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Abstract
We describe the recent emergence of attosecond science, assessing
the present state of the art and discussing several recent examples
where attosecond electron dynamics has been studied in atomic and
molecular systems. After introducing the generation and character-
ization of attosecond laser pulses, we describe the use of isolated
attosecond pulses in a pump-probe experiment revealing the sub-
cycle time dependence of a multiphoton ionization process and an
experiment using the interference from a train of attosecond pulses to
extract amplitude and phase information for electronic wave func-
tions. We furthermore discuss experiments where ultrashort laser
pulses with a reproducible waveform control electron dynamics in
the D2

+ molecular ion on attosecond timescales. Attosecond sci-
ence is coming of age and presently is reaching a level of maturity
and sophistication that allows detailed investigations of the role of
multielectron dynamics in physics and chemistry.
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XUV: extreme ultraviolet
radiation

High-harmonic
generation (HHG):
interaction of an intense
laser field, leading to the
production of ultrashort
XUV pulses

Attosecond laser pulse:
laser pulse with a duration
of less than 1 fs (1 fs =
10−15 s) that can be
generated using
high-harmonic generation

1. INTRODUCTION

Processes that lead to the formation of new materials and chemical/biological trans-
formations consist of elementary physical steps that occur on the femtosecond (1 fs =
10−15 s), or in some cases the subfemtosecond (attosecond, 1 as = 10−18 s), timescale.
The natural timescale for the making and breaking of chemical bonds is the vibra-
tional period or, in a language that applies to the condensed phase, the phonon period.
These timescales are typically in the femtosecond domain and are consistent with the
fact that atoms at thermal velocities (∼1000 m s−1) travel the distance over which a
chemical bond changes character (∼10−10 m) in approximately 100 fs. Electrons are
responsible for the creation of the potential energy landscapes that drive atomic mo-
tion and adapt on even faster timescales. The typical timescale for electronic motion
is the atomic unit of time (1 au = 0.024 fs = 24 as). In the past, direct measure-
ments on these timescales have not been possible. Core-hole clock spectroscopy, in
which the rate of an electronic process is compared to the lifetime of a core hole, has
been used to determine indirectly that electron transfer from absorbed atoms and
molecules to metal surfaces can take place in just 320 as (1).

In the past few decades, the development of laser systems capable of reaching
femtosecond pulse durations sparked the widespread use of these systems in stud-
ies of time-resolved dynamics, leading to significant advances in our understanding
of intramolecular processes, chemical bond breaking and bond formation, and the
interaction of photoactivated molecules with their environment. In 1999 this work
culminated in the Nobel Prize in Chemistry for Zewail (2). Experiments on time-
resolved electron dynamics have thus far been sparse, with the exception of the physics
and chemistry of Rydberg states (3), where electronic motion is slowed down because
in highly excited states the electron only weakly interacts with the positive ion core.
In Rydberg atoms and molecules, the relevant timescales for electronic motion, as
dictated by the inverse of the available energy-level splittings, can be in the picosec-
ond domain (4) or even in the nanosecond domain. In the latter case, one can use
nonoptical methods to perform time-resolved experiments (5, 6).

The quest to probe atomic and electronic dynamics on ever shorter timescales
inevitably leads to the use of extreme ultraviolet (XUV)/X-ray radiation. Because
the duration of a single optical period is 2–3 fs for visible light, laser pulses in the
visible are necessarily approximately 4 fs or longer (7, 8). To synthesize shorter pulses,
one must employ laser fields containing significantly higher frequencies extending
into the XUV/X-ray regime (9). High-harmonic generation (HHG) and stimulated
Raman scattering are two techniques that generate frequency components over a
wide range (10–13). In HHG, the highly nonperturbative interaction of an intense
femtosecond laser with an atomic or molecular medium generates new frequencies at
photon energies up to a few kilo–electron volts (14). In a major breakthrough in 2001,
two teams independently demonstrated that HHG leads to the emission of ultrashort
light bursts, lasting just a few hundred attoseconds (15, 16). These results sparked
the emergence of the new field of attosecond science, which is now rapidly gaining
ground worldwide and is driven by the notion that the availability of attosecond laser
pulses may allow one to perform attosecond pump-probe experiments, in which a
first attosecond pump pulse electronically excites an atomic, molecular, or condensed
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IR: infrared

phase system of interest, thereby initiating an ultrafast electronic process, and in
which a second, time-delayed attosecond probe pulse extracts a signal from the system
containing information about the time evolution that has taken place.

The purpose of the present review is to describe the recent emergence of at-
tosecond science, to assess the present state of the art, and to discuss several recent
examples applying attosecond pulses to study atomic and molecular electron dynam-
ics. A number of recent reviews have already discussed the physics of generating and
characterizing attosecond laser pulses in considerable detail (17–21), and Corkum
et al. (22) gave an earlier contribution to this series in 1997, predicting the advent
of attosecond pulses. Here we emphasize the emerging applications of attosecond
science, which is presently reaching a level of maturity and sophistication that allows
the investigation of hitherto inaccessible physics and chemistry.

1. HIGH-HARMONIC GENERATION AND THE EMERGENCE
OF ATTOSECOND LASER PULSES

1.1. High-Harmonic Generation and the Formation
of Attosecond Pulse Trains

In HHG an atomic or molecular medium is exposed to an intense femtosecond laser
that typically operates in the near-infrared (near-IR) part of the spectrum. Ionization
by this laser ejects electrons that are accelerated in the oscillatory electric field of the
laser (see Figure 1). A finite fraction of the electrons recollides and recombines with
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Figure 1
(a) Illustration of the three-step mechanism of high-harmonic generation (HHG) that leads to
the creation of attosecond pulses. (b) Trajectories of the electrons involved in HHG as a
function of the time (phase of the driving field) when the ionization occurs. When the electron
ionizes at a phase of +0.3 radians with respect the laser field maximum, the highest extreme
ultraviolet (XUV) photon energy (hν = IPtarget + 3.17 Up) is produced. Electrons emitted
after and before this time follow so-called short and long trajectories, respectively. The
dependence of the XUV photon energy on the instance of recombination implies that the
attosecond pulses are chirped.
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their parent ion, producing an XUV/soft X-ray photon (23, 24). The highly nonlinear
dependence of the initial ionization event on the electric field of the femtosecond
laser constrains the electron ejection to short time intervals near the maximum of
the optical cycle. After acceleration, during which the electrons follow well-defined
trajectories, this leads to a situation in which XUV/soft X-ray photons are produced in
short bursts with a duration that is a small fraction of the optical cycle of the driver laser
(2.7 fs in the case of the popular Ti:sapphire laser). The formation of an attosecond
pulse takes place during every optical half-cycle in which the probability of electron
ejection is sufficiently high and the femtosecond laser is linearly polarized. Therefore,
attosecond pulses generally are produced in a train, with two pulses occurring per half-
cycle of the driver laser (15, 25, 26). Interference between these XUV bursts gives
the radiation its characteristic spectral signature, with harmonics produced at odd
multiples of the frequency of the driver laser for rare-gas atoms. Consequently, the
technique is commonly referred to as high-order harmonic generation (27). In HHG
an XUV spectrum is generated that consists of three distinct regions: (a) a perturbative
region (in which the XUV photon energy is below the ionization potential of the
target gas), (b) a plateau region (in which the yield of the harmonics is approximately
constant), and (c) a cutoff region at high energy (in which the intensity of the individual
harmonics rapidly decreases). The location of the cutoff depends on the ionization
potential of the target and the intensity of the laser used (23) and is given by

Ecutoff = IPtarget + 3.17 Up , (1)

where IPtarget is the ionization potential, and Up = I/4ω2 is the ponderomotive energy
at the intensity I and frequency ω of the laser.

1.2. Isolated Attosecond Pulses Using Cutoff Harmonics

Attosecond pulse trains, although suitable for a number of specialized applications,
are not ideal for attosecond pump–attosecond probe experiments as described above
because there is an ambiguity in the time delay between the pump and probe pho-
toabsorption. Therefore, researchers have directed much effort at producing isolated
attosecond pulses. This was achieved by restricting the number of driver laser cycles
that allow for the ejection of electrons in combination with either spectral or temporal
selection. Investigators have implemented successfully both approaches. Krausz and
coworkers (16, 28–31) used extremely short, so-called few-cycle laser pulses, in which
the electric field amplitude differs considerably from one half-cycle to the next. For
a suitable waveform of the pulses, the highest-energy XUV photons are produced
only during the most intense half-cycle of the driver laser. Selection of these highest-
energy XUV photons (the cutoff harmonics) consequently allows for the generation
of an isolated attosecond pulse (32). To produce the isolated attosecond pulse reliably
and reproducibly, it is necessary that the electric field waveform of the laser is stable
from pulse to pulse (29). The electric field of a laser pulse can be expressed as

EL(t) = E0(t) cos(ωLt + ϕ), (2)
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Carrier-envelope phase
(CEP): phase ϕ that
describes the offset of the
electric field oscillations
with respect to the
maximum of the envelope of
a (short) laser pulse

where E0(t) is a slowly varying amplitude function; ωL is the laser carrier frequency
(which may also be slowly varying); and ϕ is the so-called carrier-envelope phase
(CEP), which describes the offset of the laser’s electric field maxima with respect to the
maximum in the envelope function. Stabilization of the CEP requires matching the
phase and group velocities of the propagating laser pulses (33). In the past few years,
the development of CEP-stable laser systems has revolutionized frequency metrology,
and in the optical domain frequency, measurements with a fractional uncertainty of
10−15 have become a reality (34). In 2005 Hänsch (35) and Hall (36) received the Nobel
Prize in Physics for their contributions to the development of the optical frequency
comb technique. The crucial impact of CEP stabilization on attosecond science is
that it has paved the way to stable and reproducible production of isolated attosecond
pulses (29). Owing to the importance of CEP stabilization, there is currently a lot
of activity aimed at the development of CEP diagnostics (37–41). As an example,
Haworth et al. (41) have shown recently that the observation of half-cycle cutoffs in
high-harmonic spectra is a suitable method for determining the CEP.

1.3. Isolated Attosecond Pulses Using Polarization Gating

Although the use of cutoff harmonics allows the generation of isolated attosecond
pulses, a disadvantage of the technique is that it requires few-cycle driver laser pulses
and the cutoff region of the high-harmonic spectrum, both of which severely limit
efficiency. Whereas attosecond pulse trains using high-energy driver lasers can lead
to the production of attosecond pulse trains with as many as 1011 photons per pulse
(42), isolated attosecond pulse production using cutoff harmonics thus far remains
approximately five orders of magnitude below these values. Following an idea orig-
inally put forward by Corkum et al. (43) in 1994, researchers therefore have pursued
harmonic generation from polarization gated driver pulses. Electron recollision is
an important step in harmonic generation and requires the laser polarization to
be sufficiently linear. In polarization gating, the pulses are shaped to exhibit linear
polarization during just a single cycle and elliptical/circular polarization for all other
cycles, restricting the harmonic generation to a single cycle. Whereas Corkum et al.
(43) proposed accomplishing polarization gating using two orthogonally polarized
laser pulses centered around a different carrier frequency, the first experimental
implementation by Kovacev et al. (44) made use of birefringent optics. They used
a birefringent delay plate that splits the incident beam into two orthogonally
polarized pulses that are delayed with respect to each other, followed by a λ/4 plate
that converts the circular polarization in the overlap region of the two pulses into
a linear polarization, while converting the linearly polarized trailing and falling
edge (where the two pulses no longer overlap) into circularly/elliptically polarized
light. Using a polarization gate allows the generation of attosecond pulses in the
plateau region of harmonic generation, where the conversion efficiency is high. It
thereby offers the potential for more intense and shorter attosecond pulses. One
initial demonstration of polarization gating showed a reduction of the length of an
attosecond pulse train from 38 to 18 fs (45). An implementation of polarization gating
using a few-cycle driver laser (in combination with a suitable dispersive filter) by
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Sansone et al. (46, 47) led to the current world record in accomplished pulse duration
(130 as).

1.4. Ongoing Developments Toward More Intense Attosecond Pulses

A disadvantage of the polarization gating methods used so far is that the most intense
half-cycle of the laser field is not used. Rather, the attosecond pulses are produced
on the falling respective trailing edge of two overlapping time-delayed pulses. Con-
sequently, when applied toward the production of isolated attosecond pulses, the
pulse intensities have remained low. The generation of isolated attosecond pulses
that are intense enough to perform attosecond pump–attosecond probe experiments
therefore remains an important challenge for the coming years. Approaches proposed
toward the development of more intense attosecond pulses include the generation of
harmonics on surfaces (48, 49) and the use of polarization gates that do not require
few-cycle laser pulses. In surface harmonic generation, a solid target is irradiated at
an intensity of ≥1018 W cm−2, leading to the formation of an overdense plasma. At-
tosecond pulses are then produced as a result of the compression of laser electric field
oscillations upon reflection off the oscillating plasma mirror produced by the intense
femtosecond laser and by radiation from electrons oscillating in the plasma. Recent
results on surface harmonic generation include the generation of harmonics up to
700 eV using the VULCAN laser (50) and a characterization of the relative impor-
tance of the oscillating mirror model and the coherent plasma oscillations (49). A
temporal characterization has not been performed. Tzallas et al. (51) recently pro-
posed an interferometric polarization gating method that extends the generation of
isolated attosecond pulses by means of polarization gating to many-cycle driver lasers,
which in principle can reach terawatt levels.

1.5. Attosecond Pulse Generation Using Two-Color Fields

As discussed above, the original proposal for polarization gating was based on the use
of a two-color laser field (43). Recently, there has been increased activity on two-color
harmonic generation, using copolarized and orthogonally polarized pairs of harmonic
and nonharmonic beams. Inspired by an experiment by Zamith et al. (52), which
demonstrated the control of atomic ionization under the influence of a two-color
(copolarized) radio-frequency laser field, Siedschlag et al. (53) showed that isolated
attosecond pulses could be formed from many-cycle (τ FWHM ∼ 19 fs) driver pulses by
a suitable choice of the two laser frequencies. The tuning of the frequencies affects
both the ionization and the recollision dynamics during the harmonic generation
process. Although in this work the laser frequencies were incommensurate (i.e., not
a harmonic of each other), Pfeifer et al. (54, 55) subsequently analyzed attosecond
pulse generation by a superposition of two copolarized harmonic fields. Similar to the
method used by Krausz and coworkers (16, 28–30), this two-color approach utilizes
cutoff harmonics, although with significantly reduced requirements on the length of
the driver laser pulse. Mauritsson et al. (56) have studied HHG using the superposition
of a fundamental and second harmonic laser field, aiming to produce attosecond pulse
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trains with one instead of two pulses per optical cycle. Application of this technique
may resemble the use of an isolated pulse to the extent that the electron dynamics
under investigation occurs with the periodicity of the driver laser (as is the case in
many strong-field problems). An interesting aspect of this work is that all pulses have
the same CEP in such a train. Hence, when the intensity of the attosecond pulse
trains can be increased to the point that nonlinear absorption becomes dominant,
the CEP may become available as a parameter that can be used to control dynamics,
similar to the way that this has been possible in the optical domain (57, 58).

1.6. High-Harmonic Generation as a Tool for Obtaining
Structural and Dynamical Information

In addition to the use of HHG as a tool for producing attosecond light pulses, the pro-
cess itself has also been developed into a tool for obtaining structural and dynamical
information (59). Because we can view HHG as emission from an oscillating dipole
that results from interference of the recollision electron with the ground-state wave
function, the structure of electronic orbitals is imprinted on the HHG spectrum. In a
pioneering experiment, Itatani et al. (60) showed that the ground-state orbital of the
N2 molecule can be retrieved by measuring an HHG spectrum at a range of align-
ment angles of the molecular frame with respect to the polarization of the driving
laser. One can vary the alignment angle by making use of the fact that in a strong
laser field, molecules can be polarized and dynamically aligned along a chosen axis
using a suitable pump laser pulse (61).

The HHG process provides access to the molecular structure as well. Follow-
ing theoretical predictions by Lein et al. (62), Kanai et al. (63) observed quantum
interference in HHG where constructive and destructive interference occurred for
selected harmonics subject to a Bragg condition for the returning electron. One can
use the harmonic order where the constructive or destructive interference occurs to
deduce the internuclear distances in the molecule. Electron diffraction in the frame
of a molecular ion can also be observed by means of a measurement of the angu-
lar distribution of emitted or rescattered photoelectrons (64, 65). When measuring
rescattered photoelectrons, in the latter case, one exploits the fact that HHG can be
viewed as an electron-ion recollision process where the ion is exposed to an electron
current density that reaches 8 × 1011 W cm−2 (66). The arrival of this recollision
electron at the positive ion core occurs predominantly during a small fraction of the
optical cycle of the driver laser, implying that the electron probes the ion with at-
tosecond time resolution. In experiments on D2

+ dissociation, one could thus map the
first few femtoseconds of the molecular dissociation by using a wavelength-tunable
ionization laser, where variation of the wavelength translates into a variable recolli-
sion time (67). Exploiting the known relation between the recollision time and the
energy of the recollision electron, Baker and coworkers (68) recently extended this
approach and tracked the initial stages of the dissociation of H2

+ into H+ + H us-
ing a single driver laser wavelength. The elongation of the internuclear bond leads
to a reduction of the high-harmonic yield, which depends on the precise time at
which the harmonics are produced. Observation of this reduction as function of the
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RABBITT: reconstruction
of attosecond beating by
interference of two-photon
transitions

harmonic order therefore allows one to derive the internuclear distance as a function
of time.

Although in all these experiments the nuclear and electronic dynamics were in-
duced by the same laser pulse, one can also apply recollision-based probes of elec-
tronic and nuclear structure and dynamics to resolve processes induced by another
laser pulse. Wagner and coworkers (69) performed stimulated Raman excitation on
SF6 molecules and observed time-dependent oscillations and relaxation in the high-
harmonic yield that reflected the induced nuclear motion. In the coming years, we
may expect considerable efforts in this direction. Pump-probe experiments likely will
be performed in which a pump pulse initiates electronic or structural dynamics in
a molecule, which is subsequently probed by time-delayed HHG monitoring the
time-dependent electronic and nuclear configuration of the molecule.

2. CHARACTERIZATION OF ATTOSECOND LASER PULSES

In the years since the initial reports on the production of attosecond laser pulses, inves-
tigators have devoted significant effort toward the development of techniques for the
complete characterization of the radiation. Initially, these developments proceeded
independently along a number of distinct paths. More recently, the commonality
between many of these methods has been appreciated (70).

2.1. Characterization of Attosecond Pulse
Trains Using the RABBITT Technique

The first experiment on the characterization of attosecond laser pulses was the charac-
terization of a train of pulses by means of the RABBITT (reconstruction of attosecond
beating by interference of two-photon transitions) technique introduced by Paul
et al. (15). Utilizing the alternate description of ultrashort pulses through their time-
dependent electric field E(t) or through the complex spectral amplitude E(ω), this
technique relies on reconstructing the envelope of E(t) by measuring the harmonic
intensity spectrum (|E(ω)|2) and the relative phase of a comb of adjacent harmonics.
These parameters are obtained in an interference experiment in which the harmonic
laser ionizes atoms in the presence of a moderately intense (1011–1012 W cm−2) replica
of the IR driving field used to produce the harmonic radiation. The photoelectron
spectrum then contains side bands at energies corresponding to the absorption of
an even number of IR photons, owing to absorption of one of the harmonics ac-
companied by the absorption or stimulated emission of an IR photon (see inset in
Figure 2a). Each side band q thus contains interfering contributions from the two
neighboring odd harmonics (q − 1)ω and (q + 1)ω. Observation of the yield of the
side bands and/or their angular distribution allows one to extract the relative phase
of these two harmonics. Concatenation of these phases for all harmonics then allows
one to reconstruct the XUV pulse envelope.

Figure 2a shows an experimental setup used by Aseyev et al. (25), and Figure 2b

shows the result for three RABBITT experiments performed using this setup, gener-
ating high harmonics in Xe, Kr, and Ar. Clearly, an attosecond pulse train is produced
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Figure 2
(a) Experimental setup for a RABBITT measurement, in which side bands involving adjacent
harmonics are measured to determine their phase relationship. (b) Reconstructed attosecond
pulse trains, characterized by means of the RABBITT technique (25). (c) The principle of an
attosecond streak camera measurement, in which a kinetic energy measurement is performed
that contains information on the attosecond pulse duration, the shape of the IR streaking field,
and the (non)instantaneous response of the ionized target (30). (d ) Streak camera
measurement obtained by ionizing Ne atoms with an isolated attosecond laser pulse in the
presence of a strong IR streaking field. The measurement was performed by means of angle-
and energy-resolved photoelectron detection using a velocity-map imaging spectrometer.
MCP, microchannel plate.

in each case, with a minimum pulse duration of approximately 250 as. Remarkably,
these measurements show that the attosecond pulse train generated in Xe is time-
shifted (by approximately one-quarter of an optical period) with respect to the ones
generated in Kr and Ar. This violates the semiclassical description of HHG, which
predicts that ionization occurs near the maximum of the electric field of the driver laser
and is accompanied by the formation of an attosecond pulse near the zero-crossing of
the electric field, approximately one-quarter of a cycle later (23). This deviation may
result from differences in the ionization of the medium in question (predominance
of field versus multiphoton ionization) or differences in phase-matching conditions,
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including the dominance of short over long trajectories. In the case of Ar, Dinu et al.
(71) measured the occurrence of the attosecond pulses near a zero crossing of the
driving field. Mairesse et al. (26) used the RABBITT technique to determine the
chirp of the harmonics over a wide bandwidth and concluded that—in agreement
with semiclassical predictions—the attosecond pulses are produced with a chirp re-
sulting from the variation of the recollision electron’s kinetic energy as a function of
time (within the optical cycle of the driver laser). By choosing the optimum spectral
bandwidth, they produced a train of 130-as pulses in Ne (26, 72).

2.2. Characterization of Isolated Attosecond Pulses Using
an Attosecond Streak Camera

Whereas RABBITT relies on the use of an IR dressing field at a perturbative in-
tensity, the attosecond streaking technique (see Figure 2c) pioneered by Krausz and
coworkers relies on the use of an intense (1013–1014 W cm−2) IR laser field that ex-
changes many photons with the electron after it has been set free in the continuum
by the attosecond pulse(s) (73, 74). This exchange is understood most conveniently
in terms of the acceleration and the velocity change that the electron undergoes
in the presence of the external field. The velocity of the electron can be written
as

v(t) = −
∫

ti
(e/m)EL(t) dt+ [v0 + (e/m)AL(ti )] = − (e/m)AL(t) + [v0 + (e/m)AL(ti )],

(3)

where EL(t) and AL(t) are the electric field and the vector potential of the IR laser
field used, respectively; v0 and v(t) are the initial electron velocity at release time ti

and at a later time t > ti, respectively; and e and m are the electron charge and mass,
respectively. The term −(e/m)AL(t) is the quiver energy of the electron, which goes
to zero when the laser pulse is over. The time of creation of the electron in the con-
tinuum (t0) maps onto a velocity displacement that depends on the vector potential
of the IR laser, explaining why this technique was named attosecond streak camera
(73). Using the attosecond streak camera, Krausz and coworkers demonstrated
the production of isolated attosecond laser pulses with a duration of 650 (16) and
more recently 170 as (75). Attosecond streaking measurements are influenced by
(a) the duration of the attosecond pulse, (b) the shape of the IR streaking field, and
(c) the temporal response of the medium, which may or may not be instantaneous
(28, 76). Hence, if two of the three are known, the third can be revealed by the
measurement. Drescher et al. (77) analyzed the influence of a noninstantaneous
response of the medium on the measured energy distributions (see below), whereas
Goulielmakis et al. (78) characterized experimentally the shape of the IR streaking
field. Figure 2d illustrates a recent example of an attosecond streaking measurement
employing a velocity-map imaging spectrometer (79, 80). Using the attosecond
streaking technique, Sansone and colleagues (46, 47) determined the temporal
structure of isolated attosecond pulses generated by polarization gating, leading to
the shortest experimentally demonstrated pulse duration of 130 as.
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Velocity-map imaging
spectrometer:
two-dimensional detector
that records the velocity
distribution of ions or
electrons formed in a laser
ionization experiment

SPIDER: spectral
interferometry for direct
electric field reconstruction

2.3. Self-Referencing Attosecond Pulse Characterization Methods

Both RABBITT and the attosecond streak camera are methods characterizing attosec-
ond laser pulses by using IR light. Self-referencing pulse characterization methods
based on use of the XUV light alone have been considerably more challenging to im-
plement. In the optical domain, the most common method for the characterization
of short pulses is an intensity autocorrelation, in which a nonlinear response SNL(δt)
is measured for two time-delayed replicas of the pulse to be characterized:

SNL(δt) =
∫

I (t) I (t + δt) dt. (4)

Owing to the limited intensity available in presently existing attosecond sources,
implementing autocorrelation measurements is challenging. Tzallas et al. (81) per-
formed autocorrelation measurements for an attosecond pulse train by nonresonant
two-photon ionization in He and observed attosecond light bunching with an in-
ferred 780-as duration of individual pulses in the train. The longer pulse duration
obtained as compared to the results of the above-mentioned RABBITT measure-
ments was explained in terms of spatial variations in the temporal width of the XUV
radiation (82). Sekikawa et al. (83) used 400-nm driver pulses to generate the ninth har-
monic (27 eV) and measured an intensity autocorrelation revealing a pulse duration of
950 as. More recently, these experiments were extended into frequency-resolved op-
tical gating measurements, in which the two-photon photoelectron spectrum was
measured as a function of the delay between two XUV pulse replicas, thereby al-
lowing a determination of the spectral phase of the XUV pulse (84, 85). Nabekawa
et al. (86) reported recently a mode-resolved autocorrelation technique in which they
measured the two-photon photoelectron spectrum for Ar ionization by a pair of at-
tosecond pulse trains, allowing the determination of the chirp in the attosecond pulse
train. From an interferometric autocorrelation using the detection of N+ ions re-
sulting from two-photon dissociative ionization of N2, these authors concluded that
their experiment produced a train of 320-as-long pulses (87).

Varju et al. (88, 89) studied the relation between the chirp of individual harmon-
ics and the chirp of individual attosecond pulses in a pulse train. Using an adiabatic
expansion of the spectral phase of the XUV light (as a function of time and harmonic
order), these authors determined pulse-to-pulse variations along the train including
the timing and the chirp of the attosecond pulses. Queré et al. (91) and Cormier et al.
(92) pursued the extension of SPIDER (spectral interferometry for direct electric field
reconstruction) (90) methods to attosecond pulse characterization. The first exper-
imental demonstration of SPIDER in the XUV regime was performed by Mariesse
et al. (93).

Dudovich et al. (94) recently published a new method for the characterization of
attosecond pulse trains where the characterization already takes place in the generat-
ing medium. HHG was performed in which the fundamental driving laser field was
supplemented by a small (∼1%) amount of second harmonic light that created an
imbalance between electron trajectories during successive half-cycles of the driver
laser pulse. This imbalance leads to the formation of even harmonics, which one can
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monitor as a function of the phase difference between the fundamental and second
harmonic laser field, thereby revealing the emission time of the harmonic and—in
principle—allowing a reconstruction of the temporal structure of the attosecond pulse
train.

3. THE DESIGN OF ATTOSECOND
PUMP-PROBE EXPERIMENTS

The holy grail of attosecond science research is to perform experiments where an
attosecond XUV pump pulse initiates electron dynamics that is subsequently probed
by an attosecond XUV probe pulse, with both pulses having a duration that is short
compared to the typical timescale of the electron dynamics under investigation. For
example, Hu & Collins (95) recently calculated two-color ionization of He using a
sequence of two ultrashort XUV pulses, namely a 1.5-fs, 23.7-eV pump pulse and
a 250-as, 90-eV probe pulse. An evaluation of the total double ionization cross sec-
tion and the energy sharing between the two emitted electrons revealed clearly the
motion of the electronic wave packet produced by the pump pulse. Yudin et al. (96)
analyzed the ionization of a set of coherently coupled states using an attosecond
pulse and concluded that the angle-resolved photoelectron spectrum contains de-
tailed information about the time dependence of the electronic wave packet prior to
ionization.

3.1. Present Status of Attosecond Pump-Probe Capabilities

XUV pump–XUV probe experiments have not been performed thus far. Although
a few teams have observed two-photon absorption in experiments characterizing
attosecond pulse trains by means of autocorrelation (81, 83, 85–87), experiments
with isolated attosecond pulses have thus far been limited to single-photon absorp-
tion. In practice this has meant that pump-probe experiments aimed at investigating
attosecond-timescale electron dynamics rely on using the highly nonlinear inter-
action of an IR laser as an ultrafast subcycle gate that either initiates the electron
dynamics or probes the electron dynamics on attosecond timescales. In the long run,
this is undesirable because this inevitably restricts the use of attosecond techniques
to experiments where the intense field interaction of the IR laser cannot be neglected
and in fact often becomes the objective of the experiment itself.

Two types of experiments have thus far been developed, where the role of the IR
laser field has been to accelerate electrons produced by the attosecond laser (73, 74,
77) or to ionize electrons from excited states resulting from the interaction with the
attosecond laser (97). The attosecond streak camera mentioned above represents an
example of the former case (30). Below we give two examples illustrating the use of
ponderomotive acceleration (streaking) and ionization by a strong IR field as methods
for obtaining an attosecond response, at the same time pointing out some of the
possibilities provided by the availability of isolated attosecond pulses and attosecond
pulse trains.
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4. EXAMPLE 1: ISOLATED ATTOSECOND LASER PULSES
AND THE USE OF SUBCYCLE IONIZATION

A limited number of experiments exist that use isolated attosecond pulses to elucidate
atomic or molecular electron dynamics. Only two concrete examples exist, both per-
formed by Krausz and coworkers (77, 97). At the same time, these experiments give
examples of the two ways that the IR field can be employed to obtain an attosecond
response. One of the experiments used streaking to determine the lifetime toward
Auger decay of Kr atoms (77). A sample of Kr atoms was ionized by an isolated 250-as
pulse centered around 90 eV in the presence of a strong IR field. The removal of an
M-shell electron from the atom was accompanied by an MNN Auger decay. The
authors determined the rate of this Auger decay by monitoring the ejection of the
emitted Auger electrons into the IR streaking field (which changed their velocity) and
found the Auger lifetime to be 7.9 fs. By contrast, the second experiment exploited
the subcycle time dependence of strong-field ionization rates to measure electron
dynamics in bound states of the Xe and Ne atom (97). Figure 3 illustrates some of
these results (see below).

The strong-field ionization process shown in Figure 1 forms the basis of the
HHG process (23) and is one of the two ways that strong-field ionization pro-
cesses are described. Depending on the value of the so-called Keldysh parameter
[γ = √

(IP/2UP)], ionization is described alternatively in terms of a multiphoton

–12–14 –8 –4 0 4

700

800

900

1000

Io
n

 c
o

u
n

ts

Probing by attosecond

0
3

5

TunnelingStreaking

B
in

d
in

g
 e

n
er

g
y

Core

Occupied valence

Unoccupied valence

a

b

K
in

et
ic

 e
n

er
g

y

EL(t)

EXUV (t)

Core orbital

TL / 2

Delay   t (fs)

Figure 3
(a) Principle of Krausz and coworker’s (97) experiment measuring the subcycle time
dependence of strong-field ionization. An isolated attosecond XUV pulse removes a core
electron and leads to shake up of a second electron to an excited state, from which it can be
ionized by an intense IR pulse. (b) Dependence of the Ne2+ yield as a function of the delay
between the isolated attosecond pulse and the few-cycle IR pulse, revealing that the ionization
by the IR laser occurs in a series of steps, with two steps occurring per optical cycle.
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ionization or a tunneling/over-the-barrier ionization process (98). In the multipho-
ton ionization picture (γ � 1), one considers that overcoming the ionization potential
IP requires the absorption of at least IP/(-hω) photons. For small frequencies ω, this
involves the absorption of multiple photons and thus requires an intense laser. In
the tunneling/over-the-barrier picture (γ � 1), one considers the distortion of the
Coulomb potential caused by the laser’s electric field. Ionization becomes possible
when the barrier in the Coulomb plus laser field potential (at an energy −2

√
EL,

where EL is—as above—the laser electric field strength) becomes comparable to the
electron’s binding energy. Interestingly, whereas tunneling/over-the-barrier ioniza-
tion occurs with a rate that strongly varies within the optical cycle (and peaks when
the magnitude of the electric field reaches a maximum), multiphoton ionization is ex-
pected to occur throughout the optical cycle (99). Hence, on attosecond timescales,
the two mechanisms are expected to be distinguishable.

Krausz and coworkers’ (97) accessed experimentally the timescale for strong-
field ionization for the first time. Ne atoms were ionized by an isolated attosecond
laser pulse centered around 90 eV, in the presence of a strong laser field (I ≈ 7 ×
1013 W cm−2). A small fraction of the ionization events leading to the production
of Ne+ was accompanied by excitation (shake up) of the Ne+ ion to excited states,
enabling the ion to be further ionized by the IR laser field (to Ne2+). Importantly,
varying the time delay between the isolated attosecond pulse and the few-cycle IR
laser allowed a choice of the number of laser cycles that could contribute to the for-
mation of Ne2+ and thus allowed the authors to distinguish the contribution from
individual cycles (as seen in Figure 3). In this fashion, the experiment provided clear
evidence for the existence of subcycle variations in the ionization rate.

Simulations of the experiments were performed both by using Yudin & Ivanov’s
(99) nonadiabatic tunneling theory and by numerically solving the time-dependent
Schrödinger equation (100). In the latter case, the shake-up states were assumed to
be formed by resonant excitation starting from the Ne+ 2s/2p orbital. Interestingly,
calculations revealed that over the entire range of intensities that could be accessed
(γ = 1–8, i.e., deeply penetrating what would ordinarily be considered the mul-
tiphoton regime), subcycle variations in the ionization rates remained observable.
The ionization rates calculated using Yudin & Ivanov’s nonadiabatic tunneling the-
ory showed remarkable agreement with the time-dependent Schrödinger equation
results, suggesting that tunneling remains important at intensities more commonly
associated with the multiphoton regime (100).

5. EXAMPLE 2: ATTOSECOND PULSE TRAINS AND THE
USE OF PONDEROMOTIVE ACCELERATION

Ponderomotive acceleration was the basis of Krausz and coworkers’ (16) first char-
acterization of isolated attosecond pulses. At first sight, ponderomotive acceleration
is not a technique that lends itself toward the characterization of attosecond pulse
trains because ponderomotive streaking leads to the overlap (in momentum space)
of electrons produced by a wide range of harmonics. Nevertheless, the use of pon-
deromotive streaking in combination with the use of attosecond pulse trains allows
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the development of a new type of electron wave-packet interferometry that offers
the potential for complete (amplitude and phase) characterization of electronic wave
packets (101, 102). Characterizing electronic wave functions has become a prominent
topic in attosecond science, following Itatani et al.’s (60) pioneering experiment (see
Section 1). The use of an attosecond pulse train allows the preparation of a series of
wave-function replicas in the continuum. Under the influence of a strong IR driving
field, one can modify the phase and/or velocity of these continuum electrons, allow-
ing for the observation of interference patterns that contain information about the
IR driving field and/or the wave-function replicas. In the latter case, we can view the
experiment as a self-referencing analog of Itatani et al.’s (60) experiment.

5.1. Attosecond Electron Wave-Packet Interferometry

Figure 4 illustrates the concept of attosecond electron wave-packet interferometry,
as the technique has been called, in more detail. If an isolated attosecond pulse is
used to eject an electron in the continuum, it exhibits a characteristic momentum
distribution (Figure 4a) that can be altered by streaking in the presence of a strong
IR field (Figure 4b). If one instead uses a train of attosecond pulses, multiple electron
wave packets are produced in the continuum, and these electrons are subsequently
accelerated (Figure 4c,d ). The velocity change is simply equal to the vector potential
AL(τ ) at the time of the ionization process (see Equation 2). In the limit of a train
of infinitely short attosecond pulses and a long IR pulse [i.e., AL(t) = A0 sin(ωt)],
the phase difference at final momentum p between two electron wave packets that
are ionized at times τ ′ = (k + 1)π/ω and τ = kπ/ω [by the (k + 1)-th and k-th
attosecond pulse, respectively] is given by


�k = −W
π
-hω

− (−1)k 2e A0 py

m -hω
cos(ωτ ) + 
φk + π, (5)

where


φk = φ[p + (−1)k+1 e AL(τ )] − φ[p + (−1)k e AL(τ )] (6)

and W = p2/(2m) + IP + Up (103). We can consider two limiting cases:

1. If the ionization occurs at a maximum of the electric field of the laser [i.e., at a
zero of AL(τ )], then the electrons undergo a phase shift 
φk under the influence
of the IR field, maintaining their initial velocity (see Figure 4c). In this case the
interferogram is determined by the phase evolution under the influence of the
IR field and can be used to characterize this field, in a manner complementary
to Goulielmakis et al.’s (78) streak camera determination of the field.

2. If the ionization occurs at a zero crossing of the laser’s electric field [i.e., at a
maximum of |AL(τ )|], then the electrons undergo a velocity change under the
influence of the IR field, which has the opposite sign for consecutive pulses
(see Figure 4d ). In momentum space, one can then measure an interferogram
in which at final momentum p, momentum components initially ejected at
momentum p − AL and p + AL interfere with each other. We can view the
experiment as an interferometric technique that compares the phase for two
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Figure 4
Principle of the attosecond electron wave-packet interferometry experiment. The phase
and/or velocity distribution of electrons ionized using (a) a single attosecond pulse alone and
(b) within a moderately strong IR field. (c) When the pulses in an attosecond pulse train
coincide with zero crossings of the vector potential AL(t), interferograms are measured that
are due to an acquired phase difference. (d ) When the attosecond pulses coincide with the
maxima/minima of the vector potential AL(t), the electrons undergo a velocity displacement,
which has the opposite sign for consecutive attosecond pulses. (e, f ) Experimental velocity-map
images obtained using a long train of attosecond pulses synchronized to the zero crossings
respective to the maxima/minima of the vector potential (102). Figure courtesy of T. Remetter.

different values of the initial momentum. As such, the technique has strong
similarities with the SPIDER technique for the reconstruction of optical fields,
in which the phase of different frequency components within a laser bandwidth
is compared to arrive at a complete reconstruction of the spectral phase function
(90). Of course, whereas the phase function φ(ω) of an optical light field is a

478 Kling · Vrakking

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 D

eu
ts

ch
e 

Fo
rs

ch
un

gs
ge

m
ei

ns
ch

af
t o

n 
01

/1
2/

08
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV340-PC59-19 ARI 14 November 2007 22:27

one-dimensional function, the phase function of an electronic wave function
is generally a three-dimensional object. This implies that full reconstruction
of an electronic wave function requires ponderomotive streaking in multiple
directions.

5.2. First Demonstration of Attosecond Electron
Wave-Packet Interferometry

Remetter et al. (102) reported a practical realization of the attosecond electron
wavepacket interferometry described above. The authors generated a train of attosec-
ond pulses using HHG in Ar and combined the train with a colinearly copropagating
IR beam. The two beams were focused (using a toroidal mirror) into a velocity-map
imaging spectrometer (79). Photoelectrons resulting from atomic ionization at the
crossing point between the two laser beams and an Ar atomic beam were accelerated
toward a dual microchannel plate assembly, followed by a phosphor screen and a
camera system that recorded the position of electron impacts. Two sample images,
recorded for AL(τ ) = 0 and AL(τ ) = Amax, are shown in Figure 4e, f, respectively. In
the former case, one can extract the phase accumulation of the electron wave packets
under the influence of the strong IR field, which reached an intensity of approximately
1013 W cm−2 in the experimental region. In the latter case, the recorded image re-
veals the opposite momentum shifts acquired by consecutive electron wave packets
and an interference pattern that is particularly apparent perpendicular to the polar-
ization axis. A detailed analysis and comparison with theoretical calculations (solving
the time-dependent Schrödinger equation) revealed the interference patterns to be
consistent with the fact that for an Ar ground-state p-orbital, the m = 0 component
(signifying the alignment of the orbital along the polarization axis) changes sign across
a plane perpendicular to the polarization axis, whereas the m = ± 1 components are
symmetric with respect to this plane. The images recorded so far do not allow the
recovery of the full momentum wave function. However, one may well imagine that
analysis of the full momentum space projection and acquisition of these projections
using different values (and polarization directions) of A(τ ) would allow full retrieval.
In the future, attempts will be made to perform the experiment using the idealized
case of a train of two attosecond pulses.

5.3. Further Experiments with Attosecond Pulse Trains

Recently Johnsson et al. (104) used trains of attosecond pulses generated in Xe atoms
to investigate He ionization in the presence of an IR laser field. This introduces an
important new element into the electron dynamics compared to the wave-packet
interferometry measurements presented in Reference 102. The attosecond pulses
now have a central frequency below the ionization energy of He and therefore can
excite bound states that are subsequently ionized by the IR field (104). The two-color
ionization yield depends in an oscillatory manner on the delay of the attosecond
pulse train with respect to the electric field oscillations of the IR field. Remarkably, a
detailed simulation of the experimental results revealed that this behavior would not
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be expected if the experiment is performed with an isolated attosecond pulse, but is
a direct consequence of the fact that the excitation occurs by a train of pulses.

In experiments similar to the above-mentioned He experiments, Mauritsson et al.
(105) have used low-energy photoelectrons injected by attosecond pulses generated
in Ar. These recollide with the He+ ion as a result of its interaction with the IR
field, and the final electron momentum distributions provide a tool for probing the
non-Coulombic part of the atomic potential.

6. TOWARD ATTOSECOND APPLICATIONS IN CHEMISTRY

Molecular experiments involving high-harmonic radiation have thus far been sparse.
Using harmonics as a pump pulse, Zamith et al. (106) photodissociated the acetylene
molecule, generating 133-nm radiation as the third harmonic of the second harmonic
of a Ti:sapphire laser and using time-resolved photoelectron spectroscopy to moni-
tor the dynamics on femtosecond timescales. Using the XUV laser pulses as a probe,
Nugent-Glandorf and coworkers (107) monitored the 400-nm dissociation of Br2

on femtosecond timescales (again using time-resolved photoelectron spectroscopy),
whereas recently Lépine et al. (108) used dissociative ionization by a comb of harmon-
ics and angle- and energy-resolved detection of fragment ions using a velocity-map
imaging spectrometer to monitor time-dependent strong-field alignment in N2, O2,
and CO2. No experiment has been performed in which an isolated attosecond pulse or
an attosecond pulse train initiates or extracts an attosecond response from a molecule.

The use of attosecond pulses in molecular dynamics studies should be of con-
siderable interest. When molecular dynamics are induced in a laser pump-probe
experiment, electronic excitation generally precedes nuclear motion. One can then
use attosecond pulses to monitor both the electronic rearrangement during such a
photochemical event and the initial stages of the nuclear motion. In doing so, the short
wavelengths of the attosecond laser pulses allow both absorption and diffraction to be
used to extract information. When photon energies of several tens of electron volts
are employed, the attosecond pulses interact primarily with valence electrons. How-
ever, when the photon energies of the attosecond pulses are increased beyond 100 eV,
inner-shell excitation becomes possible, and one enters the regime in which X-ray
absorption near-edge structure (within ∼10 eV of an absorption edge), near-edge
X-ray absorption fine structure (between 10 and 50 eV from an absorption edge),
and extended X-ray absorption fine structure (between 50 and 1000 eV above an ab-
sorption edge) become observable (109). These techniques have been used primarily
without time resolution at synchrotron facilities, providing insight into the chemical
and structural environment surrounding the atom from which the core electron is
removed. With XUV pulses produced using HHG, it may become possible to obtain
this information on femtosecond, or even attosecond, timescales.

In the examples discussed above, the role of the attosecond pulse is to probe ul-
trafast electronic and nuclear dynamics. When attosecond pulses are used to initiate
electron dynamics in molecules, the high photon energy of the attosecond pulse gen-
erally results in ionization. Remacle & Levine (110) and Cederbaum and coworkers
(111, 112) considered recently the formation of electronic wave packets as a result
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of the removal of an electron on attosecond timescales. Because the electron-hole
density that results from removing one of the electrons from the highest-occupied
molecular orbital (HOMO) of a neutral molecule (doubly occupied) generally differs
from the electron-hole density in the singly occupied HOMO of the cation formed
on ionization, ultrafast removal of an electron not only forms the ground electronic
state of the cation, but also forms a coherent superposition of electronic states. Com-
paring a wide range of electronic systems, Breidbach & Cederbaum (112) observed
that the sudden removal of an electron is accompanied by a characteristic time re-
sponse completed in approximately 50 as. This time response is interpreted in terms
of a filling—on ionization—of the exchange-correlation hole associated with the elec-
tron ionized by its neighboring electrons. Remacle & Levine (110) have argued that
the sudden ionization of a molecule may lead to electron transport across the ionic
structure that is formed. For example, the photoionization of the neutral tetrapep-
tide molecule TrpLeu3 is expected to lead to the population of the HOMO-1 and the
HOMO of the TrpLeu3

+ cation. The shape of these orbitals and the 3-eV energy
splitting between the two orbitals suggest that electron transfer from one end of the
molecule to the other occurs in less than 1 fs.

6.1. Carrier-Envelope-Phase Control of Electron Localization
in Molecular Dissociation

Although photoinduced electron transfer in molecules has not been observed on
attosecond timescales, we have illustrated recently a crucial role of ultrafast driven
intramolecular electronic motion when molecules are exposed to intense laser fields.
We investigated experimentally the extent to which few-cycle CEP-locked laser ra-
diation could be used to localize an electron inside a molecule by performing an
experiment where the dissociation of D2

+ into D+ + D was monitored (58). Mea-
surements of the angle-resolved kinetic energy distributions of the D+ fragments
(related by momentum conservation to the ejection of the D atom that contains the
electron in the system) showed (see Figure 5a) that the direction of the electron
emission could be controlled and localized using the CEP of the 5-fs near-IR laser.
The mechanism that allows this control consists of three elements (Figure 5b). The
first step is the ionization of the neutral D2 molecule, leading to the formation of
the D2

+ ion in its 2sσ g
+ ground state. A measurement of the polarization depen-

dence of the fragmentation process shows that fragments are produced only in the
kinetic energy range where the asymmetry occurs (3–8 eV) when the polarization
of the laser is linear. Because the main consequence of changing the laser’s polariza-
tion is its influence on the probability that this electron can undergo a recollision
with the D2

+ molecular ion, this strongly suggests that—as a second step—a recolli-
sion of the electron pulled out of the molecule when the D2

+ ion is formed initiates
the dissociation of the molecular ion by promoting it to the repulsive 2pσ u

+ state
(113).

The observation of an asymmetry, however, requires breaking the parity of the
electronic state. This is accomplished through the continued action of the laser on
the second, remaining electron. As the molecule dissociates, population is stimulated
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Figure 5
(a) Experimental results illustrating that, in the dissociative ionization of D2 into D+ + D for
fragments with a kinetic energy between 3 and 8 eV, one can control the direction of the D+
ion emission, and thus the localization of the electron, using the carrier envelope phase (CEP)
of a few-cycle laser (center panel ). The kinetic energy distribution of the D+ fragments is
shown on the left panel, and the bottom panel shows an integration of the asymmetry for
different energy ranges. (b) Mechanism for the control of electron localization in D2

+ using a
few-cycle CEP-stable laser pulse. Upon the formation of the D2

+ ion (step 1), a recollision
promotes the molecule to a repulsive curve (step 2), initiating the dissociation. In the course of
the dissociation, stimulated emission drives part of the population back toward the ground
state (step 3), breaking the parity of the electronic wave function.

down from the 2pσ u
+ state to the 1sσ g

+ state, leading to a situation where the molecule
is in a coherent superposition state (step three) and the electron oscillates between
the two ions with a period initially governed by the laser (96, 114). As the energy gap
between the 2pσ u

+ state and the 1sσ g
+ state becomes less than the photon energy of

the laser, the coupling between the two electronic states weakens, and the electron
becomes trapped on either of the two D+ ions, incapable of passing over the barrier
that has built up between the two. The essence of the observed control, therefore,
as further supported recently by more detailed theoretical treatments (115, 116),
is an attosecond-timescale electronic motion. This experiment demonstrates that
(a) attosecond electron motion is relevant to chemical processes and (b) attosecond
shaping of the light field in a femtosecond pulse can be used to control it. The results
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are the first example of the control of intramolecular electronic motion and may
provide an initial clue for the control of intramolecular electron transfer processes
using waveform-controlled light fields in more complex systems.

7. OUTLOOK

This article reviews the recent emergence of attosecond science. Using the technique
of HHG, it has now become possible to generate isolated attosecond laser pulses
and/or trains of attosecond laser pulses in a number of laser laboratories worldwide.
Attosecond science has captured the imagination of many researchers, leading to
exponential growth in the number of publications devoted to the topic, as well as
widespread anticipation regarding its future impact. Building on some of the early
experiments discussed above, we may expect to see further applications of attosecond
pulses toward the elucidation of ultrafast electron dynamics in atoms, as well as initial
attempts to observe, and possibly control, electronic motion on attosecond timescales
in molecules. Furthermore, we will witness the application of attosecond laser pulses
toward areas of science where studies on multielectrons dynamics have only recently
started, such as investigations into the electronic response accompanying collective
electron dynamics (plasmons) in nanomaterials. For example, Stockman et al. (117)
proposed recently a technique called attosecond nanoplasmonic field microscope
for studies of collective electron dynamics in surface nanosystems with combined
attosecond temporal and nanometer spatial resolution. The approach is based on
attosecond streaking and photoelectron emission microscopy and, similar to streak-
ing experiments in the gas phase, utilizes attosecond XUV pulses synchronized to
a few-cycle optical laser field. The optical field is used to excite collective electron
motions, and a temporally delayed XUV pulse that leads to the emission of electrons
from the plasmonic nanosystem probes the dynamics. For suitable conditions, the en-
ergy of these photoelectrons depends on the instantaneous potential of the plasmonic
field at the time of their emission (117). Spatially resolved detection of the photo-
electrons in a photoelectron emission microscope enables the direct observation of
the nanometer-localized attosecond dynamics of plasmonic fields. The integration of
attosecond science and nanotechnology will yield unprecedented insight into collec-
tive, multielectron behavior, in which the information contained in a time-resolved
experiment may significantly exceed the information that can be obtained by other
(non-time-resolved) means.

To maintain the current growth rate of attosecond science, and to accomplish the
goals outlined above, further development of technical capabilities is absolutely vital.
In doing so, attention not only needs to go toward developing attosecond sources,
but also to the complete design of the attosecond experiment, including developing
specialized optics (118–120) and detectors (121). With regards to detection, we an-
ticipate that the interpretation of attosecond experiments will increasingly require
the correlated detection of as many reaction products as possible, using techniques
such as (cold-target) recoil-ion momentum spectroscopy (122). The application of
attosecond studies toward molecules will require attosecond XUV pulses, and so far
nonexistent few- or single-cycle UV pulses can be generated with sufficient intensity
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to allow UV-XUV or XUV-XUV pump-probe experiments. Several recently started
developments have significant potential for overcoming these current limitations,
such as the generation of attosecond pulses using surface harmonic generation (48),
interferometric polarization gating (using many-cycle terawatt-level driver lasers)
(51), and relativistic generation in the λ3-regime (123). In the next few years, these
methods may allow the production of isolated attosecond pulses that are as intense
as the pulses presently generated as part of an attosecond pulse train. A new source,
in which the intensity of the XUV light is no longer an issue, has recently emerged:
At XUV free electron lasers, such as the FLASH laser in Hamburg (124), focused
XUV intensities in excess of 1015 W cm−2 are available presently, suggesting that we
may soon witness the first XUV-XUV pump-probe experiments there, albeit with
femtosecond time resolution. However, many ideas exist for shortening the pulse
duration of free electron lasers, extending all the way into the attosecond regime
(125).

For the applications of attosecond science in physical chemistry and elsewhere
to reach their full potential, a significant challenge also exists with regard to the
development of theoretical tools. If we are to use attosecond pulses to gain a better
understanding of electron correlation, the further development of computational
tools such as multiconfiguration time-dependent Hartree-Fock methods (126, 127) or
calculations using time-dependent adiabatic states (128) is absolutely vital. Similarly,
the utility of time-dependent density-functional methods should be critically assessed
(129).

SUMMARY POINTS

1. Using HHG, isolated attosecond pulses and attosecond pulse trains can be
reproducibly and reliably generated.

2. Using techniques such as the attosecond streak camera and RABBITT, one
can characterize fully the temporal structure of isolated attosecond pulses
and attosecond pulse trains. Pulse durations down to 130 as have already
been demonstrated.

3. Researchers have used isolated attosecond pulses to measure the lifetimes
for Auger decay in atoms, as well as the subcycle time dependence of strong-
field ionization processes.

4. Using trains of attosecond pulses, investigators have developed a new type
of electron wave-packet interferometry that allows the retrieval of the am-
plitude and phase of an electronic wave function.

5. As recently shown in a demonstrative experiment on the dissociative ion-
ization of D2, CEP-phase locked laser pulses can be used to control the
localization of electrons in molecules, paving the way for observing and
controlling attosecond-timescale electron dynamics in molecules.
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FUTURE ISSUES

1. To be able to perform attosecond XUV pump–attosecond XUV probe ex-
periments, we need to increase the intensity of available attosecond light
sources, using one or more of the approaches discussed above (surface har-
monic generation, interferometric polarization gating, relativistic harmonic
generation, attosecond pulse generation at XUV free electron lasers).

2. Attosecond source development toward not only higher brightness but also
higher energies and shorter pulse durations and the characterization of these
pulses need to be supplemented by extensive work on XUV optics that will
allow tailoring of the spectrum and the chirp of the attosecond laser pulses.

3. The development of few-femtosecond VUV-UV sources will extend current
possibilities to study attosecond electron dynamics in molecular systems.

4. Experimental developments need to be accompanied by significant devel-
opment of theoretical tools for the computation and understanding of mul-
tielectron dynamics.

5. Attosecond studies on electron correlation and collective electron motion
in complex systems are of great interest and will be pursued increasingly.
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