21.56 eV) is used as the target gas.  The degree of asymmetry between the maximum 
streaking shift of the photoelectrons with the lowest and the highest kinetic energies decreases 
significantly as the central photon energy of the pulse increases.  

 An asymmetry also arises because the streaking spectrogram is a function of energy 
while the streaking shift for a given field strength (or more accurately, vector potential) is a shift 
of the electron’s momentum.  The final momentum of the photoelectron is 

 𝑝! =   𝑝! − 𝑒𝐴 𝑡!   
𝑝! = 𝑝! + 𝛥𝑝 

[39] 

 
Depending on the time delay, the electron can be shifted towards the detector (which results in a 
faster arrival time, or shift towards higher energies) or away from the detector (which results in a 
slower arrival time, or shift towards lower energies).  For electrons with the same initial 

Attosecond pulse  
central energy 

Photoelectron energies 
produced 

Maximum streaking 
shift 

Streaking asymmetry 
𝜟𝑬! − |𝜟𝑬!|  

20 eV Emax 8 eV 𝛥𝐸! = 2.1 eV 1.0 eV 
Emin 2 eV 𝛥𝐸! = −1.1 eV 

50 eV Emax 32 eV 𝛥𝐸! = 4.1  eV 0.4 eV 
Emin 26 eV 𝛥𝐸! = −3.7 eV 

100 eV Emax 82 eV 𝛥𝐸! = 6.5 eV 0.2 eV 
Emin 76 eV 𝛥𝐸! = −6.3 eV 

 

Table 5.1 Streaking shifts for three attosecond pulses with the same duration but different central photon 
energies.  The NIR intensity is 1012 W/cm2. 
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momentum 𝑝!, the magnitude of the shift in kinetic energy varies depending on the direction of 
the shift because 𝐸!" ∝ 𝑝!.  An electron shifted towards higher energies acquires a shift in 
energy of 

 
𝛥𝐸!",! =

1
2𝑚!

𝛥𝑝! + 2𝑝!𝛥𝑝  [40] 

 
while an electron shifted towards lower energies acquires an energy shift given by 

 
𝛥𝐸!",! =

1
2𝑚!

𝛥𝑝! − 2𝑝!𝛥𝑝  [41] 

 
This can also be seen from equation [36], where the first term does not depend on the direction 
of the streaking but the sign of the second term is positive at the time delay with the maximum 
streak shift towards higher kinetic energies and negative at the time delay with the maximum 
streak shift towards lower kinetic energies.   For an electron with kinetic energy of 5 eV, and a 
NIR field with intensity 1012 W/cm2, the streaking shift towards higher energies is 1.7 eV, while 
the shift towards lower energies is -1.45 eV.  The streaking spectrogram would be slightly 
asymmetric even if the bandwidth of the attosecond pulse were extremely narrow.     

 The final source of asymmetry is the fact that photoelectrons cannot be shifted below 
zero kinetic energy.  If an attosecond pulse centered around 20 eV is used to perform streaking in 
argon (ionization potential 15.8 eV), photoelectrons with kinetic energies less than 5 eV are 
produced.  If the NIR intensity is high enough to shift these photoelectrons by a few eV, when 
the photoelectrons are shifted towards higher energies the new kinetic energies are easily 
measured.  However, converting arrival time at the detector to photoelectron kinetic energy gives 
kinetic energies above zero only, so when the photoelectrons are shifted towards lower energies 
there is a lower limit on the magnitude of the shift that can be observed.  This limitation also 
requires that a relatively low NIR intensity must be chosen in order to perform streaking 
measurements of low energy attosecond pulses.  
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Chapter 6  
 
Lifetime measurement of superexcited states 
in molecular nitrogen 
6.1 Superexcited molecular states 
 If a molecule interacts with a photon that has energy greater that the ionization potential 
of the molecule, the molecule can either be directly ionized or excited into a superexcited state, 
which is a neutral state located above the ionization potential.  These superexcited states are 
highly excited and can decay rapidly via multiple competing pathways [105].  The most 
prominent are autoionization or dissociation, but other pathways such as ion-pair formation are 
also possible.  These superexcited states are thought to be an important intermediate in 
atmospheric processes in the atmosphere [106,107] or in laboratory plasma physics 
experiments [108] that are initiated by absorption of a vacuum ultraviolet photon or by collision 
with an electron. 

 Because these superexcited states are above the ionization potential, they can typically 
decay rapidly by autoionization to an ionic state, ejecting an electron.  However, this decay 
pathway can also compete with predissociative pathways, leading to a competition between 
autoionization and predissociation that determines the total lifetime of the superexcited states. 

 The existence of a superexcited state in molecular nitrogen (N2) was first proposed by 
Wendin [109] in an attempt to explain a broad feature observed around 23 eV, in a region where 
no allowed single electron transitions could occur.  This state was proposed to be a doubly 
excited, non-Rydberg state with the configuration (3σg)(1πu)(1πg)2, where electrons are excited 
from the 3σg and 1πu orbitals into the lowest unoccupied molecular orbital, 1πg.  Additional 
doubly-excited neutral states of N2 (henceforth denoted as N2

**) have been identified 
experimentally in synchrotron measurements.  In experiments by Ukai et al. [110], N2 molecules 
were excited with photon energies between 20 and 38 eV and the fluorescence emitted by 
excited N fragments was detected.  Four broad features were observed underneath the expected 
vibrational progressions of Rydberg series converging on higher electronic states of N2

+.  These 
features were assigned to be doubly excited neutral resonances, in which two electrons are 
excited.  Similar broad features were observed in experiments by Erman et al. [111], in which 
fluorescence from N2

+ was detected.  The lifetimes of these states were also calculated, and the 
calculations predict autoionization lifetimes ranging from 600 as to 120 fs.  Other calculations 
predict autoionization lifetimes of tens of fs [112,113] for the superexcited states in the energy 
range 20 – 30 eV above the N2 ground state. 

 The only previous experiment that has attempted to measure the lifetimes of these states 
directly in the time domain was an XUV pump, NIR probe study of N2 performed by Strasser et 
al. [114].  In this measurement, the temporal resolution of the experiment put an upper bound on 
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the lifetime that could be measured experimentally: the lifetime of the N2
** states excited by the 

XUV pulse was determined to be less than 25 fs, but could not be measured directly. 

 Theoretical calculations performed by the LBNL AMO Theory group [115] found one 
doubly excited neutral state that could be accessed by one-photon excitation from the ground 
state of N2 and that was located below 24 eV in energy.  Calculated potential energy curves are 
shown in Figure 6.1. The calculated autoionization lifetime of the superexcited state is ~17 fs.  
Classical dynamics calculations performed using the calculated potentials predict a dissociation 
timescale of 18 fs.  If the superexcited state decays by both pathways, the total lifetime of the 
state would be expected to be approximately 9 fs.   

6.2 Experimental methods 
 The experimental design to measure the lifetimes of superexcited states in molecular 
nitrogen (N2) is shown in Figure 6.2.  The attosecond XUV pulse is used to excite the nitrogen 
target.  The N2 molecule can be directly ionized with a relatively high cross-section.  However, 
neutral superexcited states can also be excited.  These states can then decay via two competing 
pathways, autoionization and predissociation.  The autoionization process results in a molecular 
cation, N2

+, and a slow electron.  The predissociation products are two neutral nitrogen atoms, 
which can be in the ground state or in an electronically excited state.  Then, a time-delayed NIR 
pulse is used as a probe.  The NIR pulse can ionize the excited nitrogen (N*) fragments, and the 
resulting N+ signal is detected using a time of flight mass spectrometer.  The kinetics of the 
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decay pathways, which are not necessarily simple first order decays, will be discussed further in 
section 6.3. 

 The XUV pulse photons are filtered with a Sn foil, which transmits photon energies 
between 18 and 24 eV.  This narrowband filter limits the possible XUV pulse duration; the 
Fourier transform limit of the bandwidth is 200 as, but actual measured pulse durations are 
typically ~400 as (as shown in Chapter 5 of this work).  The peak transmission through the Sn 
filter is also small.  Typical thicknesses used are 200 or 300 nm, which have peak transmissions 
of 25% or 12.5%, respectively.  This is much lower transmission than the commonly used 
aluminum filters, which have peak transmissions of around 80%.  Despite the narrow bandwidth 
and the low transmission, the use of this filter is critical to block photon energies above 24 eV.  
The dissociative ionization potential of N2 is 24.4 eV [35].  Thus, excitation of the N2 target with 
the XUV spectrum alone cannot produce any N+ fragments, and measuring the N+ signal as a 
function of pump-probe delay is background-free.  This can be confirmed by comparing the mass 
spectra using a Sn filter to the mass spectra obtained when using an Al filter, which transmits 
photon energies above 20 eV.  A strong peak at mass to charge ratio (m/z) of 14 (corresponding 
to N+) is observed with the Al filter but not with the Sn filter. 

 The energies of several N* states relative to the ground state of N2 are shown in Figure 
6.2.  Ionization from the N*(4p), N*(3d), and N*(4s) states can occur with one photon of the NIR 
light (central wavelength ~780 nm).  However, ionization from the N*(3p) state is possible with 
two NIR photons.  All of these states are allowed by energetics as well as symmetry 
considerations [113,115].  Therefore, the total N+ signal could have components with different 

Figure 6.2 Experimental design to measure lifetimes of N2 superexcited states.  Left axis: photon energy, with 
bandwidth of Sn filter shaded in purple.  After some time τ , the superexcited states produce fragments N and 
N* (excited atomic nitrogen).  Right axis: ionization of N* with NIR pulse. 
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power dependences, and characterizing the power dependence of the N+ signal is important.  The 
NIR intensity ideally should be as low as possible in order to prohibit two-photon ionization 
from occurring, but some compromise must be reached between low NIR intensity and sufficient 
signal-to-noise.   

 A complementary measurement of the decay lifetime could be obtained if the change in 
the N2

+ signal as a function of pump-probe delay could also be measured.  However, due to the 
high cross-section for direct ionization of N2 by the XUV pulse, any change in this signal is 
difficult to detect on top of the large background. 

6.2.1 Mass spectrometer setup 

 A schematic of the ion time-of-flight mass spectrometry setup is shown in Figure 6.3(a), 
and a picture of the gas jet assembly, including the first electrode, is shown in Figure 6.3(b).  The 
mass spectrometry setup follows the design of Wiley and McLaren [116].  The plates have a 
diameter of 3 inches (plate P1) or 3.25 inches (plates P2, P3) and thicknesses of 1 mm.  There is 
a hole drilled through P2 and P3 with diameter 0.3 in.  The hole diameter is chosen to be large 
enough that the focused ion packet can easily pass through but otherwise as small as possible to 
act as a differential pumping stage before the flight tube. 

Figure 6.3 Mass spectrometry setup. (a) Schematic.  P1: plate 1, P2: plate 2, P3: plate 3.  Details explained in 
the text.  (b) Picture of jet assembly. 
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 The typical voltages applied to the plates are listed in Table 6.1.  The initial ion packet 
has some distribution in space and in velocity.  Ions with the same mass-to-charge ratio impinge 
on the detector with some spread in time, and the mass spectrometry setup is designed to 
minimize this spread [117].  These voltages can be slightly adjusted to optimize the experimental 
peak shape and width.  Additionally, in the ion configuration, a total voltage of 4.5 kV is applied 
to the high-voltage splitter before the MCP.  All connections on the MCP flange are grounded 
except D2 and D3, which are connected to VD2 and VD3 on the splitter, respectively.  Only the 
front MCP in the chevron stack is used to detect the ions.  The multichannel scalar card bin 
width is set to 8 ns in order to be able to measure a wide range of masses.   

 The plates and jet are installed by first attaching the spacer and P2 and P3 to the flight 
tube.  Then, the jet assembly is positioned underneath.  The height of the assembly is adjusted so 
the spacing between P1 and P2 is 4 cm.  The tilt of P1 should also be adjusted so that it is level 
(using a small level on top of the plate).  The assembly must be centered on the flight tube.  This 
can be accomplished by dropping a plumb weight (usually made out of thin wire or floss and a 
small nut) down through the hole in P2 and P3.  The XUV and NIR beams pass through the 
cutout in P1 (labeled in Figure 6.3), as the beam is focused slightly downwards by the multilayer 
mirror, so the cutout must also be oriented correctly with respect to the direction of laser 
propagation. 

 The diameter of the hole in the jet through which the target gas effuses is ~200 µm.  
Typical count rates with an attosecond pulse train using argon as the high harmonic generation 
medium and as the target with a pressure of ~100 Torr (measured in the sample line) are 1000-
2000 counts of Ar+ per second. 

 Calibration is accomplished simply by ionizing different gas targets with the XUV and 
fitting the time bins at which the resulting ions appear.  The kinetic energy of the ion is given by 

 
𝐸!" =

1
2𝑚𝑣

! =
1
2𝑚

𝑥
𝑡

!
 

[42] 

 
and the potential energy that the ion acquires from the field created by the electrodes is 

 𝐸! = 𝑞𝑉 [43] 
 
where 𝑞 is the charge on the ion and 𝑉 is the voltage.  Setting these quantities equal and 
rearranging gives the expression 

 𝑚
𝑞 =

2𝑉
𝑥! 𝑡! [44] 

Table 6.1 Typical voltages applied to electrodes in ion mass spectrometry setup. 

Plate Voltage 
P1 2.08 kV 
P2 1.95 kV 
P3 ground 
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which can be used to determine the mass to charge ratio of ions detected at various flight times.   

6.2.2 Use of helium as a reference signal 

 In order to accurately determine the experimental response and the position of zero time 
delay between the XUV and the NIR pulse, another system must be used as a reference.  Helium 
is chosen because the XUV pulse can excite the 1snp Rydberg states, which are very long lived 
compared to the experimental timescale.  Then, one NIR photon can ionize the 1s3p and higher 
Rydberg states.  The He+ signal as a function of pump-probe time delay is expected to take the 
form of an error function, as the XUV pulse is short enough that it can be assumed to be a delta 
function excitation and the NIR pulse envelope is reasonably approximated by a Gaussian 
function. 

 The helium can directly be mixed with the N2 target in order to record both data and a 
reference simultaneously.  A mixing bottle, which is simply an empty cylinder connected to the 
gas manifold, is used for this purpose.  The bottle is first filled to a low pressure of helium, then 
a high pressure of N2 is added.  The excitation cross-section for the helium Rydberg states is very 
high, so only a small percentage of helium is required in order to clearly see the He+ pump-probe 
signal (typical helium percentages range from 5% to 10%).  The gas cylinders are then closed.  A 
line regulator is used after the mixing bottle to keep a constant flow of the He/N2 mixture while 
the experiment is running. 

 A typical signal and fit are shown in Figure 6.4.  The rise time is fit to an error function to 
give an estimated NIR pulse duration of 8 fs, which roughly agrees with streaking and SPIDER 
measurements.   
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6.3 Preliminary results 
 The superexcited N2

** molecules can decay by two competing pathways.  Each of these 
pathways has a characteristic decay rate.  The actual decay process could be complicated, 
because the autoionization probability depends on the bond length, so as the molecule is 
predissociating that autoionization probability is also changing.  This will be addressed further 
later in this section.  First, a simple model in which each pathway follows a first order decay will 
be discussed.  The overall rate of decay of the N2

** is given by 

 𝑑 𝑁!∗∗

𝑑𝑡 = −
1
𝜏!
+
1
𝜏!

𝑁!∗∗  
[45] 

 
where 𝜏! is the timescale of autoionization and 𝜏! is the timescale of predissociation.  Integrating 
this equation gives an expression for the N2

** population that is an exponential decay with a 
lifetime of 

 
𝜏!"!#$ =

1
𝜏!
+
1
𝜏!

!!

  

𝜏!"!#$ =
𝜏!𝜏!
𝜏! + 𝜏!

 

[46] 

 
If one pathway is much faster than the other (for example, if 𝜏! ≪ 𝜏!), that decay channel is 
dominant and the total decay rate simplifies to just the decay rate of that pathway.  

 The preceding expressions deal with the lifetime of the N2
**, which is the desired quantity 

to be measured.  However, the signal that is measured is N+, which is produced by ionizing N* 
atoms.  The N* appearance rate is given by 

 𝑑 𝑁∗

𝑑𝑡 =
1
𝜏!

𝑁!∗∗  
[47] 

 
Substituting the expression for the N2

** population into equation [47] gives the following result 
for the N* population: 

 𝑑 𝑁∗

𝑑𝑡 =
1
𝜏!

𝑁!∗∗ !𝑒
! !
!!
! !
!!

!  

𝑁∗ 𝑡 =   
1
𝜏!

𝑁!∗∗ !
1
𝜏!
+
1
𝜏!

1− 𝑒!
!
!!
! !
!!

!  

[48] 

 
which assumes the initial N* population is zero, because no N* fragments are produced until after 
some of the initially excited N2

** have decayed.  The rate measured through detecting N+ is the 
total decay rate, or the sum of the rates of decay of the two competing pathways.  The rates of the 
individual pathways cannot be measured separately by detecting ion products alone. 

 The measured signal is actually a convolution of the above expression with the 
instrumental response function.   The NIR pulse is assumed to be a Gaussian and the XUV pulse 
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is assumed to be a delta-function-like excitation (e.g. it is much shorter than the NIR pulse or any 
of the decay timescales).  Assuming a functional form for the NIR pulse of 

 
𝑓(𝑡) = 𝑒!

!!
!! 

[49] 

 
and for simplicity, defining a total rate constant 𝑘 = !

!!
+ !

!!
, the final functional form of the 

N+ signal becomes 

 
𝑁∗ 𝑡 = 𝑁!∗∗ 0

𝜋𝜎𝑘
2𝜏!

1+ erf
𝑥
𝜎 − 𝑒!!"!

!!!!
! 1+ erf

𝑥
𝜎 −

𝑘𝜎
2  

[50] 

 
where erf 𝑥  is the error function.  Simulated N+ signals are plotted in Figure 6.5.  As the 
lifetime of the superexcited state approaches zero, the signal approaches the error function 
expected from the He+ reference signal.  As the lifetime of the superexcited state increases, the 
N+ signal increases over a longer timescale.  Additionally, the onset of the N+ signal is delayed 
relative to the reference.  

 A slight modification to this behavior should occur because the probability of 
autoionization depends on the distance between the nitrogen atoms in the excited molecule.  
Figure 6.6 shows the calculated autoionization width (which is the inverse of the autoionization 
lifetime) for the theoretically predicted N2

** state [115].  As the molecule moves along the 
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repulsive potential energy curve shown in Figure 6.1, the probability of autoionization 
dramatically lowers once the geometry is sufficiently different from that of the N2

+ states.  The 
population of the N2

** state at first decays exponentially with a time constant corresponding to 
the total lifetime.  However, after a certain time, when the bond length has increased, the decay 
only proceeds by dissociation and the time constant of the exponential changes.  How much this 
behavior changes the measured N+ signal depends on the relative timescales of the autoionization 
and predissociation pathways.  The effect would likely be relatively small experimentally, but 
important because it would indicate how the predissociation process affects the decay by 
autoionization.   

 Several representative data sets, representing the range of signals observed in all 
measurements, are shown in Figure 6.7.  The He+ signal is consistent across each of the data sets, 
always appearing as an error function with a similar rise time.   However, the N+ signal varies 
significantly.  In Figure 6.7(a), the N+ signal exhibits a peak slightly after time zero that then 
decays to a plateau.  Longer scans reveal that this plateau value remains constant for several 
hundred fs.  A similar structure is visible in Figure 6.7(b), but with a less pronounced initial rise.  
Finally, in Figure 6.7(c), no initial peak is visible.  Possible sources of this initial rise are 
discussed in section 6.4. 

 In each data set, the rise of the N+ signal tracks the rise of the He+ signal very closely. 
The data shown in Figure 6.7(c) is the average of 8 data sets, and the shaded vertical lines 
connect values plus/minus one standard deviation from each data point.  Although the average 
N+ signal (solid line) appears to rise slightly earlier than the He+ signal, when the noise in the 
data is considered, the rise times are indistinguishable.  

1.8 2 2.2 2.4 2.6 2.8 3
0

0.0005

0.001

0.0015

0.002

16 fs

24 fs

48 fs

17.5 fs

12 fs

N2 equilibrium
bond length

au
to

io
ni

za
tio

n 
w

id
th

 / 
au

N-N distance / bohr

corresponding
autoionization

lifetime / fs

Figure 6.6 Theoretical autoionization width for N2
** state [115].  Corresponding autoionization lifetime is 

marked on the left in red.  Grey dashed line: N2 ground state bond length. 



 

 83 
  

7

5

3

1

 H
e

+
 r

e
la

ti
v
e
 c

o
u

n
ts

-40 -20 0 20 40

NIR-XUV delay / fs

1.8

1.4

1.0

 N
+ r

e
la

tiv
e
 c

o
u

n
ts

 
 

 

(a)

(b)

-40 -20 0 20 40

NIR-XUV delay / fs

 N
+ r

e
la

tiv
e
 c

o
u

n
ts
 H

e
+
 r

e
la

ti
v
e
 c

o
u

n
ts

2.0

1.0

1.5

1.1

1.3

1.4

1.2

1.0

(c)

-40 -20 0 20 40

NIR-XUV delay / fs

 H
e

+
 r

e
la

ti
v
e
 c

o
u

n
ts

 N
+ r

e
la

tiv
e
 c

o
u

n
ts

4

3

1

2

1.0

1.8

1.4

2.2

He+

N+

He+

N+

He+

N+

2.2

Figure 6.7 Representative He+ and N+ pump-probe results.  Blue: He+ signal (left axis), red: N+ signal (right 
axis).  (a) Measurement from 5/25/2011.  Integration time per data point: 50 s, NIR power: 70 mW (before 
vacuum chamber), HHG medium: Ar.  (b) Measurement from 9/28/2011.  Integration time per data point: 
100 s, NIR power: 3.5 mW (before vacuum chamber), HHG medium: Kr.  (c) Measurement from 9/21/2011.  
Integration time per data point: 30 s (8 scans averaged), NIR power: 11 mW (before vacuum chamber), HHG 
medium: Kr.  Blue and red vertical lines: standard deviation of He+ and N+ data. 



 

 84 

 The indistinguishable rise times between the He+ and N+ signals suggest several 
possibilities.  One interpretation is that the lifetime of the states excited is shorter than the 
temporal resolution of the experiment.  Here, the NIR pulse duration is the limiting factor, and 
this is discussed further in section 6.4.  Another possibility is that the N+ signal comes from 
dissociative ionization of excited N2 (whether in a superexcited state or a Rydberg state 
converging to an excited state of N2

+).  In previous experiments, this possibility was ruled out by 
scanning the XUV photon energy [114].  Excitation with the 15th harmonic (central photon 
energy of ~23 eV) resulted in N+ pump-probe signal, while no N+ pump-probe signal was 
observed after excitation with the 13th harmonic (~20 eV).  With the broadband isolated 
attosecond pulse, such a comparison is not possible.  However, this would be more easily 
addressed by performing transient absorption measurements, in which features corresponding to 
specific states could be separately monitored.  This possibility is discussed further in section 6.5. 

6.4 Complications in interpretation of results 
 The initial measurements were performed using the time-of-flight mass spectrometer 
only.  Optimization of the XUV spectrum was based on obtaining the maximum N2

+ signal, as 
there was no capability to measure the XUV spectrum in this experimental configuration.  
However, later investigation of the spectral shapes resulting from optimization of count rate only 
revealed that often this optimization procedure resulted in a modulated spectrum, indicating that 
a pulse train rather than a well-isolated pulse was produced.  Subsequently, a gold mirror was 
added to pick off the XUV beam before the focusing mirror (for details, see section 2.3.1 of this 
work) so that the XUV spectrum could be measured.  One challenge in using the Double Optical 
Gating technique is that the spectral distribution of the most continuous XUV spectrum is 
extremely sensitive to many parameters of the input laser pulse and can vary significantly from 
day to day.  This variation in the spectrum was initially thought to explain the drastic differences 
in N+ pump-probe signals between different measurements.  However, no correlation could be 
made between attosecond pulse spectral shape and observed N+ pump-probe signal.  Figure 6.8 
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shows two DOG spectra, recorded just before performing a pump-probe measurement.  The 
spectra are comparable in peak counts, but are rescaled to compare the shape of the spectra more 
clearly.  A very small difference in XUV spectral distribution results in no observation of N+ 
pump-probe signal.  The XUV spectrum can easily fluctuate during a measurement, as well, and 
these changes were not observed as the spectrometer configuration allowed the spectrum to be 
recorded before and after measurements, but not during the measurement. 

 Spectral phase shaping of the XUV pulse can also be observed if the target gas pressure is 
too high.  These pulse shaping effects were first described by Strasser et al. [15].  If there is a 
strong absorption feature in the gas target, the XUV pulse experiences dispersion while passing 
through the gas sample.  The photons on-resonance are absorbed, while the components of the 
pulse that are off-resonance become chirped.  The temporal structure of the XUV pulse can be 
significantly modified with relatively small gas pressures.  This pulse shaping affects the 
population of excited He atoms, and thus the observed He+ signal.  The He+ signal displays 
oscillations over a long timescale.  On the timescale of the experiments described here, for which 
data were acquired until NIR-XUV delays were at most several hundred fs, the He+ signal 
appears to rise at time overlap and then quickly decay, eventually reaching a plateau.  Figure 
6.9(a) shows calculated He+ pump-probe signals for several He pressures (represented by the 
optical thickness, 𝛼).   For comparison, several experimental measurements are shown in Figure 
6.9(b).  The transient He+ signal around time overlap is observed clearly in the experimental 
measurements. 

 This additional structure complicates analysis of the data.  It is easily observed in the He+ 
measurements, due to the strong 1snp resonances below 24 eV, and makes extraction of the 
experimental response function more difficult.  Lowering the He pressure present in the target 
region can reduce or eliminate the pulse shaping effects, allowing the experimental response 
function to be determined accurately. 

 A similar shape could sometimes be observed in the N+ measurements.  This shape could 
arise from similar pulse shaping effects.  However, this shape could also arise from additional 
processes that can occur when the NIR and XUV pulses are overlapped.  For instance, the N2

** 
could be dissociatively ionized by the NIR to produce N+ fragments.  Adding the expected signal 
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from the ionization of N* to the signal from dissociative ionization of the N2
** can result in a 

pump-probe signal that appears similar to the result of pulse shaping, as shown in Figure 6.10(a).  
Depending on the probability of dissociative ionization, the N+ pump-probe signal can also 
appear to just be an error function which would exactly follow the He+ signal, as shown in Figure 
6.10(b).  In some measurements, the presence of a large peak around time overlap was shown to 
clearly depend on NIR intensity, corroborating the possibility that this peak arises from 
dissociative ionization of N2

**. 

 The main theoretical limitation on the lifetimes that can be measured comes from the 
duration of the NIR pulse.  If the NIR pulse is much longer than the lifetime, the difference 
between the He+ reference signal and the N+ signal becomes indistinguishable.  With a 7 fs NIR 
pulse, as shown in Figure 6.5, if the N2

** state lifetime is 10 fs the N+ signal is still 
distinguishable from the reference (in this theoretical example, which does not include noise).  
However, if the N2

** state lifetime is shorter, the signal becomes difficult to distinguish from the 
reference.  Alternately, if the NIR pulse is longer, the lower limit on the lifetimes that can be 
accurately measured increases.  Experimental signal-to-noise ratios and choice of time delay step 
add further constraints on the lifetimes that can be measured. 

 The NIR power dependence of the measurement is also critical.  With NIR photon 
energies of approximately 1.5 eV, the N* atoms can be ionized with either one or two photons, 
depending on which N* state is produced.  The rise time of a signal from a two-photon process is 
expected to be shorter than that coming from a one-photon process.  If the measured signal is a 
combination of one- and two-photon processes, information about decay timescales cannot be 
accurately extracted unless the relative contributions of each process are known.  To simplify the 
experiment, the NIR intensity can be lowered so that two-photon ionization is not possible.  
However, lower NIR intensity results in lower signal-to-noise in the measurement, requiring 
increased integration times.  Additionally, measuring the power dependence of the N+ signal 
leads to inconsistent results.  The power dependence is measured by fitting the logarithm of the 
signal to a linear function of the logarithm of the NIR power.  Then, the slope of this function is 
the order of the process (e.g. a slope of 1 is expected for a one-photon process).  Measurements 
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of the dependence of the N+ signal on the NIR power resulted in slopes ranging from 0.5 – 1.2, 
varying significantly from day to day.  This may be due to small changes in the NIR beam 
pointing and the overlap of the NIR and XUV in the interaction region, such that linearly 
scanning the power of the NIR beam outside the vacuum did not result in a linear change in 
intensity in the interaction region. 

6.5 Outlook 
 Several improvements can be proposed for this experiment.  Accurately determining the 
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power dependence of the pump-probe signal is critical to extract the instrumental response and 
lifetimes.  The NIR pulse can ionize the excited He and N atoms with one or two photons, and 
measurements of the power dependence are inconsistent.  However, a UV probe pulse can be 
used instead.  The energetics of the NIR and UV probe pulses are compared in Figure 6.11.  
Using a UV probe pulse, ionization of the excited He and N atoms would also always be a one-
photon process, removing one complication from the experimental measurements. 

 The compact interferometer setup (as described in section 2.2 of this work) allows the 
second harmonic of the NIR pulse to easily be generated.  The scheme is shown in Figure 6.12.  
First, the polarization direction of the outer (probe) arm is rotated by a half-wave plate installed 
in the interferometer.  Then, this pulse can undergo second harmonic generation in the BBO that 
is present before the HHG cell.  The resulting temporal structure of the outer arm is the residual 
NIR probe pulse plus the second harmonic (approximately 400 nm).  This scheme has been used 
to perform photoelectron streaking [17].  In that configuration, the residual NIR probe was not 
separated from the UV pulse, and both pulses interacted with the target.  The presence of two 
pulses in the interaction region would complicate a pump-probe measurement.  However, the 
NIR pulse can be completely blocked by replacing the fused silica plate with a coated MgF2 
plate.  The wavelength dependence of the coating and the outer arm spectrum after the second 
harmonic is generated are shown in Figure 6.13 (coating from Acton Optics).  The NIR pulse is 
completely reflected, while the UV pulse around 400 nm is transmitted.  For a pulse around 400 
nm central wavelength, the dispersion from the MgF2 plate is also less than that of fused silica, 
resulting in an estimated UV pulse duration of approximately 21 fs.  This probe pulse would still 
be short enough for useful measurements, and would ensure that the observed He+ and N+ signals 
were always a result of a one-photon process. 
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 Transient absorption experiments have proven to be a successful application of the 
broadband attosecond pulse spectrum.  While performing transient absorption measurements, the 
spectrum of the XUV pulse would be constantly monitored and could be compared across 
measurements.  Preliminary measurements have shown that the transient absorption apparatus 
described in Chapter 2 of this work can be used to record N2 absorption spectra in which the 
vibrational levels of the Rydberg series converging to higher excited states of N2

+ can be clearly 
resolved.  However, the superexcited state absorption features appear as broad peaks underneath 
the vibrational progressions, which are hard to monitor because determining the width of the 
peak is difficult.  Also, fluctuations in the XUV spectrum contribute to changes in the 
background, which are hard to distinguish from changes in the broad absorption features.  
However, a transient absorption experiment would allow only those features corresponding to 
the superexcited state to be monitored, and therefore is a promising direction for this type of 
experiment. 
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