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Abstract

We review the first ten years of attosecond science with a selection of recent
highlights and trends and give an outlook on future directions. After intro-
ducing the main spectroscopic tools, we give recent examples of representa-
tive experiments employing them. Some of the most fundamental processes
in nature have been studied with some results initiating controversial discus-
sions. Experiments on the dynamics of single-photon ionization illustrate
the importance of subtle effects on such extreme timescales and lead us to
question some of the well-established assumptions in this field. Attosecond
transient absorption, as the first all-optical approach to resolve attosecond
dynamics, has been used to study electron wave packet interferences in he-
lium. The attoclock, a recent method providing attosecond time resolution
without the explicit need for attosecond pulses, has been used to investi-
gate electron tunneling dynamics and geometry. Pushing the frontiers in
attosecond quantum mechanics with increasing temporal and spatial resolu-
tion and often limited theoretical models results in unexpected observations.
At the same time, attosecond science continues to expand into more complex
solid-state and molecular systems, where it starts to have impact beyond its
traditional grounds.
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1. INTRODUCTION

2011 marks the tenth anniversary of attosecond science (1 as = 107'% ). This research field
was born with the first successful generation of ultrashort pulses of light (extreme ultraviolet,
or XUV light, to be precise) with subfemtosecond duration (1, 2). Immediately following their
availability, these pulses were applied to time-resolved studies of systems with transients of a few
femtoseconds or less. But what dynamics do take place on an attosecond timescale? The orbital
period of an electron in ground-state hydrogen in Bohr’s model amounts to 150 as. The attosecond
is thus the typical timescale for electronic motion on an atomic scale. The much higher inertia
of atomic nuclei prevents them from exhibiting similarly fast dynamics under normal conditions.
Their vibrational period in molecules is typically on the order of tens of femtoseconds and above.
Femtosecond pulses are sufficiently short to enable taking molecular snapshots with the motion
of the nuclei being frozen in most molecular systems (3). Attosecond pulses, on the other hand,
permit snapshots of electronic motion.

The advance of time-resolved methods into the attosecond domain allows the experimentalists
to ask entirely new questions. How long does it take to remove an electron from an atom or
molecule (4-6)? How do the molecular orbitals rearrange after the sudden removal of an electron
(7)? How and how fast do the electrons adapt to the moving potential landscapes during a chemical
reaction? And a much more general and fundamental question: When is instantaneous a valid
concept, and for what processes does such an assumption break down?

Some of the early experimental highlights in attosecond science include the lifetime measure-
ment of inner-shell vacancies in Kr atoms (8), the direct sampling of the optical waveform of an
ultrashort optical pulse in the time domain (9), the time-resolved observation of laser-induced
tunnel ionization in atoms (10), and the recording of electron dynamics during photoemission
from a tungsten surface (11). Throughout this first decade, the generation of attosecond pulses
and their application to time-resolved studies have remained challenging. Even today, rather few
research groups have a working attosecond spectroscopy setup in their laboratory.

In parallel to the development of methods employing single attosecond pulses to achieve the
desired time resolution, alternative techniques yielding access to the attosecond domain have
been devised. Core-hole clock spectroscopy was used to resolve the electron transfer from a
sulfur adsorbate to a ruthenium surface (12). The so-called attoclock, on the other hand, utilizes
the strong-field ionization induced by a nearly circular polarized laser pulse in combination
with angle-resolved fragment detection to achieve the desired temporal resolution (13), whereas
strong-field interactions with linearly polarized pulses were used to study proton dynamics in
hydrogen and methane molecules (14). Interferometric techniques employing trains of closely
spaced attosecond pulses not only reveal information about dynamics but also give access to
quantum mechanical phase (5, 15).

These examples represent only a small selection of the work published during the first decade
of attosecond science. However, they give an excellent cross-section of the topics of interest during
these first years and show the promise that the field holds for addressing new questions in physics
and chemistry. Indirectly, they also tell us what problems cannot yet be addressed by attosecond
science and lead us to some of the major questions for the next decade in this area of research. From
the point of view of enabling technology, we need to find spectroscopic techniques that can be more
easily applied to more general systems. Many of the previous experiments were rather governed
by the need to find suitable systems that can be studied with a given approach than the other way
round. Simultaneously, the generation of attosecond pulses must become easier to allow a wider
group of researchers to gain access to attosecond tools. From the point of view of science, two major
directions drive research in the field on the threshold of its next decade. On one side, there is a great
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effort to extend attosecond science to more complex molecular or solid-state systems. On the other
side, attosecond tools now allow the experimenter to investigate some of the most fundamental
aspects in physics and chemistry and even to question some long-standing assumptions.

Several excellent review articles have been written about attosecond science in the past (16-22).
In this paper, we thus focus on the major trends and developments during the last few years. It
is our goal to provide a self-contained and self-consistent view of the field. Partial overlap with
previous articles is thus unavoidable but is kept at a minimum. Our reference point is an earlier
article on attosecond electron dynamics by Kling & Vrakking (21) that appeared in 2008 in the
Annual Review of Physical Chemistry.

Our paper is organized as follows: In the next section, we give an overview on the experimental
tools in attosecond science. As they have been described in detail in other review articles, we
only briefly cover the generation of attosecond pulses and the traditional attosecond spectroscopy
techniques. We emphasize two new techniques that have emerged in recent years. One is the
so-called attoclock that achieves attosecond resolution and timing accuracy without the need for
attosecond pulses (13). The other is attosecond transient absorption spectroscopy (23-25), which
is a very well-established method in other regions of the electromagnetic spectrum and/or on
longer timescales. The power of this all-optical approach is illustrated with an experiment on
interfering, transiently bound electron wave packets in helium.

After introducing the attosecond spectroscopy tools, we review recent progress on hot topics
in the field. Attosecond science has begun to ask more and more fundamental questions. One
such question that recently raised particular attention is, How long does it take to remove an
electron from an atom? This question has been addressed with different techniques and for various
ionization processes. Experiments discussed in more detail also demonstrate the power of the
attoclock technique. We then conclude with an outlook on future perspectives.

2. ATTOSECOND SPECTROSCOPY TECHNIQUES

Strong-field laser matter interactions are an ingredient of every present attosecond experiment
in one way or another. Strong field usually refers to laser peak intensities on the order of 10~
10" W em™2. Such intensities correspond to the electrical field that represents an ultrashort
laser pulse reaching field strengths comparable to inner-atomic fields. As a result, the laser field
becomes capable of ionizing atoms even if the photon energy amounts to only a small fraction of
the ionization potential. The upper limit to the intensity range defining the strong-field regime
is usually given by the onset of relativistic effects in the laser-matter interaction. Although the
generation of rather energetic attosecond pulses is also predicted for the relativistic regime (26—
28), we restrict our discussion to the nonrelativistic case.

Itis clear that with such high field strengths, the laser field cannot be considered a perturbation
to an atom or molecule anymore. A prototype physical process that occurs under such conditions
is high-harmonic generation (HHG) (29-34). In HHG, an intense laser beam is focused into
an atomic or molecular gas target. The electric field inside the laser pulse is strong enough to
ionize the target gas. The liberated electron is subsequently accelerated in the laser field. As the
oscillating electric field vector of the laser pulse reverses its direction, the electron is slowed down
and eventually driven back to its parention. The electrons that return to their ion may recombine
with finite probability. Upon recombination, excess kinetic energy is emitted as an energetic
photon. This simple quasi-classical description of the process is known as the three-step model
and was originally introduced in 1993 by Corkum (33). It is schematically depicted in Figure 14.

When looking at the classical trajectories of the electrons in the external electric field of the
driving laser pulse, one finds that electrons released between the zero-crossing and maximum

www.annualreviews.org o Attosecond Science: Recent Highlights and Future Trends

Attosecond transient
absorption:
measurement
technique using
attosecond pulses to
probe induced changes
in optical absorption

HHG: high-harmonic
generation

449



Annu. Rev. Phys. Chem. 2012.63:447-469. Downloaded from www.annualreviews.org

by 212.35.14.31 on 04/06/12. For personal use only.

Attosecond pulse
train (APT):
generation of multiple
attosecond bursts of
radiation per driving
infrared laser pulse

Isolated attosecond
pulse (IAP):
generation of one
attosecond burst of
radiation per driving
infrared laser pulse

450

a Step 1 Step 2 Step 3

"

Tunnel ionization Acceleration in laser field Recombination

—_— -
b -~ ~. € trajectories

Time

E-field

Figure 1

High-harmonic generation (HHG). (#) The semiclassical three-step model of HHG. The atom is ionized by
the strong laser field (step 1). The liberated electron is subsequently accelerated in the oscillating field (step
2). Some electron trajectories recollide with the parent ion. Recombination may occur with the emission of a
high-harmonic photon (step 3). () Classical electron trajectories of the liberated electron in the external
laser field. Only trajectories leaving the atom during the first quarter-cycle after a field maximum recollide.
The color code of the trajectories illustrates the recollision energy of the electron, with blue representing the
highest (so-called cut-off) energy.

amplitude of the field never return to the parention. Those electrons do not contribute to HHG.
Electrons freed between the field maximum and its next zero-crossing, however, return to the
parent ion and may recombine (Figure 15). The actual trajectory and the energy gained by the
electron depend on its release time. This temporal confinement of HHG results in an attosecond
temporal structure of the emitted pulses of high-harmonic radiation.

There are two important regimes for attosecond pulse generation. If long pulses (i.e., pulses
lasting many oscillation cycles of the electrical field) are used to drive the HHG process, a train
of attosecond pulses is created (1). This is because the process described above and depicted
in Figure 1 is periodically repeated for each half-cycle of the electric-field oscillations. The
attosecond pulse train (APT) therefore consists of pulses separated by half the oscillation period.
On alonger timescale, the APT follows an envelope that is somewhat shorter than the driving laser
pulse. The quasi-periodic structure of the APT results in a comb of evenly spaced odd harmonics
of the original laser frequency in the spectral domain.

If the three-step process can be limited to a single occurrence during a driving laser pulse,
the regime of single or isolated attosecond pulse (IAP) generation is reached (2). Because of the
missing periodicity, the spectral signature of isolated attosecond pulse production is a continuum
of emitted photon energies. The high-harmonic emission can be constrained to a single half-cycle
of the laser pulse by applying an appropriate gating mechanism. The most straightforward and
oldest approach is to use the shortest possible laser pulse (2). In this case, the laser pulse needs
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to be short enough to contain only one half-cycle that reaches sufficiently high field strength to
create the high-harmonics of interest. Not only the first isolated attosecond pulses but also the
shortest pulses to date have been generated with this method (35). 3.3-fs laser pulses at a center
wavelength of 720 nm (1 cycle = 2.4 fs) were used to produce 80-as pulses centered at a photon
energy of ~80 eV. However, because the generation of such intense near-single-cycle laser pulses
poses a major challenge, alternative approaches to IAP production have been devised that lead to
considerably relaxed constraints on the driving laser. Because the recollision step of the three-step
model can occur for only linear or very close to linear laser polarization, a clever polarization
modulation scheme can be used to limit the high-harmonic emission to a single recollision event
(36, 37). Combining this technique with an additional modulation of the electric-field oscillations
by admixing the second-harmonic of the laser field has led to the generation of IAP from laser
pulses as long as 28 fs (38). Another effect that can be used to limit high-harmonic emission to
a single half-cycle is the depletion of the generating medium. If the instantaneous laser intensity
reaches above a certain value, most of the gas in the target volume will be ionized and thus cannot
participate in the three-step process anymore. Already at lower intensities, the creation of free
electrons can dephase the high-harmonic radiation from the driving laser pulse and effectively
shut off HHG. The corresponding ionization gating technique is another approach that has led
to the successful generation of IAP (39, 40). The most energetic isolated attosecond pulses to date
with a pulse energy of 2.1 nJ on target, a duration of 155 as, and a center photon energy of ~25 eV
have also been generated with this method (41).

How can we apply these pulses to resolve attosecond dynamics? The traditional way in ultrafast
spectroscopy in the femtosecond domain is the pump-probe approach. The pump pulse initiates
a process, whereas the probe pulse measures the induced change in an optical observable after
a certain delay with respect to the pump. If the physical effect being studied is repeatable, one
can observe the full dynamics of the system by scanning the delay between the two pulses. The
origin of the signal must be at least a two-photon process as the measured signal depends on both
the pump and the probe pulse. To make maximum use of the temporal resolution offered by the
ultrashort pulse, one usually derives the pump and the probe from the same initial laser pulse,
thereby assuring perfect synchronization. If the pump-probe signal indeed results from a two-
photon process, then the instantaneous signal power depends on the square of the instantaneous
laser power (or of a higher power for a higher order process). Can this traditional scheme be
transferred into the attosecond domain? A simple signal-level consideration shows why this is
not presently possible (42): Pump-probe spectroscopy in the femtosecond domain is typically
performed with nanojoule pulse energies at 100 MHz repetition rates. In attosecond science, we
have access to only nanojoule pulse energies at repetition rates on the order of 1 kHz. This fact
alone already results in a drop of signal levels by five orders of magnitude. But even worse, cross-
sections for multiphoton interactions in the XUV spectral region where the attosecond pulses are
located are considerably lower than in the visible or near-infrared (IR), where the femtosecond
lasers operate. As a result, today’s methods of choice that rely on attosecond pulses to achieve
temporal resolution use the interaction of a strong, femtosecond visible/near-IR laser field with
the attosecond pulse in the target. The intense femtosecond beam boosts signal levels in this
two-color scheme to acceptable levels.

Below, we give a detailed description of the most successful attosecond spectroscopy techniques
in use today. Figure 2 gives a schematic overview of the three methods being discussed. The
attosecond streak camera using a linearly polarized laser pulse in conjunction with the attosecond
pulse is the oldest approach (2, 43). We also describe closely related (in terms of experimental
setup) methods that are employed in experiments with APTs (1, 15, 44, 45). As pointed out in
the introduction to this review, both APTs and IAPs have been used to investigate attosecond
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Schematic functional principle of the presently most common attosecond spectroscopic techniques. (#) Attosecond streak camera.
Interaction with a streaking laser field (or vector potential) maps electron wave packets created at distinct times to different final
energies or momenta. The RABBITT technique can be understood in the time domain as a periodic version of this process.

() Attoclock. Through interaction with a nearly circular polarized laser field, events separated in time are mapped to different angles in
the final momentum distribution. (c) Attosecond transient absorption. A pump pulse modifies the absorption properties of the sample.
These modifications are probed with the attosecond pulse as a function of photon energy and delay with respect to the pump.
Abbreviation: RABBIT'T, reconstruction of attosecond harmonic beating by interference of two-photon transitions.
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dynamics in various systems. Alternative schemes relying solely on strong-field interactions to
achieve attosecond time resolution have also been demonstrated. A rather recent member of
this category is the attoclock, or attosecond angular streaking (13), which is capable of resolving
attosecond dynamics without requiring attosecond pulses. Even more recent is the first generally
applicable all-optical approach to attosecond time-resolved spectroscopy. In 2010, the transient
absorption technique that is well established in the femtosecond domain has been transferred to
attosecond science (23-25). With transient absorption, one detects the probe beam transmission
through an optical medium as a function of pump-probe delay.

2.1. Attosecond Streak Camera and Related Approaches

The attosecond streak camera concept was initially introduced for characterizing isolated attosec-
ond pulses (2, 43). Soon thereafter, the same approach was applied to perform actual time-resolved
spectroscopy experiments [see, e.g., (4, 6, 8-11, 13)]. The principle of streaking can be divided into
two individual steps. In a first step, an initially bound electron is near-instantaneously liberated,
e.g., by anisolated attosecond pulse. In the second step, it is accelerated by the streaking laser field.
The streaking dynamics can very often be treated semiclassically. For the attosecond streak camera,
a linearly polarized laser field (typically in the IR spectral region) is used both as the streaking field
and as the generation field for the attosecond pulse. This assures perfect synchronization between
the two pulses. The detected electron momentum (or energy) distribution experiences a shift that
depends on the relative timing between the liberation event and the laser pulse. Thereby, time
is mapped to momentum or energy. If recorded over a range of delays, one essentially measures
a cross-correlation between the created electron wave packet and the electric field of the laser.
As this measurement depends on the electric field of the pulse rather than its envelope, one at-
tains subfemtosecond resolution despite cross-correlating with a multifemtosecond pulse. Under
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suitable conditions, one can then extract information about the dynamics of the system under study
from these cross-correlation data. Usually, one analyzes the streaking traces at different electron
energies. A phase shift between the streaking traces recorded at two given electron energies (e.g.,
corresponding to two different initial atomic or molecular states) can be interpreted as a time delay
in emission of the electrons from the target. For a more detailed description of the attosecond
streak camera, the reader is referred to one of the earlier reviews on attosecond science (e.g., 21).

The experimental implementation of the attosecond streak camera for a given system to be
investigated can be rather challenging—in addition to the significant difficulties already involved
in the generation of isolated attosecond pulses. The streaking field can generate a significant
background signal through above-threshold ionization. It is often tedious work to find proper
operation parameters that allow extracting the actual streaking signal from such a background.
This is usually all the more demanding the smaller the energy of the electrons one wishes to detect
and the lower the ionization threshold of the target.

Concepts very similar to the attosecond streak camera in terms of the underlying physics and
experimental setup are also used with APTs. Reconstruction of attosecond harmonic beating by
interference of two-photon transitions (RABBITT) (1, 44) is a measurement technique that is
specialized on the characterization of APTs. In its most common implementation, it measures the
relative phase of the individual harmonics forming the APT, or equivalently, the average shape of
the attosecond pulses within the pulse train, neglecting pulse-to-pulse variations. However, the
spectral phase information contained in the RABBITT data can also give insight into attosecond
dynamics. In particular, attosecond processes underlying HHG in simple molecules such as CO,
and N, were investigated with RABBITT (46-48). The interference of angularly resolved pho-
toelectron spectra from consecutive pulses in the APT under the influence of a streaking field
allowed the reconstruction of the phase information of the electron wave packets initiated by the
individual attosecond pulses (15). In a similar experiment, the sequence of pulses in the APT acted
like a stroboscope, resolving single ionization events in argon and helium (45).

2.2. Attoclock

A completely different approach is exploited in attosecond angular streaking, i.e., the attoclock
(13). Here, measuring time is achieved by counting cycles, as is done on a watch face: During one
hour, the minute hand of a watch completes one cycle and maps time to angle univocally. The
analogous action in strong-field ionization is achieved by employing close-to-circularly polarized
laser pulses: The electric field vector—while rotating in the polarization plane—ionizes and further
deflects the electrons in the spatial direction perpendicular to the field propagation, such that the
instant of ionization is mapped to the final angle of the momentum vector in this plane. Hence,
time is mapped to angle.

Thisattoclock runs over 360° within one optical cycle that takes ~2.7 fs for a laser pulse centered
at 800-nm wavelength. Measuring the emission angle of the electron enables one to measure time
with a precision well below one optical period. One degree of angular resolution corresponds
to 7.4 as at a center wavelength of 800 nm. In principle, there is no fundamental lower limit,
because electron momentum vectors can be measured with very high precision. The attoclock
provides this attosecond timing information without requiring attosecond pulses. Interestingly,
the idea of angular streaking had already been proposed theoretically in 2000 as a single-shot
method to measure the carrier-envelope offset phase (CEP) (49) of few-cycle pulses (50). The
CEDP is the relative phase between the envelope of an ultrashort laser pulse and its carrier wave.
The additional potential of angular streaking to retrieve timing information was not envisioned
in 2000 and became clear only after the realization of the first measurements.
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The first experiment introducing the attoclock technique was realized by measuring the ion
momentum distribution of helium that was tunnel-ionized by phase-controlled, nearly circular
polarized laser pulses in the two-cycle duration regime (13). While keeping the pulse peak intensity
constant, the CEP was varied, thereby controlling the azimuthal direction of the maximum electric-
field vector, which eventually determines the predominant direction for the ionized electrons.

The magnitude of the electric-field maximum does not depend on the CEP in the case of
perfectly circular polarized pulses. However, it is technically difficult to generate such pulses in
the few-cycle regime because of their large spectral bandwidth. A residual amount of ellipticity
results in subcycle oscillations on the electric field magnitude, which therefore exhibit a CEP
dependence (the rapid oscillations move with varying CEP).

These oscillations become the dominant feature in tunnel ionization experiments owing to
the high nonlinearity of the process. According to theory, the rate of tunnel ionization obeys the
following trend (51):

3B ey

where I, is the ionization potential and E the nonadiabatic electric field amplitude.

From Equation 1, we see that it is enough to vary the electric field amplitude E by 10% (from
0.1-0.09 a.u.) to reduce the ionization rate by almost one order of magnitude, while keeping all
the other parameters constant.

With elliptically polarized pulses, the electric-field amplitude oscillates in an optical cycle

3/2
Wi o exp G%) ,

between local minima (where the ionization rate is strongly suppressed) and local maxima (where
the rate is enhanced). This is illustrated in Figure 3a. The result is that the radially integrated
momentum distributions show two distinct peaks separated by ~180°, whose relative intensity
change while varying the CEP. The role of the CEP is to shift the rapid oscillations of the
electric-field magnitude under the pulse envelope. When the electric-field maximum points in
the direction of the major axis of the polarization ellipse, one peak dominates the other. But when
the CEP is changed by /2, the electric field points in the direction of the minor axis of the ellipse,
and two smaller peaks of equal height are created.

The experimental data shown in Figure 3 were obtained with a cold-target recoil-ion momen-
tum spectrometer (52). The data were reproduced extremely well by a semiclassical model (33,
53) based on strong-field tunnel ionization and subsequent classical propagation. By comparing
data and simulations, a temporal localization accuracy of 24-as rms was demonstrated, and a time
resolution of ~200 as was estimated. Besides providing a direct measurement of the CEP with
an accuracy of ~60 mrad, the first quantity indicates how precisely timing information can be
extracted using the attoclock, whereas the second represents the minimum time difference that
still allows separation of two ionization events.

The attoclock is a powerful technique that can rely solely on strong-field interactions with the
sample to resolve attosecond dynamics. In Sections 4.2 and 4.3, we give a detailed discussion of
two applications of the attoclock to study fundamental physics during ionization processes.

2.3. Transient Absorption

The streaking methods have been by far the most successful and most versatile approaches to
attosecond time-resolved spectroscopy demonstrated so far. However, they have in common a
number of inherent weaknesses and limitations. First, the intrinsically required strong laser field
distorts the system under testing. Then, all streaking methods detect charged particles, which
limits measurement speed and signal-to-noise ratio. Schemes relying on electron detection are
particularly susceptible to space-charge effects and distortions. Furthermore, the strong laser
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Figure 3

Attoclock with elliptically polarized light. (#) Magnitude of the electric field as a function of time for light with perfect circular
polarization (black) and elliptical polarization (red; ¢ = 0.92) for CEP = 0. The dashed lines indicate the optical cycles (2.42 fs for
725-nm central wavelength). The inset on the left illustrates how the electric field vector rotates along a circle (black) for circular
polarization or along an ellipse (red) for elliptical polarization. The inset on the right shows that within the central optical cycle (where
most of the ionization takes place), the electric-field magnitude peaks at two instants in time labeled A and C and reaches local minima
at other instants labeled B and D. This evolution manifests itself directly in the momentum distribution. () Radially integrated
momentum distributions of helium ions obtained while scanning the CEP over 2. (¢) Linear cut at CEP = 7/2 (marked in panel 4
with a white dashed line) showing the two-peak structure. (¢) Angular position 6 of one of the two peaks obtained by a
double-Gaussian fit, as shown in panel ¢, plotted as a function of CEP (red: data; blue: simulations). Comparing the data with a
simulation based on a semiclassical model allows the estimation of the temporal localization accuracy. Abbreviations: CEO,
carrier-envelope offset; CEP, carrier-envelope offset phase.

field can create a significant background of electrons through strong-field ionization processes.
Although the streaking techniques will be difficult to replace for certain applications in attosecond
science, it remains questionable how well they are transferrable to systems exhibiting complex
dynamics.

A new measurement method that was reported for the first time in 2010 for the attosecond
domain holds promise to address some of the major shortcomings of the streaking techniques
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and gives access to additional physical observables (23). This new and purely optical method is
called attosecond transient absorption (23-25, 54, 55). Transient absorption is a well-known and
well-established measurement technique in the femtosecond domain (see, e.g., References 56,
57 for transient absorption with high-harmonic sources) but was only recently extended into the
attosecond regime using isolated attosecond pulses (23). Transient absorption measures the probe
pulse spectrum transmitted through the sample as a function of pump-probe delay. In transient
absorption spectroscopy, there is no intrinsic need for the presence of a strong laser field, and it
relies on the detection of photons. Photons do not suffer from space-charge effects, are insensitive
to stray electric or magnetic fields, and can be detected very efficiently, sensitively, and with high
dynamic range using existing charge-coupled device technology. In our laboratory, we found
that for comparable experimental parameters, we gain approximately two orders of magnitude in
measurement time (6 min versus 10 h) for a full pump-probe scan when using transient absorption
rather than conventional electron detection using a simple time-of-flight spectrometer. Such a
reduction in measurement time is a prerequisite for certain experiments, where samples may
contaminate/oxidize/degrade in a short time, even under vacuum. Transient absorption allows
selective probing of transitions and resonances. In addition, streaking methods intrinsically involve
ionization in one way or another, whereas transient absorption is capable of directly probing
bound-bound transitions. Because of the high sensitivity of the method, transient absorption
spectroscopy is also expected to be a promising route toward true attosecond pump-attosecond
probe experiments, a holy grail presently out of reach for existing attosecond technology. It
also needs to be stated that transient absorption does probe a fundamentally different physical
observable in a time-dependent system than do the traditional schemes based on ionization and
may thus provide additional, otherwise inaccessible, information (25).

Two transient absorption experiments have been performed so far that involve isolated at-
tosecond pulses. The first experiment observed electron wave packet motion in the valence shells
of krypton ions (23). Soon thereafter, attosecond transient absorption was applied to time-resolve
autoionization of argon atoms (24). Transient absorption spectroscopy also works well with APT's.
We were the first to demonstrate this new technique with APT's and reported the only transient
absorption experiment observing subfemtosecond dynamics to date (25). To give a practical exam-
ple of attosecond transient absorption spectroscopy, we present this experiment in the following
section. Despite the few experiments performed so far with attosecond transient absorption, this
technique has great potential and can be expected to become a standard spectroscopic tool as
transient absorption is in the femtosecond domain since decades.

3. WATCHING ELECTRON WAVE PACKETS INTERFERE

APTs allow for probing the interference of electron wave packets initiated by the individual pulses
in the train (15, 45, 58). The interference of subsequent wave packets enhances the sensitivity of
the method and enables the extraction of phase information. Recently, the ionization probability
of helium atoms with APT photon energies below the ionization threshold in the presence of
a time-delayed IR field was studied (58). The IR intensity on the order of 10> W cm™ was
chosen not to induce strong-field processes in ground-state helium on its own. It was found that
the ion yield is modulated with twice the IR driving laser frequency. The result was explained
by the interference of transiently bound electron wave packets (EWPs). We investigated this
physical system with attosecond transient absorption spectroscopy to gain more direct insight and
to confirm this explanation.

The mechanism underlying the transiently bound EWP interference is schematically depicted
in Figure 44. The atomic potential is deformed by the oscillating IR field. This modifies the
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Figure 4

Interference of transiently bound electron wave packets. (#) An incoming attosecond pulse contained within an attosecond pulse train
(APT) excites an electron wave packet (EWP), which is subsequently accelerated by the external laser field. The EWP returns to the
parent ion at the instant the next pulse in the APT excites a new wave packet. As the entire process is coherent, interference will occur.
(b) Energetic configuration of the experiment. The p-levels of helium directly accessible through absorption of a single extreme
ultraviolet (XUV) photon are indicated on the left. The harmonic spectrum of the APT is shown on the right (red solid line). The
field-free ionization threshold of helium is marked with a horizontal solid black line. (¢) Photon yield of harmonic 13 transmitted
through the helium target as a function of infrared (IR)-APT delay. The modulations are compared for different aluminum filter
thicknesses changing the spectral phase between neighboring harmonics and for different IR intensities. Only the latter results in a
phase shift of the modulations. (4) Same as in panel ¢ but for harmonic 15.

absorption probability for the APT photons as a function of relative delay between the two fields.
The energetic configuration of the experiment in Figure 45 shows the location of the individual
harmonics forming the APT in relation to the ionization threshold of helium. It becomes clear that
the EWPs are only transiently bound because the potential barrier may be sufficiently lowered
for proper delay between the IR and the APT such that the wave packets can escape into the
continuum. The EWPs accelerated by the IR field have returned with a certain probability back
into the vicinity of the ion when a subsequent attosecond pulse excites the next wave packet. These
processes obey a half-cycle periodicity owing to the symmetry of the system. The interference
between wave packets excited by subsequent attosecond pulses significantly alters the ionization
probabilities with delay. It is found that this interference effect dominates the modulation of the
absorption through deformation of the atomic potential by an order of magnitude (58).

In the theoretical part of their study, Johnsson et al. (58) found that only 60-70% of the pop-
ulation transferred out of the ground state by the XUV is ionized in the presence of the IR field,
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whereas ~30-40% of the population promoted by the XUV remains in an excited state. Because
the detection of He" ions is only sensitive to processes leading to the ionization of an atom, it gives
only incomplete information on the dynamics of this experimental system. This is a clear example
in which transient absorption spectroscopy yields more insight than the traditional photoelectron-
or photoion-detection-based methods. As shown in Figure 4¢,d, attosecond transient absorption
not only provides the time-resolved ionization probability but also measures the spectrally re-
solved absorption probabilities. When comparing the transmitted photon yield modulations at
the different harmonics forming the APT, one observes that they are not necessarily in phase with
respect to each other. Our experiments have shown that the relative phase of these modulations
does not depend on the relative optical phase between the different high harmonics. However, it
reacts very sensitively to a change of the IR intensity. This observation qualitatively confirms the
model introduced by Johnsson et al. (58) in a more rigorous way than initially possible with the
He* experiment. The optical phase between the different harmonics maps to a temporal phase
that is identical for all the EWPs. It therefore plays no role for the interference condition between
subsequent wave packets. A change in the IR intensity, however, modifies the quantum mechani-
cal phase accumulated by a transiently bound EWP during its excursion into the continuum (59,
60). When the returning EWP interferes with the EWP just excited by the subsequent pulse in
the APT, this contribution governs the relative phase and, thus, decides between constructive or
destructive interference.

The EWP interference picture is further confirmed by independent theoretical approaches.
Riviere et al. (61) introduced a minimal analytical model for the total photon absorption proba-
bilities based on the strong-field approximation. In their model, the modulation of the absorption
probability is assigned exclusively to the interference of electron wave packets. An alternative
theoretical description based on Floquet theory arrives at similar conclusions (62).

In a fraction of the time needed for a traditional experiment detecting photoelectrons or ions,
we acquired data with excellent signal-to-noise ratio and without compromise on temporal and
spectral resolution. Most theoretical tools in attosecond and strong-field science are geared toward
computing ionization yields rather than the optical properties of a particular interaction. Only a
few theoretical papers on transient absorption in the attosecond domain exist (54, 55). A significant
effort is therefore also needed toward developing the new theoretical frameworks for transient
absorption in the attosecond domain. In combination with an improved theoretical understanding,
attosecond transient absorption holds great promise as a spectroscopic tool in attosecond science.

4. EXPLORING FUNDAMENTAL PHYSICS QUESTIONS

The investigation of ionization dynamics has been a major ongoing topic in attosecond science.
The reason for this is not only rooted in the fundamental importance of ionization processes in
nature but also in the operation principle of attosecond spectroscopic techniques. The attosecond
streak camera and the attoclock intrinsically involve ionization (see Sections 2.1 and 2.2). It is thus
a rather self-evident move to apply these methods to study ionization physics. Indeed, the earliest
attosecond experiments were already exploring ionization dynamics (8). However, a clear trend
in attosecond science can be observed. Whereas the first experiments were investigating systems
with timescales and behavior rather well-known, either from spectroscopic data (8, 63) or from
well-established theory (10, 64), recent studies attend to processes with unknown dynamics, e.g.,
the photoemission from a solid-state surface (11), strong-field ionization (6), or single-photon
ionization (4, 5). The latter effect is conventionally assumed to occur even instantaneously—
in conflict with the reports from the latest experiments. On the verge of its next decade, we
thus witness a transition of attosecond science from proof-of-principle experiments primarily
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demonstrating and testing the tools to new experimental findings truly addressing some of the
most fundamental questions in physics.

In the following sections, we discuss the most recent studies of ionization dynamics in more
detail. Section 4.1 covers the measurement of a relative time delay in the photoemission from two
different energy levels in neon and argon, whereas Section 4.2 reports on the observation of a finite
delay time in tunnel ionization. An application of the “hour hand” of the attoclock to investigate
the importance of electron correlations in double ionization with close-to-circular polarized laser
pulses is discussed in Section 4.3.

4.1. Time Delay in Photoemission

Single-photon ionization is one of the most fundamental processes in nature. Whether this process
occurs instantaneously or takes a finite amount of time is therefore of prime interest. As an electron
is removed from an atom, the remaining electrons will have to rearrange onto the new energy
levels of the ion. How fast can such concerted motion of multiple electrons happen? Can we
learn something about electron correlations in atoms from such dynamics? Furthermore, it has
been suggested to use atomic reference states to obtain absolute timing information in streaking
experiments (65). For this purpose, knowledge about a possible time delay in photoemission is
indispensable. T'wo recent experiments have investigated the dynamics of single-photon ionization
in neon and argon (4, 5).

A first experiment investigating a possible time delay in photoemission used isolated attosecond
pulses centered at 106 eV and with a duration below 200 as together with the attosecond streak
camera (4). Electrons released from the 2s and 2p orbitals of neon by this attosecond pulse are
well separated in energy. Liberating them in the external streaking field thus leads to two distinct
streaking traces at different mean electron kinetic energies. A phase difference between the oscil-
lating streaking patterns relates to a time delay in the emission from the two atomic energy levels.
In Reference 4, a more precise approach was chosen by extracting the delay information from
the reconstructed phase of the two streaked electron wave packets. The reconstruction algorithm
is an adapted version of the frequency-resolved optical gating algorithm known from ultrashort
optical pulse characterization (66). By this method, it was found that the electron wave packet
emitted from the 2p state lags approximately 20 as behind the one from the 2s state (4). Varying
the amplitude of the streaking field by a factor of 6 did not have a noticeable effect on the mea-
sured delay time. Other authors, however, stress that interaction of the outgoing wave packets
with the Coulomb potential and the streaking field may mimic a time delay in the streaking traces
depending on the system being studied and the photon energy of the attosecond pulse (67-70).

The relative timing of photoemission from the 3s? and the 3p® shells of argon was investigated
with APTs and the RABBITT (Section 2.1) technique (5). In analogy to the previous example
employing isolated attosecond pulses, the delay is extracted from the electron wave packet phase
measured with RABBITT. The authors show that the influence of the measurement process
needs to be taken into account even when it involves only the relatively weak IR laser fields of
the RABBITT method (5). In fact, the influence of the IR laser field is even the dominating
contribution in their experiment. However, it can be taken into account with a proper theoretical
model. After subtracting the contribution by the laser field, it is found that the p-electrons are
emitted ~20 as after the s-electrons at excitation energies of 37 and 40 eV.

It needs to be pointed out that the precision of the measurement does not depend on the
duration of the attosecond pulses for either experiment measuring the time delay in photoemission
(4, 5). It rather depends on the accuracy with which one can extract the phase information from
the measured data. Error sources for the phase reconstruction can be as diverse as the mechanical
stability of the setup, signal-to-noise ratio of the data, delay, and energy calibration.
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Although more experimental and theoretical work is needed for a proper understanding of
photoemission from atoms and molecules, the two experiments presented in References 4 and
5 impressively demonstrate that attosecond tools are capable of resolving some of the fastest
dynamics and thereby addressing entirely new problems in fundamental physics.

4.2. Tunneling Delay

The excellent temporal localization accuracy offered by the attoclock technique (Section 2.2)
opened the possibility to study another fundamental aspect of quantum mechanics: the ability
of particles to pass classically forbidden regions by tunneling through a barrier. It is commonly
accepted that a strong laser field deforms the binding potential of an atom so strongly thata poten-
tial barrier is created through which an electron may tunnel (Figure 14). This is the principle of
strong-field tunnel ionization, which was proposed by Keldysh (64) almost 50 years ago. However,
a direct measurement of a hypothetical traversal time needed for the electron to tunnel through
such a potential barrier or a precise estimation of the instant of ionization was never realized.

The attoclock technique appears to be ideally suited for such a measurement: A real and
measurable tunneling delay time would manifestitself in an angular offset of the entire momentum
distribution. The main challenge lies in the fact that a measurement of an angular offset, and the
subsequent calculation of an absolute delay time, assumes the knowledge of the absolute angular
position of the electric field maximum at the instant of ionization. In the case of perfectly circular
polarized light, the only way to determine the instantaneous direction of the maximum electric
field vector is an independent measurement of the CEP, performed for instance with the so-
called stereo—above threshold ionization method (71-73). In the case of elliptically polarized
pulses, however, it is the orientation of the ellipse (which remains fixed in space) that provides
the reference for the electric-field orientation, without the need for determining or locking the
CEP (6). A polarimetry measurement returns the orientation of the polarization ellipse in the
laboratory frame.

An electron that exits the tunnel barrier, at the instant #, is driven by the electric field E(r)
of the laser pulse and is detected with a final momentum p(t) = —A(%) [atomic units are used
throughout this article], where A(#) is the rotating vector potential of the elliptically polarized
pulse, defined as

Aty) = f Y B@dr Q)

A real traversal time for tunneling Az would manifest itself as an angular offset because the final
electron momentum would be given by —A(# — Azp) instead of —A(%). At can be extracted from
the measured data by computing the difference between the measured streaking angle and the one
calculated assuming instantaneous tunneling.

A measurement of tunneling delay time was initially carried out for helium atoms employing
5.5-fs, elliptically polarized (¢ = 0.88) near-IR pulses with peak intensity ranging from 2.3 x
101-3.5 x 10" W cm™2 (6). For these intensities, the Keldysh parameter y, defined as (64)

/21,

V= E 3)
where I, is the ionization potential (24.59 eV for helium), w is the laser center frequency, and E is
the electric field amplitude, ranges between 1.45 and 1.17. According to the present terminology
the experiment was performed in the so-called nonadiabatic tunneling regime (74). The result

is consistent with an almost instantaneous tunneling delay time, yielding an intensity-averaged
upper limit as small as 12 as (6). These experiments were then extended to much higher intensities
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corresponding to a Keldysh parameter of 0.5 for He with an outcome that confirmed the earlier
conclusion (75).

The first experiments also demonstrated how important it is to include the effect of the
Coulomb force between the electron and the parent ion during the streaking process in the simu-
lations. Even though the traditional strong-field physics approach of neglecting the interaction of
electron and ion after ionization is very successful for many purposes, many examples have been
reported revealing that the Coulomb force influences the electron trajectory in the continuum
(76-78) or even below the barrier (79). This is true for any kind of experiment based on streaking.

For the particular case of attosecond angular streaking, the effect of the Coulomb field of the
ion is a rotation of the whole distribution by an angle that depends on intensity. If this effect is
not included in the simulated electron momentum distributions, wrong answers may be obtained
as the angle is the primary observable in attoclock experiments. Neglecting the additional 7° of
rotation observed in the streaking angle would lead to the wrong conclusion of a possible 50-as
tunneling delay time.

Besides providing timing information, the attoclock actually offers the unique opportunity to
study the influence of the Coulomb correction thanks to employing close-to-circularly polarized
pulses (75). Linear polarization can lead to multiple returns of the electron to the core, whereas the
close-to-circular polarization avoids rescattering (80). Any deviation from the electron kinematics
driven by the laser field can thus be attributed directly to the potential. By monitoring the evolution
of the additional offset to the streaking angle 6 resulting from the Coulomb correction as a function
of laser intensity for both helium and argon, it was shown that it is possible to obtain experimental
information about the potential landscape experienced by the electron during and after tunneling
as well as the exact tunneling exit point (75). Together with the estimations of the tunneling
time and rate, the determination of the correct tunnel geometry helps to complete the picture of
strong-field tunneling ionization.

For target atoms and ions with higher polarizability than helium, additional corrections have
to be included in the semiclassical model; namely, Stark shift (81, 82) and multielectron effects
become important under such circumstances. Both effects thus become more evident for argon
than for helium, as can be seen in Figure 5.

Another key consideration is that the exit point of the electron after tunneling has to be
calculated in parabolic coordinates, which separate the Schrédinger equation for the electron
in the combined Coulomb and laser potentials (83). In the parabolic-separated problem, the
tunneling process remains one-dimensional as in the more traditional approach based on Cartesian
coordinates (33) (the field-direction model shown in Figure 5), because tunneling is allowed along
one direction only (84). However, in the field-direction model, the problem does not separate and
the electron is generally treated as a free particle in the transverse direction, an approximation
not made in the approach using parabolic coordinates. The effective potential obtained along
the parabolic coordinate through which tunneling occurs presents an additional term that affects
both the location of the tunnel exit and the subsequent classical propagation. The corrected
model describes the observed attosecond ionization dynamics also found in systems with higher
polarizability. It is referred to as tunnel ionization in parabolic coordinates with induced dipole
and Stark shift (75).

A recent study including these corrections to the semiclassical model confirmed the previously
published (6) result of no measurable tunneling delay time with data taken over a larger intensity
interval (75). The Keldysh parameter ranged from ~0.5 to 1.1 (1.4) for helium (argon).

The main conclusion from this application of the attoclock technique to very fundamental
physics is twofold. First, the ion-electron interaction must be considered to prevent drawing the
wrong conclusions on possible time delays in streaking measurements. Second, multielectron
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Tunnel ionization in parabolic coordinates with induced dipole and Stark shift model (TIPIS) to describe the interaction between
liberated electron and parent ion. This interaction (which includes the Coulomb interaction) gives an angular correction to the streaking
in the attoclock. (#) Experimental data of 6, obtained from ion momentum distributions in helium, together with the curves predicted
by the semiclassical model with different assumptions. (b)) Experimental data of 0, obtained from electron momentum distributions in

argon, together with the

curves predicted by the time-dependent Schroedinger equation (I'DSE) and the semiclassical model with

different assumptions. This clearly shows that multielectron effects need to be taken into account even for argon. At this point these
multielectron contributions can be fully explained by their static parameters, which means that they occur on a sub-10-as timescale.
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effects must be taken into account for a correct description of single-ionization—even with
nearly circular polarized light. In recent years, many reports about observations that go beyond
the traditional single active electron approximation have appeared, either in high-harmonic
spectroscopy (85) or in photoionization (86, 87).

4.3. Electron Correlations in Double Ionization

Multielectron dynamics can be probed more directly by performing strong-field double ionization
experiments. It is widely accepted that recollision of the first emitted electron with the parent
ion is the dominating mechanism responsible for double ionization with linearly polarized fields
(88, 89). However, with close-to-circular polarized light, where recollision does not occur, it is
generally assumed that the two electrons can be treated independently and their ionization is solely
laser-assisted (90).

Making full use of the attoclock, the ionization time could be extracted from the electron
momentum distributions on two different timescales: a coarse scale following the pulse envelope
that varies slowly with time (the “hour hand” of the attoclock) and a fine scale determined by the
rapidly rotating electric-field vector (the “minute hand” of the attoclock, offering subfemtosecond
resolution) (91). In terms of the geometry of the angular distribution of the electron momentum,
the minute hand provides the angle-to-time mapping, whereas the hour hand results via the
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magnitude of the electron momentum in a momentum-to-time mapping, similar to the attosecond
streak camera (Section 2.1).

It is found that the second electron is released earlier than predicted by a model based on
the assumption of two independent and successive release steps, whereas the ionization time of
the first electron is in excellent agreement with the simulations. These conclusions are a strong
indication that other electron correlation mechanisms besides recollision may be an important
ingredient of strong-field double ionization. This process is not easily accessible on the basis of
quantum mechanical models, because of exceedingly large computational complexity (92).

5. CONCLUSION AND OUTLOOK

As the examples in this review clearly illustrate, it is an ongoing trend in attosecond science to
explore more and more fundamental questions. Whereas the early experiments mainly studied
problems for which the answers were known beforehand, recent data show surprising and some-
times even puzzling results. We are now able to question assumptions that have proved to be very
successful in atomic, molecular, and in particular, strong-field physics. When can a process be
considered instantaneous, and when can it be treated in a single active electron approximation?
As the field pushes the frontier to extreme timescales, subtle effects start to play a significant role
in the interpretation of experiments that have traditionally not been accounted for. These exper-
iments challenge the theoreticians to develop increasingly sophisticated models to improve the
understanding of processes in the attosecond domain.

At the same time, new measurement techniques are being developed to address new questions
or to reduce their experimental complexity and thereby broaden the scope and community for
attosecond science. The attoclock is an example where a method was found to achieve attosec-
ond resolution without requiring the difficult-to-generate attosecond pulses, whereas attosecond
transient absorption enables probing observables that were inaccessible with previous tools.

Itis expected that the trend for studying basic problems in physics and chemistry will continue
for many more years. At the same time, however, the field will expand to more complex systems.
First experiments on solid-state systems have been performed (11), but considerably more is
expected to come in future. A wide area of interest is charge migration and coupling between
layers of adsorbed molecules and their substrate. For example, it was found that excitation and
emission of electrons from a negative-electron-affinity diamondoid monolayer on a noble metal
surface takes place on a much faster timescale than can be resolved with traditional femtosecond
techniques (93). A large range of systems exhibiting similarly fast dynamics is expected to emerge.
Another area of interest is charge and energy transport in molecules (7). With the maturing of
the experimental and theoretical tools in attosecond science, larger molecules become accessible
to research on these timescales.

A strong focus on the technological side beyond the development of new spectroscopic tools
is on the attosecond sources themselves. Scaling the generating laser fields to longer wavelengths
is not only of interest for improving our understanding of the underlying strong-field physics (94,
95). At the expense of conversion efficiency, HHG photon energies scale with the wavelength
squared (96). This enables extending attosecond pulse sources into the hundreds of electron volts
and possibly even the low kilovolt range (97, 98), thereby approaching the M-absorption edges
of important materials such as Fe, Ni, or Co. At the same time, it is crucial to further increase
the attosecond pulse energies from the present state-of-the-art of a few nanojoules (41). This will
ultimately enable true attosecond pump-attosecond probe experiments. Furthermore, the pulse
repetition rate needs to be increased into the megahertz regime for improved signal-to-noise and
reduced space charge effects (42, 99).
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Attosecond pulses with even higher pulse and photon energies are expected from free-electron
lasers (FELs) in the not-so-distant future (100-103). These sources will provide extremely high
X-ray intensities at multikilovolt photon energies, enabling nonlinear optics with X-rays. Simul-
taneous attosecond temporal and Angstrém spatial resolution are within reach with X-ray FELs
(104-106). In contrast to everything else discussed in this review, FELs are large-scale facilities.
Laser-driven undulator sources could become a promising lab-sized alternative filling the gap be-
tween the tabletop HHG-based systems and FELs (107). They replace the long linear accelerator
of a FEL with a laser-plasma accelerator.

The first decade of attosecond science demonstrated the unique capabilities of the tools it
provides. As we progress into its next decade, we observe how the field gains in depth by addressing
increasingly fundamental questions and how it widens its scope to increasingly complex systems.
This development is still strongly technology-driven. As new technology and methods open new
doors, there is hardly any doubt that attosecond science will significantly expand its impact beyond
its own realm into other branches of physics, chemistry, and possibly even biology.

SUMMARY POINTS

1. Attosecond science studies primarily electronic motion and energy transport on atomic
and molecular scales.

2. In recent years, new spectroscopic tools in attosecond science have emerged. The atto-
clock achieves attosecond temporal resolution without using attosecond pulses, whereas
attosecond transient absorption is an all-optical approach capable of probing previously
inaccessible observables of a system.

3. Studying the dynamics of ionization processes is a major research focus in attosecond
science and of fundamental interest to physics in general.

4. Measurements with the attoclock of the dynamics of strong-field tunnel ionization indi-
cate that this process occurs instantaneously.

5. Two independent research groups report experiments on the delay in photoemission
from different atomic energy levels. Both groups measure a finite delay on the order of
tens of attoseconds.

6. Analysis of the experiments on the timing of ionization events shows that subtle effects
start to play an important role on attosecond timescales; namely, the influence of the
laser field used for measurement and multielectron effects cannot be neglected.

FUTURE ISSUES

1. Fundamental processes in physics and chemistry will remain a focus of attosecond sci-
ence. These experiments will allow the refinement of our understanding of atomic and
molecular processes in strong laser fields.

2. New spectroscopic tools and the maturing of the established methods enable attosecond
science to advance toward more complex solid-state and molecular systems.

3. Wavelength scaling of the laser field generating the attosecond pulses extends the range
of photon energies covered by attosecond techniques. Multihundred electron volts are
within reach.
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4. Energy scaling of the attosecond pulse sources brings us within reach of true attosecond

pump-attosecond probe experiments.

5. FEL and laser-plasma undulator sources hold promise to push attosecond science into

the multikilovolt photon energy regime.

6. As attosecond science approaches new frontiers, the need for new theoretical tools and

concepts becomes apparent in certain areas of this strongly experiment-driven field.
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